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Editorial on the Research Topic

Rising stars in precision medicine 2021: imprecise medicine is unethical

in the big data era

The publication of this open-access Research Topic on innovative approaches to and

aspects of precision medicine across a diverse set of clinical conditions underscores the

recent evolution and ethical considerations of translational research in medicine. The

Research Topic includes 17 distinct articles on data science methods across a diverse range of

conditions to discern the impact of baseline patient characteristics, medical decision-making

and specific therapeutic interventions on outcomes (Chen J-Q. et al.; Chen X-M. et al.; Chen

Y. et al.; Choudhury et al.; Deng et al.; Du et al.; Geng et al.; He et al.; Huang, Liu et al.; Huang,

Zhang et al.; Ke et al.; Kong et al.; Li et al.; Li and Gong; Ma et al.; Yu et al.; Zhao et al.).

A variety of biomarkers are used, including standard diagnostic tests, imaging, proteomics

and genomics to classify and study subsets of disease with novel methodologies. The clinical

topics vary from oncology to pulmonary disease, dermatology, and traumatic brain injury.

A variety of patient-specific biomarkers are highlighted, including genetic profiles, RNA

signatures and routine serum assays that may be used to more precisely classify individual

patients and predict their long term outcomes or therapeutic response. The broad range of

highly specialized conditions covered on this topic is expansive yet demonstrates the critical

roles of open access publication in data sharing, translation of data science methods across

disciplines, and real-world data to drive future improvements in patient outcomes.

Precision medicine is not new. Although references to precision medicine have

proliferated since the Human Genome Project, focusing extensively on individual-specific

genetic characteristics, the conceptual basis has been implemented in medical practice

for centuries. Since ancient times, it has been understood that individual patients

respond differently to the same treatments due to underlying biological diversity in

the pathophysiology or patient-specific features. Genomics, however, did provide a

great example of how biomarkers may be employed in translational research. Although

monogenic disorders may occur, most disease states likely involve complex and potentially,

subtle, genome-wide associations, and interactions with environmental factors during

life. The genomics, proteomics and other biomarkers are likely informative of potential

therapeutic response to specific interventions at different disease stages or timing.

The imprecise medicine of many traditional clinical research paradigms has skewed

the development of novel therapeutics and has often failed to address the overwhelming

disparities manifest in patient presentations around the world, as only select patient

populations and standard analytic approaches have been applied. Paradoxically, clinical

research methodologies have been ensconced in concerns regarding ethical principles,
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benevolence and doing what is right for each individual patient, yet

perpetuating imprecise medicine is inherently, unethical. Informed

consent of patients and institutional review of research protocols

enhance ethics of specific studies or clinical trials, yet biases

regarding healthcare disparities, access to care and access to

research remain tremendous challenges. Numerous clinical and

translational research vehicles exist, such as phased clinical trials

with the ultimate randomized, controlled trial (RCT) as the

pinnacle, yet multiple alternative pathways exist; however, they

are less valued. RCTs are overly obsessed with data collection,

with paradoxical paucity of details on data quality or validity,

such as independent adjudication of imaging measures by a

core lab or related methodology. Post-marketing surveillance

of most therapeutic drugs or devices is largely non-existent in

most geographies around the world, including the United States.

Registries and vehicles to evaluate quality of healthcare delivery are

largely unfunded, unregulated, and devoid of validated data checks

or measures to assess generalizability in routine clinical practice

across most geographical regions.

Perhaps such gaps in translational research could be excused in

prior years, yet the abundance of patient-specific information in the

current big data era should prompt a reconsideration of traditional

research paradigms. The big data era has not only sparked interest

in large, diverse datasets, as it has also heralded the emergence

of big data analytics, including artificial intelligence methods

that can be readily deployed with current clinical data. In the

United States, The Health Insurance Portability and Accountability

Act of 1996 (HIPAA) was intended to promote data sharing

and interoperability of clinical data systems, rather than to solely

ensure individual patient privacy. Unfortunately, HIPAA has been

cited to restrict data sharing rather than the original purpose of

portability and dissemination of data and related findings. Data

sharing at the National Institutes of Health and other platforms is

a now a top priority. In routine care, the electronic health record

systems, individual hospitals, institutions, provider groups, and

academicians limit data sharing due to competition with others and

the relative strength in controlling or restricting such data access.

The marked expansion of knowledge with artificial intelligence

is almost unbelievable with recent advances such as ChatGPT

and likely future development of related medical applications, yet

access to data is a starting point. Medical or clinical data has

already been simplified and codified by common data elements or

variables that exist in most medical specialties, laboratory assays

and medical imaging modalities. Simultaneously, data scientists

know of such potential yet lack the clinical expertise to apply such

analytical techniques to specialized clinical topics. Unsupervised

machine learning or artificial intelligence will likely always depend

on periodic retraining by expert annotations or clinical guidance,

yet patternsmay rapidly emerge frommachine learning that human

efforts would take generations to realize. Unlike recent concerns

over false ground truths inadvertently used to train machine

learning, most medical data relate to timed, quantitative measures

of biological significance such as physiological measures (e.g., vital

signs), laboratory values, imaging, and increasing use of functional

outcome measures that are widely available.

These changes sparked by the big data era and continued

practice of imprecise medicine pose an ethical conundrum

regarding current clinical research methodology and the

responsibility of various parties. Academicians often initiate,

design and perpetuate clinical research constructs such as trial

design, the nature of clinical trials, statistical measures employed,

and many entrenched traditional approaches, yet there is no

concrete imperative to innovate such methodology. Industry

partners are often seen as biased in trying to accelerate innovation

of products, yet they need clinical research data not just leading

up to RCTs, but afterwards in routine clinical practice. Regulatory

bodies revert to predicate methods without clear imperative

to facilitate advances, with a much larger concern for patent

safety, far before efficacy. Yet once approved, most therapies

go largely unmonitored in the general population. Fortunately,

regulatory bodies are now implementing diversity requirements

in prospective clinical trials. Routine healthcare providers remain

relatively passive, as they can only use established methods or

approved products. The most responsible and ethical approach for

all would start with dissemination of data to collaboratively mine

and discern potentially subtle yet pivotal insights on how precision

medicine of individual patient response to a specific therapy is

practiced on a daily basis around the world.

Open access publications, as in this Research Topic, and

collaborative data sharing are critical in the big data era and

further advances in precision medicine. This selective example of

research articles provides an example to demonstrate such progress

toward a broader swath of specific medical disciplines or specialties

to be covered in future years. There is undoubtedly an indirect

yield or benefit of disruptive innovation that may emerge from

applying such novel methodologies or even medical therapies such

as drugs or devices to other medical conditions. Open access is a

critical barrier to overcome disparities in low income countries, to

encourage collaboration and to promote data sharing as the initial

steps in our transformation from imprecise medicine to precision

medicine of the 21st century.
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Inflammasome via Activation of
Autophagy

Chunyan Li 1, Yuehua Zhu 2, Yuanyuan Wu 1, Meiyuan Fu 3, Yiling Wu 3, Yuehong Wu 4,
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Objective:Oridonin (Ori) is a diterpene compound that has multiple biological properties.

Here, our study was conducted to observe the therapeutic effect of Ori on depression

as well as to uncover the mechanism.

Methods: Lipopolysaccharide (LPS)-induced depression models were established

both in C57BL/6 mice and primary astrocytes, which were treated with Ori,

autophagy agonist Rapamycin (Rap) and autophagy inhibitor 3-Methyladenine (3-MA).

The depressive-like behaviors were assessed with behavioral tests. Autophagy was

evaluated in the hippocampus and astrocytes by investigating autophagosomes under

transmission electron microscope (TEM) and detecting LC3II/I, Beclin1 and P62

through western blotting. Astrocyte marker glial fibrillary acidic protein (GFAP) was

investigated by immunofluorescence. NLRP3 inflammasome activation was evaluated

by detecting IL-1β, NLRP3, ASC and Caspase-1 expression and reactive oxygen

species (ROS) accumulation was quantified via DCFH-DA probe. Autolysosomes,

autophagosomes and mitophagy were separately observed through mTag-Wasabi-LC3

plasmid, MitoTracker Deep Red staining, and TEM.

Results: Our results showed that Ori administration alleviated LPS-induced

depressive-like behaviors and increased GFAP expression in the hippocampus.

Furthermore, Ori treatment promoted autophagy activation and cell viability as well as

weakened NLRP3 inflammasome activation and ROS accumulation both in LPS-induced

mice and astrocytes. Ori promoted the autophagic flux unblocked through enhancing

fusion of autophagosomes with lysosomes as well as enhanced mitophagy in

LPS-treated astrocytes. The therapeutic effect of Ori was enhanced by Rap and

weakened by 3-MA.

Conclusion: Collectively, our findings provided a promising antidepressant drug

and uncovered that Ori alleviated LPS-induced depression by inhibiting NLRP3

inflammasome through activation of autophagy.

Keywords: Oridonin, depression, autophagy, NLRP3 inflammasome, LPS
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Li et al. Oridonin Inhibit NLRP3-Inflammasome Alleviate Depression

INTRODUCTION

Depression represents a severe psychiatric disease, with a cluster
of symptoms such as anhedonia, depressed mood, pessimism,
and cognitive impairment (1). More than 350 million people
suffer from depression worldwide (2). Depression, as one of the
main mental diseases that cause mental and behavioral disorders,
is an important factor leading to the global burden of disease (3).
It is expected that depression will rise to the top factor resulting in
the global burden of diseases by 2030 (4). Although the research
on antidepressants, psychotherapy for depression and physical
and mental treatment has made significant progress in recent
years, there is still no completely satisfactory treatment strategy
against depression (5).

It has been found that inflammatory response is implicated
in the pathophysiology of depression (1). Increasing evidence
suggests that various inflammatory factors are involved in the
pathogenesis of depression (6). Among them, interleukin-1β
(IL-1β) is closely related to abnormal mood and behaviors
caused by stress (7). The cleavage and maturation of IL-
1β precursor requires IL-1β converting enzyme, and IL-
1β converting enzyme is an important component of the
inflammasome (8). The inflammasome mainly modulates the
function of the innate immune system as well as the mechanism
of a series of inflammatory diseases (9). NLRP3 inflammasome
is composed of NOD-like receptors, adaptor protein ASC
and effector protein Caspase-1 (i.e., IL-1β converting enzyme),
which can promote IL-1β, IL-18 and IL-33 shearing and
maturation (10). NLRP3 inflammasome can be activated by
a variety of exogenous or endogenous stress factors such as
infection, reactive oxygen species (ROS), injury, and metabolites
(11). NLRP3 inflammasome mediates the pathogenesis of
depression via neuroinflammation (12), but it is not clear
whether and how NLRP3 inflammasome is involved in
the molecular mechanism of depression. Autophagy is an
evolutionary conserved intracellular pathway, ensuring energy,
organelle, and protein homeostasis by lysosomal degradation
of damaged macromolecules or organelles (13). Emerging
evidence suggests that autophagy is closely linked to stress-
related diseases including depression (14). Studies have found
that autophagy negatively modulates inflammasome activation;
the occurrence of autophagy depends on specific inflammasome
recognizers; inflammasomes are degraded through selective
autophagy receptors; autophagy plays an important role in
the secretion of the pro-inflammatory factor IL-1β (15–17).
The basal level of autophagy regulates the activation of
inflammasomes (18). If autophagy is inhibited, it leads to the
accumulation of depolarized mitochondria, and then the leaked
substances become endogenous inflammasome activators, such
as mitochondrial DNA and ROS (19). Therefore, enhancing

Abbreviations: IL-1β, interleukin-1β; ROS, reactive oxygen species; Ori, Oridonin;

LPS, lipopolysaccharide; Rap, Rapamycin; 3-MA, 3-Methyladenine; FST, forced

swimming test; TST, tail suspension test; TEM, transmission electron microscope;

IF, immunofluorescence; GFAP, glial fibrillary acidic protein; RT-qPCR, real-time

quantitative polymerase-chain reaction; IHC, immunohistochemistry; CCK-8,

Counting kit-8.

the level of autophagy can weaken inflammasome activation
in depression.

Oridonin (Ori) is the main active ingredient of Rabdosia
rubescens, which is widely used in Chinese medicine (20, 21).
Ori has obvious anti-cancer activities such as inducing cell cycle
arrest and apoptosis, inhibiting angiogenesis, etc. (22–24). But
due to its relatively mild and imprecise mechanism of action, it
greatly hinders the clinical application of Ori in cancer treatment.
Ori can inhibit the activation of immune-related pathways, and
inhibit the release of pro-inflammatory cytokines such as TNF-
α and IL-6, which exhibits anti-inflammatory and protective
effects in colitis, sepsis and neuroinflammation, etc. (25–27).
Recent research has reported that Ori has the effect of suppressing
depressive behaviors (28), but the detailed mechanisms are still
unclear. Herein, we hypothesized that Ori may inhibit NLRP3
inflammasome activation by promoting autophagy, thereby
having the function of alleviating depression.

MATERIALS AND METHODS

Animals and Drug Administration
Healthy 8-week-old C57BL/6 mice with 18–22 g were provided
from the Jinhua Center of Laboratory Animals (Zhejiang, China).
All mice were raised at 18–22◦C with 12 h light/12 h dark
cycle, with free access to diet and water. All the experimental
procedures were performed in line with the protocols approved
by the Institutional Animal Care and Use Committee of School of
Medicine, Jinhua Polytechnic (2019019). After 1 week of adaptive
feeding, all mice were randomly separated into five groups (n =

6 each group): control group; lipopolysaccharide (LPS) group;
LPS + Ori group; LPS + Ori + autophagy agonist Rapamycin
(Rap) group; LPS+ Ori+ autophagy inhibitor 3-Methyladenine
(3-MA) group. Ori (Sigma, USA) was dissolved in dimethyl
sulfoxide (DMSO) and then diluted in 0.9% saline to a final
concentration of 0.1% DMSO. Mice were given 20 mg/kg Ori
by gavage (29) or were injected intraperitoneally by 3 mg/kg Rap
or 10 mg/kg 3-MA daily for 7 consecutive days (30). Thirty min
after the drug administration on the 7th day, mice were injected
intraperitoneally with 1.2 mg/kg/day LPS or an equal amount
of normal saline (31, 32). After 24 h of the LPS administration,
all mice were subjected to behavioral tests before being perfused
with glutaraldehyde and PFA, and were anesthetized by inhaling
4% halothane and subsequently sacrificed by cervical dislocation
until the heartbeat and breathing stopped completely and the
reflex disappeared. At last, brain tissues were collected and were
stored at−80◦C until before use.

Sucrose Preference Test
As previously described (33), after 12 h of water deprivation, the
mice were given pre-quantified 1% sucrose water and tap water at
the same time. The position of the two tubes was changed after 6 h
to prevent mice from having a position preference. After the mice
drank freely for 12 h, the sucrose water pipe and the tap water
pipe were collected and weighed. The sucrose preference rate
(%) was determined according to the formula: sucrose preference
rate (%) = sucrose water drinking amount (g)/(sucrose water
drinking amount (g)+ tap water drinking amount (g))× 100%.
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Forced Swimming Test (FST)
As previously described (34), the mice were placed in glass
beakers (height 24 cm, and diameter 13 cm) with a water depth
of 14 cm and the water temperature was 22 ± 1◦C. A video
camera was used to record the behavior of the mice within 6min.
ForcedSwimScanTM software (Clever Sys Inc., VA, USA) was
used for analysis, and the immobility time of mice in the last
4min was counted.

Tail Suspension Test (TST)
As previously described (35), medical tape was utilized to fix the
tail of mice on the top of the experiment box. A video camera was
used to record the behavior of mice within 6min. Tail Suspension
ScanTM software (Clever Sys Inc., VA, USA) was used for analysis.
The time that mice’s limbs and trunk were completely immobile
in the last 4min was counted.

Transmission Electron Microscope (TEM)
After anesthesia with intravenous injection of pentobarbital
sodium (5 mg/ 100 g), the mice were perfused by 2.5%
glutaraldehyde as well as fixed via 4% paraformaldehyde.
Then, secondary euthanasia was performed by cervical
dislocation. Primary astrocytes were precipitated and fixed
in 1% glutaraldehyde. About 1 mm3 hippocampus tissues or
primary astrocytes were sectioned and incubated for 2 h at 4◦C.
After being postfixed by 1% osmium tetroxide, sections were
treated with aqueous uranyl acetate. Afterwards, sections were
dehydrated, embedded in epoxy resin as well as treated with
lead citrate. Images were observed under a TEM (HT7700;
Hitachi, Japan).

Western Blotting
Brain tissues and primary astrocytes were lysed via RIPA on
the ice lasting 30min. The specimens were centrifuged at
12,000 g lasting 10min at 4◦C. The supernatant was gathered
as well as protein concentrations were quantified utilizing
BCA protein assay kits (P0009; Beyotime, Shanghai, China).
Protein was separated via 12% SDS-PAGE, followed by being
transferred onto a PVDF membrane. The membrane was sealed
through 5% milk/TBST at room temperature for 1 h as well as
incubated by primary antibody at 4◦C overnight. Afterwards,
the membrane was incubated by HRP-labeled goat anti-rabbit
secondary antibodies (1/5000; SA00001-2; Proteintech, Wuhan,
China) or HRP-labeled goat anti-mouse secondary antibodies
(1/5000; SA00001-1; Proteintech, Wuhan, China) at room
temperature lasting 1 h, and developed through ChemiDoc MP
imaging system (Bio-Rad, USA). Primary antibodies included
LC3 (1/2000; 14600-1-AP; Proteintech, Wuhan, China), Beclin1
(1/1000; 11306-1-AP; Proteintech, Wuhan, China), p62 (1/2000;
18420-1-AP; Proteintech, Wuhan, China), IL-1β (1/1000; 16806-
1-AP; Proteintech, Wuhan, China), NLRP3 (1/1000; DF7438;
Affinity, USA), ASC (1/2000; 10500-1-AP; Proteintech, Wuhan,
China), Caspase-1 (1/1000; 22915-1-AP; Proteintech, Wuhan,
China) and GAPDH (1/5000; ATPA00013Rb; AtaGenix, Wuhan,
China). The results were quantified with ImageJ software (version
1.48; National Institutes of Health).

Immunofluorescence (IF)
Hippocampus sections were permeated by 0.5%Triton X-100
at room temperature for 20min and blocked by normal goat
serum (C0265; Beyotime, Shanghai, China) at room temperature
for 30min. The sections were incubated by glial fibrillary
acidic protein (GFAP) antibody (1/100; 16825-1-AP; Proteintech,
Wuhan, China) at 4◦C overnight and incubated by Alexa
Fluor 488-conjugated AffiniPure Goat Anti-Rabbit IgG (H +

L) (srbAF488-1; Proteintech, Wuhan, China) for 1 h. Images
were captured under a BX53 fluorescence microscope (Olympus,
Japan). The results were quantified with ImageJ software (version
1.48; National Institutes of Health).

Real-Time Quantitative Polymerase-Chain
Reaction (RT-qPCR)
RNA was extracted from brain tissues or primary astrocytes
via Trizol (10606ES60; YEASEN, Shanghai, China) and reverse
transcribed to cDNA in line with the following procedures:
at 25◦C lasting 5min; at 42◦C lasting 30min and at 85◦C
lasting 5min. Primer sequences included: GAPDH: 5′-TGTTT
CCTCGTCCCGTAGA-3′ (forward) and 5′-GATGGCAACA
ATCTCCACTTTG-3′ (reverse), 116 bp; IL-1β: 5′-GTTCC
CATTAGACAACTGC-3′ (forward) and 5′-GATTCTTTCC
TTTGAGGC-3′ (reverse), 199 bp; NLRP3: 5′-CTCGCATTGG
TTCTGAGCTC-3′ (forward) and 5′-AGTAAGGCCGGAATT
CACCA-3′ (reverse), 153 bp; ASC: 5′-CAATGACTGTGCTTA
GAGACATG-3′ (forward) and 5′-ACTTCTGTGACCCTG
GCAATG-3′ (reverse), 175 bp; Caspase-1: 5′-CTGACTGGGA
CCCTCAAGTT-3′ (forward) and 5′-TCAACTTGAGCTCCA
ACCCT-3′ (reverse), 170 bp. RT-qPCR was presented through
ABI 12K RT-qPCR instrument (ABI QuantStudioTM 12K Flex;
ABI, USA). Relative mRNA expression was determined with
2−11Ct method.

Immunohistochemistry (IHC)
Brain tissue specimen was fixed via 4% paraformaldehyde and
embedded in paraffin. The section was cut into 4µm. After
xylene deparaffinization, hydration and antigen retrieval, the
section was sealed through normal goat serum (C0265; Beyotime,
Shanghai, China) lasting 20min at room temperature. Then,
the section was treated by primary antibodies against NLRP3
(1/100; NBP2-12446; Novus, USA) and IL-1β (1/50; Abs126104;
absin, Beijing, China) at 37◦C for 90min and incubated by
secondary antibody (1/100; SA00001-2/SA00001-1; Proteintech,
Wuhan, China) lasting 30min at room temperature. The color
developing was presented via DAB reagent for 5min. The
nucleus was counterstained through hematoxylin (B600020;
Proteintech, Wuhan, China) lasting 3min as well as the section
was washed by running water. After dehydration, the section was
transparent and sealed with neutral gum. Images were acquired
through an IX71 microscope (Olympus, Japan). The results were
quantified with ImageJ software (version 1.48; National Institutes
of Health).

Primary Cell Culture and Treatment
Primary astrocytes were purchased from Procell company (CP-
M157; Wuhan, China; https://www.procell.com.cn/), which were
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maintained in DMEM (SH30243.01B; Hyclone, USA) containing
10% fetal bovine serum (SH30084.03; Hyclone, USA), 100 U/mL
penicillin, and 100 U/mL streptomycin in an environment
of 37◦C and 5% CO2. Astrocytes were treated with 0.1, 1.0
and 10µM Ori. Astrocytes were induced by 2µg/ml LPS to
construct a depression in vitro model. Autophagy was activated
by 25 ng/mL Rap and inhibited by 5 mM 3-MA.

Cell Viability Assay
Counting kit-8 (CCK-8) detection kit (CK04; Dojindo, Shanghai,
China) was utilized for detecting the cell viability. Primary
astrocytes were seeded onto a 96-well plate (104 cells/well). Each
group was set to three repetitions. After incubation overnight, 20
µl of CCK-8 was added to each well and cells were incubated
lasting 4 h. The absorbance values at 450 nm were examined with
a microplate reader.

Detection of ROS
ROS detection kit (CA1410; Solarbio, Beijing, China) was
employed for examining ROS in primary astrocytes. DCFH-DA
was diluted with serum-free culture medium according to 1:1000
to make the final concentration 10 µmol/L. After 48 h of drug
treatment, astrocytes were incubated with 300 µl DCFH-DA
at 37◦C for 30min. Then, astrocytes were washed with PBS to
eliminate DCFH-DA which did not enter the astrocytes. In the
culture plate, the slides with the climbed cells were immersed in
PBS. Primary astrocytes were permeabilized through 0.5% Triton
X-100 (T8787; Sigma, USA) at room temperature lasting 20min
as well as the slides were immersed in PBS. After absorbing the
PBS with absorbent paper, normal goat serum (C0265; Beyotime,
Shanghai, China) was added dropwise on the glass slide, and
blocked for 30min at room temperature. DAPI was added
dropwise and incubated for 5min in the dark to stain the nucleus,
and the excess DAPI (D9542; Sigma, USA) was washed away with
PBST. Following absorbing the liquid on the slide, the slides were
mounted with a mounting solution containing anti-fluorescence
quencher, and then observed and collected the images under a
BX53 fluorescence microscope (Olympus, Japan).

Transfection
Primary astrocytes were inoculated on the glass coverslip
in a 24-well plate (1×106 cells / well). 0.5 µg mTag-
Wasabi-LC3 plasmids (800 ng/well) were transfected into
astrocytes via Lipofectamine 2000 (Invitrogen, USA). The
mTag-Wasabi-LC3 plasmid contained a red fluorescent protein
mTagRFP, a green fluorescent protein mWasabi and an amino
terminal of autophagy-labeled protein LC3 that was used for
monitoring autophagic flux. In green/red merged images, yellow
puncta indicated autophagosomes, and red puncta indicated
autolysosomes. Following transfection for 6 h, LC3 fluorescent
spot was acquired under a BX53 fluorescence microscope
(Olympus, Japan). The vesicle of autolysosome was counted
through Image-Pro Plus 6.0 software [National Institutes of
Health (NIH)]. In total, 30 fields were randomly chosen for
each sample.

Measurement of Mitochondrial Activity
Primary astrocytes were seeded to poly-l-lysine-handled glass
coverslips, followed by GFP-LC3 transfection. Mitochondria of
astrocytes was stained by 100 nMMitoTracker Deep Red staining
solution in the dark for 15min. Images were captured by a
BX53 fluorescence microscope (Olympus, Japan). Mitochondrial
fluorescence intensity was quantified by ImageJ software (version
1.48; National Institutes of Health).

Statistical Analysis
Statistical analysis was implemented with GraphPad Prism
software (version 8.0.1). Each experiment was independently
repeated three times. Data are displayed as mean ± standard
deviation. Comparisons between two groups were analyzed with
unpaired student’s t test. Meanwhile comparisons between three
or more groups were performed using one-way analysis of
variance (ANOVA) followed by Turkey’s post-hoc test. P < 0.05
indicated statistical significance.

RESULTS

Ori Alleviates LPS-Induced
Depressive-Like Behaviors
To determine whether Ori may prevent the development of
LPS-induced depressive-like behaviors, this study preliminarily
administrated mice with 20 mg/kg/day Ori and on the 7th
day, 30min after administration, the mice were injected
intraperitoneally by 1.2 mg/kg LPS. Following 24 h of
LPS injection, we evaluated depressive-like behaviors. The
results showed that LPS significantly decreased sucrose
preference (Figure 1A) as well as increased FST immobility
(Figure 1B) and TST immobility (Figure 1C). On the contrary,
Ori administration markedly elevated sucrose preference
(Figure 1A) as well as reduced FST immobility (Figure 1B) and
TST immobility (Figure 1C), indicative of the anti-depression
roles of Ori. Under co-administration by autophagy inhibitor
3-MA, the therapeutic effects of Ori on sucrose preference and
FST immobility were significantly weakened in LPS-induced
mice. However, autophagy agonist Rap did not affect the roles of
Ori on anti-depression.

Ori Administration Enhances Autophagy
Activation in the Hippocampus of
LPS-Induced Depression Mouse Models
Autophagosomes with a vacuum-like bilayer structure
enveloping the cell contents were investigated with TEM,
which were pointed out by red arrows, as shown in
Figure 1D. Compared with controls, the size and number
of autophagosomes was increased in the hippocampus of
LPS-induced depression mice. Both Ori and autophagy agonist
Rap significantly enhanced the formation of autophagosomes
and the converse results were found when treated by autophagy
inhibitor 3-MA. Autophagy primarily involves three processes:
formation of autophagosomes, transportation to the lysosomes
as well as lysosomal degradation (36). We observed that LC3II/I
and Beclin1 expression was significantly increased and P62
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FIGURE 1 | Effects of Ori, autophagy agonist Rap and inhibitor 3-MA on depressive-like behaviors in LPS-induced depression mouse models. (A–C) Sucrose

preference, immobility time of FST and TST in each group. (D) TEM showing the size and number of autophagosomes in the hippocampus in each group. Red

arrows, autophagosomes. Magnification, 5000× (1µm) and 1700× (2µm). (E–H) Western blotting for detecting LC3II/I, Beclin1 as well as P62 levels in the

hippocampus of each group. N = 6 each group. P values were calculated with ANOVA with Turkey’s post-hoc test. Ns, not significant; *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001.
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expression was markedly reduced in the hippocampus of LPS-
induced depression mice (Figures 1E–H). Evidence suggests
that enhancing the level of autophagy can treat LPS-induced
depression (19). Herein, both Ori and autophagy agonist Rap
distinctly enhanced LC3II/I and Beclin1 expression as well as
significantly attenuated P62 expression, on the contrary when
treated with autophagy inhibitor 3-MA. These data indicated
that Ori administration enhanced autophagy activation in the
hippocampus of LPS-induced depression mice.

Ori Administration Protects Against
LPS-Induced Astrocyte Damage via

Autophagy Activation
To detect the involvement of astrocytes in LPS-mediated
neuroinflammation, the expression of astrocyte activation
marker GFAP was evaluated by IF staining. We observed that
GFAP expression in the hippocampus was markedly reduced
by LPS treatment, indicating that astrocytes were damaged
(Figures 2A,B). Intriguingly, Ori administration prominently
reduced the inhibitory effects of LPS on astrocytes. Hence,
above findings supported that Ori administration protected
against LPS-induced astrocyte damage. Furthermore, autophagy
agonist Rap enhanced the protective effects of Ori on astrocytes
and opposite results were observed when co-treatment with
autophagy inhibitor 3-MA. This indicated that autophagy
activation could be an indispensable factor for Ori-mediated
astrocyte protection.

Ori Administration Reduces NLRP3
Inflammasome Activation via Autophagy
Activation in LPS-Induced Depression
Mouse Models
We observed that the expression of NLRP3 inflammasome
members IL-1β, NLRP3, ASC and Caspase-1 mRNAs was
significantly up-regulated in the hippocampus of LPS-induced
mice, indicative of the activation of NLRP3 inflammasome
(Figures 3A–D). But Ori administration prominently reduced
their mRNA expression in LPS-induced mice. Either autophagy
agonist Rap or autophagy inhibitor 3-MA did not affect
the inhibitory effects of Ori on the mRNA expression
of IL-1β, NLRP3 and Caspase-1. Nevertheless, autophagy
activation significantly enhanced the inhibitory effects of Ori
on ASC expression and opposite results were investigated
when autophagy was inhibited. As depicted in western blotting
results, LPS treatment prominently induced the increase in
IL-1β, NLRP3, ASC, pro-Caspase-1 and cleaved-Caspase-1
expression in the hippocampus (Figures 3E–J). Nevertheless,
Ori administration markedly attenuated LPS-induced increase
in IL-1β, NLRP3, ASC, pro-Caspase-1 and cleaved-Caspase-1
expression. Autophagy agonist Rap significantly strengthened
the inhibitory effects of Ori administration on IL-1β, NLRP3,
ASC and cleaved-Caspase-1 expression but did not affect
pro-Caspase-1 expression in LPS-induced mice. Meanwhile,
autophagy inhibitor 3-MA markedly attenuated the inhibitory
effects of Ori on IL-1β, NLRP3, ASC, pro-Caspase-1 and cleaved-
Caspase-1 expression. IHC staining was also presented for
examining IL-1β and NLRP3 expression in the hippocampus.

The results showed that LPS treatment markedly elevated IL-
1β and NLRP3 expression in the hippocampus, which was
prominently weakened by Ori administration (Figures 3K–M).
The inhibitory effects of Ori on IL-1β and NLRP3 proteins were
enhanced by autophagy agonist Rap, whereas were attenuated
by autophagy inhibitor 3-MA. Hence, Ori administration
significantly decreased NLRP3 inflammasome activation via
autophagy activation in the hippocampus of LPS-induced
depression mouse models.

Ori Treatment Promotes Autophagy
Activation of Astrocytes
The effects of Ori treatment on autophagy were observed
in primary astrocytes. Astrocytes were treated with 0, 0.1, 1
and 10µM of Ori for 2, 6, 12 and 24 h. After treatment
for 2 h, 0.1µM Ori not 1 and 10µM Ori significantly
reduced the expression of LC3II/I in astrocytes, while 1
and 10µM Ori not 0.1µM Ori significantly decreased P62
expression (Figures 4A–C). Following treatment for 6 h, as the
concentration of Ori increased, LC3II/I levels were gradually
elevated and P62 levels were markedly reduced in astrocytes
(Figures 4D–F). At 12 h of treatment, we found that LC3II/I
expression exhibited significant increase gradually with an
increase in concentration of Ori (Figures 4G,H). Meanwhile, Ori
treatment significantly weakened the expression of P62, while
P62 expression displayed the lowest expression under treatment
with 1µM Ori (Figures 4G,I). After treatment for 24 h, we
observed that LC3II/I expression was gradually elevated with an
increase in concentration of Ori (Figures 4J,K). Meanwhile, 1
and 10µMOri not 0.1µMOri markedly reduced P62 expression
(Figures 4J,L). Taken together, our findings supported the
stimulating effects of Ori treatment on autophagy activation in
astrocytes. OneµMOri was selected as the optimal concentration
and 6 h of treatment was selected as the optimal time.

Ori Treatment Inhibits NLRP3
Inflammasome Activation and ROS
Accumulation in Astrocytes
For confirming the protective roles of Ori on astrocytes,
this study assessed cell viability through CCK-8 assay. We
observed that 1µM Ori distinctly promoted the viability of
astrocytes (Figure 5A), indicative of the protective roles of Ori on
astrocytes. The effects of Ori treatment on NLRP3 inflammasome
activation were then investigated. The RT-qPCR results showed
that 1µMOri markedly reduced the mRNA expression of IL-1β,
NLRP3, ASC as well as Caspase-1 in astrocytes (Figures 5B–E).
Meanwhile, we also investigated the decrease in IL-1β, NLRP3,
ASC, pro-Caspase-1 as well as cleaved-Caspase-1 expression
after treatment with 1µM Ori (Figures 5F–K). These data
were indicative of the inhibitory effects of 1µM Ori on
NLRP3 inflammasome activation in astrocytes. ROS may trigger
NLRP3 inflammasome activation. Hence, we detected ROS
accumulation by H2DCF-DA fluorescent probe in astrocytes. As
expected, ROS expression was markedly weakened by 1µM Ori
treatment, suggesting that Ori could prevent ROS accumulation
in astrocytes (Figures 5L,M).
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FIGURE 2 | Effects of Ori, autophagy agonist Rap and inhibitor 3-MA on astrocyte activation in the hippocampus of LPS-induced depression mouse models. (A)

Representative IF staining of GFAP in the hippocampus in each group. Magnification, 200× (50µm). (B) Quantification of GFAP expression according to the IF staining

results. N = 6 each group. P values were calculated with ANOVA followed by Turkey’s post-hoc test. ****P < 0.0001.

Ori Treatment Promotes Autophagy
Activation in Astrocytes
Here, mTag-Wasabi-LC3 dual fluorescence staining was

utilized for detection of the autolysosome and autophagosome

accumulation. This study determined the effects of 1µM Ori on
autolysosomes and autophagosomes in astrocytes. In green/red
merged images, yellow puncta indicated autophagosomes, while
red puncta indicated autolysosomes. We found that 1µM Ori
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FIGURE 3 | Effects of Ori, autophagy agonist Rap and autophagy inhibitor 3-MA on NLRP3 inflammasome in LPS-induced depression mouse models. (A–D)

RT-qPCR for examining the relative mRNA levels of IL-1β, NLRP3, ASC as well as Caspase-1 in the hippocampus in each group. (E) Representative blots showing

IL-1β, NLRP3, ASC, pro-Caspase-1, and cleaved-Caspase-1 in the hippocampus. (F–J) Quantitative analysis of IL-1β, NLRP3, ASC, pro-Caspase-1, and

cleaved-Caspase-1 expression according to the western blotting results. (K–M) IHC showing the expression IL-1β and NLRP3 in the hippocampus. Magnification,

200× (50µm). N = 6 each group. P values were calculated with ANOVA followed by Turkey’s post-hoc test. Ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001.

distinctly induced autolysosome and autophagosome formation
in astrocytes (Figures 6A,B). This showed that the acid-labile
protein GFP-LC3 expressed by the fluorescent plasmid was
degraded in the acidic environment inside the lysosome,
indicating that the binding of autophagosomes and lysosomes
was not hindered, and the autophagy flux remained unblocked

after Ori was given. The effects of Ori on mitophagy were further
observed. GFP-LC3 plasmid was transfected into astrocytes and
MitoTracker Deep Red dye was used to label the mitochondria
after 1µM Ori treatment for 24 h. Each green fluorescent spot
represented an autophagosome, and the red spot represented
mitochondria in the cytoplasm. After 1µM Ori treatment,
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FIGURE 4 | Effect of Ori treatment on autophagy activation in astrocytes. (A–C) Western blotting showing the expression of LC3II/I and P62 in astrocytes treated with

0, 0.1, 1 and 10µM of Ori for 2 h. (D–F) Western blotting detecting the expression of LC3II/I and P62 in astrocytes treated with 0, 0.1, 1 and 10µM of Ori for 6 h.

(G–I) Western blotting quantifying the expression of LC3II/I and P62 in astrocytes treated with 0, 0.1, 1 and 10µM of Ori for 12 h. (J–L) Western blotting quantifying

the expression of LC3II/I and P62 in astrocytes treated with 0, 0.1, 1 and 10µM of Ori for 24 h. N = 3 each group. P values were calculated with ANOVA followed by

Turkey’s post-hoc test. Ns: not significant; **p < 0.01; ****p < 0.0001.

we observed a significant increase in autophagosomes and its
co-localization with mitochondria (Figures 6C,D), suggesting
that Ori significantly promoted mitophagy in astrocytes.

Autophagosomes were also monitored by TEM analysis. Our
results showed that 1µM Ori distinctly increased the number of
autophagosomes in astrocytes (Figure 6E).
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FIGURE 5 | Effect of 1µM Ori on NLRP3 inflammasome activation and ROS accumulation in astrocytes. (A) The cell viability of astrocytes treated with 1µM Ori

according to CCK-8 assay. (B–E) RT-qPCR of the relative mRNA expression of IL-1β, NLRP3, ASC and Caspase-1 in astrocytes treated with 1µM Ori. (F)

Representative blots showing IL-1β, NLRP3, ASC, pro-Caspase-1, and cleaved-Caspase-1 in astrocytes treated with 1µM Ori. (G–K) Quantitative analysis of the

expression of IL-1β, NLRP3, ASC, pro-Caspase-1, and cleaved-Caspase-1 according to the western blotting results. (L) Representative H2DCF-DA fluorescence

staining of ROS in astrocytes treated with 1µM Ori. (M) Quantitative analysis of the expression of ROS based on the H2DCF-DA fluorescence staining results.

Magnification, 200× (50µm). N = 3 each group. P values were calculated with student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Ori Treatment Protects Against NLRP3
Inflammasome Activation and ROS
Accumulation via Autophagy Activation in
LPS-Treated Astrocytes
Primary astrocytes were induced by LPS to construct depression

in vitro models. Cell viability of primary astrocytes was

markedly reduced by LPS treatment (Figure 7A). Compared with
primary astrocytes, cell viability was significantly enhanced by
autophagy agonist Rap and the opposite results were observed
when treated with autophagy inhibitor 3-MA, indicating that
autophagy activationmay protect astrocytes against damage. One
µM Ori and Rap co-treatment significantly ameliorated LPS-
induced cell damage while 1µM Ori administration markedly
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FIGURE 6 | Effect of 1µM Ori on autophagy activation in astrocytes. (A) IF staining for astrocytes transfected by mTag-Wasabi-LC3 plasmids. Magnification, 200×

(50µm). (B) Autolysosomes were counted in astrocytes treated with 1µM Ori. (C) Astrocytes administrated by 1µM Ori of which mitochondria were marked through

MitoTracker Deep Red. Magnification, 200× (50µm). (D) Mitophagy was quantified in astrocytes treated with 1µM Ori. (E) TEM showing the morphology and number

of autophagosomes in astrocytes treated with 1µM Ori. Red arrows, autophagosomes. Magnification, 1700× (2µm). N = 3 each group. P values were calculated

with student’s t test. *P < 0.05.
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alleviated LPS-induced cell damage despite the existence of 3-
MA. Thus, 1µM Ori may protect against LPS-induced astrocyte
damage via activating autophagy. Autophagy level was assessed
through detecting the expression of LC3II/I, Beclin1 and P62.
We observed that 1µM Ori treatment markedly enhanced
LC3II/I and Beclin1 expression and decreased P62 expression
in LPS-treated astrocytes (Figures 7B–E). Meanwhile, 1µM Ori
treatment significantly ameliorated the inhibitory effects of 3-MA
on autophagy in LPS-treated astrocytes. NLRP3 inflammasome
activation was examined by detection of IL-1β, NLRP3, ASC, pro-
Caspase-1 and cleaved-Caspase-1 in astrocytes (Figures 7F–J).
Their expression was markedly increased by LPS and autophagy
inhibitor 3-MA. Also, we observed that autophagy agonist Rap
treatment significantly reduced IL-1β and cleaved-Caspase-1
levels in astrocytes. One µM Ori prominently reduced IL-
1β, NLRP3, ASC, pro-Caspase-1 as well as cleaved-Caspase-1
expression in LPS-treated astrocytes under the existence of Rap
or 3-MA. Above data suggested that 1µMOri weakened NLRP3
inflammasome activation through activating autophagy in LPS-
treated astrocytes. ROS levels were increased in LPS-treated
astrocytes, which was alleviated by 1µM Ori treatment despite
the existence of Rap or 3-MA (Figures 7K,L).

Ori Treatment Enhances Autophagy in
LPS-Treated Astrocytes
Through mTag-Wasabi-LC3 dual fluorescence staining, the
autolysosome and autophagosome accumulation was detected
in astrocytes. We observed that 1µM Ori combined with
Rap distinctly promoted autolysosome and autophagosome
formation in LPS-treated astrocytes (Figures 8A,B).
Furthermore, 1µM Ori treatment combined with Rap
significantly increased autophagosome formation and its co-
localization with mitochondria (Figures 8C,D), suggesting that
Ori significantly promoted mitophagy in LPS-treated astrocytes.
However, 3-MA significantly weakened the stimulating effect of
Ori on autophagy in LPS-treated astrocytes.

DISCUSSION

The cytokine theory, also known as the inflammatory response
theory, has attracted more and more attention from researchers
in the mechanisms of depression (37). The cytokine theory is
based on the immunological changes in patients with depression.
This theory believes that the inflammatory cytokines produced
by the over-activated immune system play an important
role in the pathogenesis of depression (38). At present, the
cytokine theory has been confirmed by the research results
of a series of clinical trials and animal experiments, so anti-
inflammation therapy has increasingly become an emerging
research direction in the prevention and treatment of depression
(39). Here, we observed the therapeutic effects of Ori on
depression by inhibiting NLRP3 inflammasome via activation
of autophagy both in LPS-induced depression mice and LPS-
treated astrocytes.

Our results showed that Ori treatment alleviated LPS-
induced depressive-like behaviors in mice according to sucrose

preference, FST and TST assays that have been widely applied
as animal models for screening potential antidepressants. As
previous evidence, autophagy inhibition induces depressive-
like behaviors (40). Autophagy inhibitor 3-MA weakened
the therapeutic effects of Ori on depressive-like behaviors.
Furthermore, Ori treatment enhanced autophagy activation in
the hippocampus of the LPS-induced depression model and
LPS-treated astrocytes, indicating that Ori improved depressive-
like behaviors through enhancing autophagy. Astrocytes are the
richest glial cells in the mammalian brain, which act as a key
regulator of cerebral development as well as survival and growth
of normal neurons, formation of synapses, and action potential
propagation (41). Astrocytes have special glial fibrils, which are
composed of GFAP (42). Thus, GFAP can be used as a marker
of astrocytes. Due to different dose, and different time line
of administration of drugs compared with previous research
(3), our results showed that GFAP expression was decreased in
the hippocampus of mice after 1.2 mg/kg LPS administration,
indicating that a single dose of LPS can damage astrocytes. We
found that Ori improved the reduction of GFAP expression
in the hippocampus of the LPS-induced depression model.
Meanwhile, autophagy agonist Rap enhanced the promotion
of Ori on GFAP expression, while autophagy inhibitor 3-
MA abolished the protective role of Ori on astrocytes in the
depression models, indicating that Ori can protect astrocytes by
enhancing autophagy.

The inflammasome, a cytosolic multi-protein complex,
includes NLRs, adaptor protein ASC and Caspase-1 (11).
The NLRP3 inflammasome acts as a major pathway, which
induces Caspase-1 activation as well as subsequent maturation
of IL-1β (11). Our results for the first time showed that Ori
treatment reduced the expression of NLRP3 inflammasome
components including IL-1β, NLRP3, ASC and Caspase-1 both
in the hippocampus of the LPS-induced depression models
and LPS-treated astrocytes, which was enhanced by autophagy
agonist Rap and weakened by autophagy inhibitor 3-MA.
Previous evidence has shown that autophagy may suppress
the NLRP3 inflammasome (16). ROS accumulation stimulates
tissue inflammatory response and induces NLRP3 inflammasome
activation (18). Our results demonstrated that Ori treatment
weakened the production of ROS in LPS-treated astrocytes.
Hence, Ori treatment could reduce LPS-induced NLRP3
inflammasome via enhancing autophagy. Under the TEM, we
observed that Ori treatment significantly increased the formation
of autophagosomes both in the hippocampus of the LPS-induced
depression mice and LPS-treated astrocytes. To clarify what kind
of autophagosome increased phenomenon belonged to, we used
mTag-Wasabi-LC3 plasmid to transfect primary astrocytes. Our
results showed that autophagosomes and autophagolysosomes
were significantly increased in LPS-treated astrocytes after
Ori treatment, indicating that autophagosome maturation was
inhibited, that was, autophagosomes could not be combined
with lysosomes made autophagosomes unable to degrade and
accumulate. Mitophagy is a process of selectively removing
damaged mitochondria through autophagy (43). Generally, the
energy production of astrocytes is mainly based onmitochondrial
oxidative metabolism in response to neuronal activity. Therefore,
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FIGURE 7 | Effects of Ori, autophagy agonist Rap, and autophagy inhibitor 3-MA on NLRP3 inflammasome activation and ROS accumulation in LPS-treated

astrocytes. (A) CCK-8 detecting the viability of astrocytes in each group. (B–E) Western blotting examining the expression autophagy markers LC3II/I, Beclin1 and

P62 in astrocytes. (F–J) Western blotting testing the levels of NLRP3 inflammasome proteins IL-1β, NLRP3, ASC, pro-Caspase-1 as well as cleaved-Caspase-1 in

astrocytes. (K) Quantitative analysis of the expression of ROS based on the H2DCF-DA fluorescence staining results. (L) Representative H2DCF-DA fluorescence

staining of ROS in astrocytes. Magnification, 200× (50µm). N = 3 each group. P values were calculated with ANOVA followed by Turkey’s post-hoc test. Ns, not

significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

mitophagy as a selective autophagy plays a key role in
determining the fate of astrocytes in depression. In this study, we
found that Ori enhanced LPS-induced mitophagy in astrocytes,
indicating that Ori promoted astrocyte autophagy flux and

increased the clearance rate of damaged mitochondria in LPS-
induced astrocytes. Damaged or non-functional mitochondria
may release excessive ROS and cause cell damage (44). Our
results showed that Ori treatment reduced the accumulation
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FIGURE 8 | Effects of Ori, autophagy agonist Rap, and autophagy inhibitor 3-MA on autophagy activation in astrocytes. (A) IF staining showing astrocytes transfected

by mTag-Wasabi-LC3 plasmids. Magnification, 200× (50µm). (B) Quantification of autolysosomes in astrocytes. (C) Labeling mitochondria of astrocytes through

MitoTracker Deep Red. Magnification, 200× (50µm). (D) Quantification of mitophagy in astrocytes. N = 3 each group. P values were calculated with ANOVA followed

by Turkey’s post-hoc test. *p < 0.05.
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of ROS induced by LPS, indicating that Ori could eliminate
excessive mitochondrial ROS accumulation, thereby reducing
cell death caused by mitochondrial damage. Therefore, Ori
promoted autophagy to eliminate damaged mitochondria and
reduce cell death, ultimately improving the pathological changes
of hippocampal astrocytes in depression.

Herein, LPS exposure was used to induce neuroinflammation
and depressive-like behaviors both in mice and astrocytes.
Previous research has showed that Ori can significantly
ameliorate depressive-like behaviors of mice partly through
regulating PPAR-γ/AMPA receptor signaling in the prefrontal
cortex (28). Moreover, Ori ameliorates depressive-like behaviors
via suppressing neuroinflammation and autophagy impairment
in rat models with chronic unpredictable mild stress. However,
the specific molecular mechanisms are lack of more experimental
evidences. Herein, our study for the first time demonstrated that
Ori treatment could reduce LPS-induced NLRP3 inflammasome
via enhancing autophagy of astrocytes. However, there are
a few limitations in our study. Firstly, we did not use a
reference drug (antidepressant) like fluoxetine, though Ori
possessed a remarkable anti-depressant property. Secondly, more
experiments will be carried out for revealing the molecular
mechanisms of Ori in treatment of depression. Thirdly, the
therapeutic effect of Ori on depressive behaviors will be
investigated in more studies.

CONCLUSION

Taken together, our findings demonstrated that Ori could
become a promising antidepressant drug. Ori may alleviate
LPS-induced depression by inhibiting NLRP3 inflammasome

through activation of autophagy both in the hippocampus of the
LPS-induced depression model mice and LPS-treated astrocytes,
which unveiled the new protective mechanism of Ori treatment
in depression.
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Background: Aldehyde dehydrogenase 2 (ALDH2) is well-known to be a key enzyme in

alcohol metabolism. However, a comprehensive understanding of ALDH2 across human

cancers is lacking.

Methods: A systematic and comprehensive analysis of the molecular alterations and

clinical relevance for ALDH2 in more than 10,000 samples from 33 cancer types was

performed. qRT-PCR was performed on 60 cancer and 60 paired nontumor tissues.

Results: It was observed that ALDH2 was generally downregulated in most cancers,

which was mainly driven by DNA hypermethylation rather than mutations or copy

number variations. Besides, ALDH2 was closely related to the inhibition and activation

of tumor pathways and a variety of potential targeted agents had been discovered in

our research. Last but not least, ALDH2 had the best prediction efficacy in assessing

immunotherapeutic response compared with PD-L1, PD-1, CTLA4, CD8, and tumor

mutation burden (TMB) in cutaneous melanoma. According to the analysis of large-scale

public data and 60 pairs of clinical cancer samples, we found the downregulation of

ALDH2 expression tends to suggest the malignant phenotypes and adverse prognosis,

which might enhance the precise diagnosis and timely intervention of cancer patients.

Conclusion: This study advanced the understanding of ALDH2 across cancers, and

provided important insight into chemotherapy, immunotherapy and prognosis of patients

with cancer.
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INTRODUCTION

Aldehyde dehydrogenase 2 (ALDH2) is one of the aldehyde
dehydrogenase family of enzymes. As another member of
the aldehyde dehydrogenase family, ALDH1 is widely known
for its key role in carcinogenesis and cancer treatment (1).
Nonetheless, ALDH2 is well-known to be a key enzyme in
alcohol metabolism and has a major contribution in oxidizing
endogenous aldehydic products arising from lipid peroxidation
such as 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde
under oxidative stress (2). The dysfunction of ALDH2 has
a tight correlation with multiple diseases such as diabetes,
cardiovascular disease, osteoporosis, and cancers (3). As the rate-
limiting enzyme of alcohol metabolism, ALDH2 has a profound
impact on the clearance process of toxic acetaldehyde. Low
expression or genetic polymorphism of ALDH2 dramatically
reduce its enzyme activity, and the accumulation of acetaldehyde
can further damage normal cells and lead to cancers (4).

Previous studies have shown that ALDH2 has profound
impacts on the prognosis and treatment of tumors. For
example, prognostic analysis revealed the low expression of
ALDH2 indicated adverse overall survival (OS) in patients
with lung, liver, or bladder cancer (5, 6). Hou et al. have
demonstrated that ALDH2 modulates the adenosine 5 ’-
monophosphate (AMP) -activated protein kinase pathway in
mice, which in turn inhibits the progression of hepatocellular
carcinoma (7). ALDH2 has also been reported to regulate
tumor proliferation by catabolizing some endogenous substrates
derived from normal cell metabolism (e.g., 4-HNE) (8). In
addition, ALDH2 has been demonstrated to be tightly associated
with the sensitivity and resistance of multiple targeted drugs
including 4-Hydroxycyclophosphamide, Doxorubicin, Cisplatin,
Vincristine, and Disulfiram (9–12). Therefore, a comprehensive
understanding of ALDH2 on the molecular characterization
and clinical relevance across human cancers is necessary.
Understanding the abnormal expression and genomic alterations
of ALDH2 may help elucidate its role in cancer prognosis
and therapy.

In this study, we are committed to systematically and
comprehensively exploring the molecular alterations, prognosis,
and therapeutic value of ALDH2 in 33 cancer types. It
was proven that aberrant expression and genetic alterations
of ALDH2 are widespread in different types of cancer. By
assessing the correlation between ALDH2 and cancer pathway
activity as well as its clinical value, ALDH2 was found to be
a potential biomarker for immunotherapeutic evaluation and
prognostic stratification. In a word, our study demonstrates the
important value of ALDH2 in cancer and lays the foundation for
translational medicine development of ALDH2.

MATERIALS AND METHODS

Multi-Omics Data of 33 Cancer Types in
TCGA
33 different cancer cohorts were collected from The Cancer
Genome Atlas Research Network (TCGA, https://portal.gdc.
cancer.gov/). The RNA-seq, copy number variation (CNV),

and survival information were downloaded from UCSC Xena
website (https://xenabrowser.net/datapages/). The somatic
mutation (VarScan2 variant aggregation and masking) and
HumanMethylation450 array were derived from TCGA GDC
portal. Tumor mutation burden (TMB) was defined as the
total number of non-silent somatic mutations in each sample
(13). The correlation between methylation sites and ALDH2
expression was evaluated by Pearson Correlation Coefficient
and the methylation site with r < −0.3 and false discovery
rate (FDR) <0.05 was considered as hypermethylation. The
proteomics data were retrieved from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC, https://proteomics.
cancer.gov/programs/cptac), and the protein expression levels of
ALDH2 in human tumors and normal tissues were determined
by Human Protein Atlas (HPA, https://www.proteinatlas.org/).
See Supplementary Material for the detailed description.

Immunotherapeutic Cohorts
Three independent cohorts containing immunotherapy
information and expression data were retrieved from Gene
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/
geo/). (1) GSE100797: melanoma patients treated with adoptive
T cell therapy (ACT) (14); (2) GSE78220: melanoma patients
treated with anti-PD-1 (15); (3) GSE91061: melanoma patients
treated with anti-PD-1 (16). Based on the RECIST v1.1 criterion,
21 patients in GSE100797, 28 patients in GSE78220, as well as
49 patients in GSE91061 were finally determined. A detailed
description is provided in the Supplementary Material.

Estimation of Drug Response
Predicted responses of cancer patients to 138 anticancer drugs
were collected from existing studies to evaluate drug response
for TCGA samples (17). Half maximum inhibitory concentration
(IC50) was used to assess drug sensitivity. Besides, the correlation
between imputed drug response and ALDH2 mRNA expression
was calculated by Pearson correlation and drugs with top 10
|r| and FDR <0.05 were considered to be the latent targets
for ALDH2.

Oncogenic Pathway Activity and Immune
Infiltration Assessment
The FPKM normalized gene expression of TCGA database
was performed to Gene Set Variation Analysis (GSVA), which
is a non-parametric, unsupervised method for estimating
variation of gene set enrichment through the samples of an
expression data set. The correlation between ALDH2 and
oncogenic pathways was verified by Gene set enrichment analysis
(GSEA). 50 gene sets were enrolled from Molecular Signatures
Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/)
v7.2 Hallmark database and FDR <0.05 was considered
statistically significant. Single sample gene set enrichment
analysis (ssGSEA) algorithm implemented in GSVA package
was applied to estimate the relative infiltration abundance of
tumor microenvironment (TME) cells. The gene sets for marking
28 immune cell types were collected from Charoentong et
al. (18). Furthermore, we evaluated the correlation between
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FIGURE 1 | Multi-omics landscape of ALDH2 in cancers. (A) The expression of ALDH2 between normal and tumor tissue across human cancers. Wilcoxon rank-sum

test: *P < 0.05; **P < 0.01; ***P < 0.001. (B) The log2 fold change (FC) and P-value distribution of ALDH2 between normal and tumor across human cancers. (C)

The immunohistochemical results displayed that lighter protein staining in tumor relative to normal tissue. (D) The protein level of ALDH2 between normal and tumor

across human cancers. (E) The mutation frequency of ALDH2 across 33 cancer types. (F) The copy number variation frequency of ALDH2 across 33 cancer types.

(G) Pearson correlation between the expression of ALDH2 and the methylation beta value of 15 corresponding CpG site. Hypermethylation represents the methylation

site with r < −0.3 and FDR <0.05.
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ALDH2 expression and pathway or cell activity using Pearson
correlation coefficient.

Human Cancer Specimens and Clinical
Information
A total of 60 cancer tissues and matched adjacent nontumor
tissues were enrolled from The First Affiliated Hospital of
ZhengzhouUniversity, including 5 pairs of pancreatic cancers, 10
pairs of paired liver cancers, 5 pairs of bile duct cancers, and 40
pairs of colorectal cancers. All patients signed written informed
consent. See Supplementary Material for the inclusion criteria of
patients. The clinical characteristics of patients included gender,
clinical stage, distant metastasis status, lymph metastasis status,
vessel invasion status, nerve invasion status, disease-free survival
(DFS), and OS. Refer to Supplementary Table S1 for details of
the baseline information.

RNA Preparation and Quantitative
Real-Time PCR
Total RNA was isolated from cancer tissues and paired adjacent
nontumor tissues with RNAiso Plus reagent (Takara, Dalian,
China) according to themanufacturer’s instructions. RNA quality
was evaluated using a NanoDrop One C (Waltham, MA, USA),
and RNA integrity was assessed using agarose gel electrophoresis.
An aliquot of 1 µg of total RNA was reverse-transcribed into
complementary DNA (cDNA) according to the manufacturer’s
protocol using a High-capacity cDNA Reverse Transcription kit
(TaKaRa BIO, Japan). Quantitative real-time PCR (qRT-PCR)
was performed using SYBR Assay I Low ROX (Eurogentec,
USA) and SYBR R© Green PCR Master Mix (Yeason, Shanghai,
China) to detect the expression. The data were normalized to
the expression of GAPDH. The sequences of the primers were
as follows:

GAPDH forward (5’- to 3’-): GGAGCGAGATCCCTCC
AAAAT

GAPDH reverse (5’- to 3’-): GGCTGTTGTCATACTTCT
CATGG

ALDH2 forward (5’- to 3’-): GTTTGGAGCCCAGTAA
CCCTT

ALDH2 reverse (5’- to 3’-): CCCACACTCACAGTTTT
GAATT.

Statistical Analysis
The correlation between two variables was assessed using Pearson
correlation. Correlations with | r | > 0.3 and FDR < 0.05 were
significant and labeled as “SigCor” in the genomic analysis. The
survminer package was utilized to determine the optimal cut-
off value of ALDH2 expression based on survival information.
The survival package was employed for Kaplan-Meier survival
analysis and the different significance was defined by the log-
rank test. The pROC package was utilized to plot the receiver
operating characteristic (ROC) curves. The area under ROC
curve (AUC) was used to compare the accuracy of predicting
immunotherapeutic response of ALDH2, CD8, CTLA-4, PD-1,
PD-L1, and TMB. Differences in ALDH2 expression between
the two groups were compared by Wilcoxon rank sum test
or independent samples T-test. Multiple comparisons were

performed using ANOVA or Kruskal-Wallis tests. Paired T-
test was used to analyze ALDH2 expression differences between
paired tumor samples and matched adjacent nontumor samples.
All statistical P values were two-sided, and P < 0.05 was defined
as statistically significant. Adjust P value was performed using
Benjamini-Hochberg (BH) multiple test correction. All plotting
and data processing were completed in R 4.0.2 software.

RESULTS

Multi-Omics Landscape of ALDH2 in
Cancers
As illustrated in Figures 1A,B, ALDH2 presented
universally lower mRNA expression in almost all tumors.
Immunohistochemical results also displayed that lighter protein
staining in tumors relative to normal tissue (Figure 1C). The
proteomics data of multiple cancers further validated these
results in protein level (Figure 1D). The above suggested
ALDH2 was significantly downregulated in human cancers.
In order to clarify the factors affecting ALDH2 expression,
we further investigated the genomic variation of ALDH2
across tumors. Interestingly, despite ALDH2 polymorphism
being closely related to many diseases such as cardiovascular
and digestive diseases, the mutational events were extremely
rare in cancers, and the mutation rate of most cancers were
<1% (Figure 1E). Therefore, the mutation is not the major
driver for the downregulation of ALDH2. Conversely, ALDH2
presented extensive copy number variation (CNV) in cancers
(Figure 1F). To assess the impact of CNV on ALDH2 expression,
we further investigated the correlation between CNV and
expression of ALDH2. Notably, CNV had little impact on
ALDH2 expression in most cancers, which also indicated
CNV was not an important factor downregulating ALDH2
expression (Supplementary Figure S1). DNA hypermethylation
is another essential factor that regulates gene expression, which
is also a ubiquitous feature of carcinogenesis. ALDH2 has 15
methylation sites in HumanMethylation450 array. Our results
indicate that the expression of ALDH2 in most tumors was
negatively correlated with DNA methylation. The multiple
cancers displayed plenty of hypermethylation sites, particularly
KIRP and SKCM (Figure 1G). Overall, the downregulation
of ALDH2 was driven by DNA hypermethylation rather than
mutation or CNV.

Functional Analysis of ALDH2
The correlation between ALDH2 expression and the activity
of pathways involved in 50 cancer hallmarks was explored
to further understand the molecular mechanism of ALDH2
involvement in cancer. The results indicate that ALDH2
expression was closely correlated with inhibition or activation
of multiple oncogenic pathways (Figure 2A). For instance, the
expression of ALDH2 was predominantly positive related to
immune related pathways such as interferon and complement
response in TGCT, DLBC, and SKCM, metastasis-related
pathways such as epithelial mesenchymal transition and
angiogenesis in THYM, and lipid metabolism-related pathways
such as adipogenesis and fatty acid metabolism in COAD,
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FIGURE 2 | Functional analysis and cancer therapy implication of ALDH2. (A) Correlation between ALDH2 expression and 50 oncogenic pathways activity across 33

cancer types. (B,C) The top 5 pathways with FDR <0.05 and NES >0 was retrieved form GSEA results of SKCM (B) and LIHC (C). (D) The potential roles of ALDH2

in cancer drug therapy. (E,F) Correlation between ALDH2 expression and 28 immune cells infiltration (E) and 24 immune checkpoints expression (F) across 33 cancer

types. (G) Comparison of the predictive accuracy of ALDH2, PD-L1, PD-1, CTLA4, CD8, and TMB for immunotherapy in GSE100797, GSE78220, and GE91061.

READ, and LIHC, etc. Moreover, ALDH2 expression also had
a significantly negative correlation with proliferation-related
pathways such as DNA repair, MYC and E2F targets, and
G2M checkpoint in LIHC, LUAD, and LGG, etc. Based on the
ALDH2 expression group, GSEA analysis verified the above
results. SKCM presented intense immune-related pathways

(Figure 2B); LIHC significantly enriched in lipid metabolism-
related pathways (Figure 2C); THYM displayed canonical
metastasis-related pathways (Supplementary Figure S2A); and
LUAD was negatively related to proliferation-related pathways
(Supplementary Figure S2B). Collectively, ALDH2 might play
multiple functional roles in distinct cancers.
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Implications of ALDH2 for Cancer
Chemotherapy and Immunotherapy
Furthermore, based on the relationship between ALDH2
expression and impute drug response of each patient, we
identified the potential roles of ALDH2 in cancer drug therapy
(Figure 2D). Obviously, we found ALDH2 might enhance
the drug sensitivity of Vinblastine, Docetaxel, CCT-018159,
Doxorubicin, CGP-082996, Obatoclax, Thapsigargin, BI-2536,
Lestaurtinib, and Elesclomol; elevate the drug resistant of EHT-
1864, Linsitinib, Selicicib, Avagacestat, BMS-754807, DMOG,
SB216763, Erlotinib, AS601245, and PF-4708671. Some of our
results are consistent with previous studies (6–8). Of note,
ALDH2 may have different drug responses to the same targeted
pathway. For example, the targeted pathway of Obatoclax, BI-
2536, and Selicicib is cell cycle, but ALDH2 enhances drug
sensitivity of Obatoclax and BI-2536, and decreases the drug
sensitivity of Selicicib. These results might advance clinical drug
selection and facilitate precision therapy in human cancers.

Due to the enriched immune-related pathway across
cancers (Figures 2A,B), we further assessed the correlation
between ALDH2 expression and 24 immune checkpoints
expression and 28 immune cells infiltration (Figures 2E,F).
It was observed that predominantly correlation in multiple
cancers, particularly in those with well immunotherapeutic
efficacy, such as BLCA, LUSC, SKCM, and TGCT. Thus, we
hypothesized ALDH2 might be a latent biomarker for predicting
immunotherapeutic response. Three independent SKCM cohorts
containing expression data and immunotherapeutic information
were enrolled. We compared the accuracy of ALDH2 in
predicting immunotherapeutic response with that of existing
biomarkers such as CD8, CTLA4, PD-1, PD-L1, and TMB. The
results demonstrated that ALDH2 had the highest accuracy in
predicting the effect of immunotherapy compared with other
biomarkers (Figure 2G). These findings suggested ALDH2 was a
promising biomarker for assessing immunotherapeutic efficacy
in SKCM.

Clinical Relevance of ALDH2 Across
Cancers
We further revealed the clinical value of ALDH2 in cancers
subsequently. As shown in our results, there was no correlation
between ALDH2 expression and age (Figure 3A). Male patients
had predominant higher ALDH2 expression relative to female
patients (Figure 3B). In addition, downregulation of ALDH2was
associated withmalignant phenotypes of cancers (Figures 3C,D).
Notably, metastasis tumors had the lowest ALDH2 expression
compared with primary and recurrent tumors, and there
was no significant difference between recurrent and primary
tumors (Figure 3E). Furthermore, univariate Cox regression
revealed ALDH2 was a protective factor of survival (disease-
specific survival, overall survival, progression-free interval, and
disease-free interval) in most cancers (Figure 3F). The Kaplan-
Meier survival analysis also demonstrated the same results in
human cancers (Figure 3G). The significant clinical relevance
of ALDH2 may provide important insight into translational
medicine developments.

Validating the Role of ALDH2 Across
Tumors in Our Cohort
A total of 60 cancer tissues and matched adjacent nontumor
tissues were enrolled from The First Affiliated Hospital of
Zhengzhou University, including 5 pairs of pancreatic cancers,
10 pairs of paired liver cancers, 5 pairs of bile duct cancers, and
40 pairs of colorectal cancers. As illustrated in Figure 4A, the
expression of ALDH2 was significantly downregulated across all
cancers relative to their corresponding adjacent nontumor tissues
(T-test: all P <0.05). Patients with high ALDH2 expression
possessed better OS and DFS compared to patients with low
ALDH2 expression (Log-rank test: both P < 0.05; Figure 4B).
Moreover, highly expressed ALDH2 was more likely to appear
in male tumor patients (T-test: P < 0.05; Figure 4C). Consistent
with the above results, the low expression of ALDH2 tended
to indicate a malignant clinical outcome. For example, patients
with malignant phenotypes such as advanced AJCC stage,
distant metastasis, and vessel invasion had the inferior ALDH2
expression (All P < 0.05; Figures 4D–F). Of note, when
lymph metastasis or nerve invasion events occurred, patients
had predominantly downregulated ALDH2 expression although
there were no statistically significant (Figures 4G,H). Overall, the
downregulation of ALDH2 expression tends to suggest malignant
phenotypes, which might enhance the precise diagnosis and
timely intervention of cancer patients.

DISCUSSION

In our study, we systematically and comprehensively explored
the molecular alterations, prognosis, and therapeutic value of
ALDH2 in 33 cancer types. It was found that ALDH2 was
downregulated in most cancer, which was mainly driven by DNA
hypermethylation rather than mutation or CNV. The aberrant
expression of ALDH2 is dramatically correlated with the activity
of cancer pathways. Moreover, ALDH2 was proved to be a
potentially useful biomarker for immunotherapy assessment and
prognostic stratification.

ALDH2 is a mitochondrial enzyme that is closely associated
with the degradation of acetaldehyde. Acetaldehyde is a toxic
substance, and its accumulation in cells causes acetaldehyde-
induced DNA interstrand crosslinks (AA-ICLs), which further
induces the initiation and progression of many tumors such as
liver cancer, colorectal cancer, gastric cancer, esophageal cancer,
and lung cancer (4, 19). In this study, we demonstrated that
ALDH2 is defective in most tumors relative to normal tissues
on both mRNA and protein expression levels, which was further
validated by in vitro experiments. In order to find out the
potential reasons leading to the downregulation of A LDH2
expression. We analyzed somatic mutations, CNV, and DNA
methylation of ALDH2 across 33 cancer types. We observed
that ALDH2 displayed low mutations. Previous researches
demonstrated ALDH2 polymorphism was common in the Asian
population (4, 19). As far as we know, the population of TCGA
was mainly from the United States. Thus, the aberrant expression
of ALDH2 was not driven by mutation in the United States.
Notably, ALDH2 displayed broad CNV alterations, while there
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FIGURE 3 | Clinical relevance of ALDH2 across cancers. (A) Correlation between ALDH2 expression and age in cancers. (B) The difference of ALDH2 expression

between female and male groups. (C) The difference of ALDH2 expression between low grade (G1, G2 or low grade in cancers) and high grade (G3, G4 or high grade

in cancers). (D) The distribution of ALDH2 expression among distinct AJCC stages. (E) The distribution of ALDH2 expression among different categories tissues

(Continued)

Frontiers in Medicine | www.frontiersin.org 7 January 2022 | Volume 8 | Article 83260529

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ma et al. Pan-Cancer Characterization of ALDH2

FIGURE 3 | including solid normal tissue, primary tumor, recurrent tumor, and metastatic tumor. ns, P > 0.05; ***P < 0.001. (F) Heatmap showing the hazard ratio

(HR) of overall survival, disease specific survival, disease free interval, and progression free interval for ALDH2 in human cancers. The cell value represents log2 (HR).

(G) Kaplan-Meier survival curve of ALDH2 for overall survival, disease specific survival, disease free interval, and progression free interval.

FIGURE 4 | Validating the role of ALDH2 across tumors in our cohort. (A) qRT-PCR displayed the mRNA expression level of ALDH2 between cancer tissues and their

corresponding adjacent nontumor tissues. (B) Kaplan-Meier survival curve of ALDH2 for overall survival, disease-free survival. (C) The difference of ALDH2 expression

between female and male groups. (D) The distribution of ALDH2 expression among distinct AJCC stages. T-test: ns, P > 0.05; **P <0.01; ***P < 0.001. (E) The

difference of ALDH2 expression in the groups with or without distant metastasis. (F) The difference of ALDH2 expression in the groups with or without vessel invasion.

(G) The difference of ALDH2 expression in the groups with or without lymph metastasis. (H) The difference of ALDH2 expression in the groups with or without nerve

invasion.

was no significant correlation between the expression and
CNV. Finally, we found that ALDH2 hypermethylation was
an essential mechanism in the downregulation of ALDH2
in human cancers.

Our research demonstrated the close correlation between the
aberrant expression of ALDH2 and the activity of cancer
pathways. Of note, ALDH2 might be involved in the

different processes of initiation and progression in different
tumors. For instance, ALDH2 is mainly associated with
metabolic pathways in respiratory and digestive system
tumors, metastasis-related pathways in THYM, and immune-
related pathways in SKCM. The multiple roles of ALDH2
in cancers might give rise to diverse reflections on cancer
treatments. Previous studies have proved that ALDH2
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is closely correlated with the sensitivity and resistance of
multiple targeted drugs such as 4-Hydroxycyclophosphamide,
Doxorubicin, Cisplatin, Vincristine, and Disulfiram (9–12).
In this study, based on the imputed tumor response of 138
anticancer-drugs from a large cohort, we provided potential
sensitive or resistant drug resources for ALDH2-deficient
tumors. Moreover, due to the enriched immune-related
pathway and immune infiltration in SKCM, we further
assessed the accuracy of ALDH2 in predicting immunotherapy
response of three SKCM cohorts, and found the predictive
performance of ALDH2 was better than popular indicators
such as CD8, CTLA4, PD-1, PD-L1, and TMB. This
interesting finding suggested that ALDH2 might be a reliable
and promising biomarker for evaluating immunotherapy
response in SKCM.

In addition, we have proven ALDH2 has significant clinical
value in both large-scale public datasets and 60 pairs of clinical
cancer samples. We found that male patients have a superior
expression of ALDH2 compared with female patients. Patients
with low ALDH2 expression possessed an adverse prognosis.
The low expression of ALDH2 tended to indicate malignant
phenotypes such as advance stage, high metastasis tendency,

and vessel invasion. These results indicated ALDH2 deficiency
is a good indicator for assessing the clinical outcome of patients

with cancer.
Collectively, we have demonstrated ALDH2 is prevalent

downregulation in most cancers, which is mainly driven by
DNA hypermethylation rather than mutation or CNV. ALDH2

is not only tightly associated with the activation and inhibition
of cancer pathways, but also displays a predominant correlation

with the sensitivity and resistance of multiple drugs, and has the
best prediction efficacy in assessing immunotherapeutic response
compared with CD8, CTLA4, PD-1, PD-L1, and TMB in SCKM.
In addition, the deficiency of ALDH2 tends to suggest malignant
phenotypes and adverse prognosis, which might enhance the
precise diagnosis and timely intervention of cancer patients. This
study advanced the understanding of ALDH2 across cancers, and

laid a foundation for the translational medicine developments
of ALDH2.
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Chronic obstructive pulmonary disease (COPD) is a common obstructive respiratory

disease characterized by persistent respiratory symptoms and limited airflow due to

airway obstruction. The present study investigates the distribution characteristics of

respiratory tract flora in both frequent and infrequent exacerbators of COPD. The 16S

sequencing technique was adopted to differentiate the inherent differences of respiratory

tract flora between frequent exacerbators and infrequent exacerbators. Additionally, cell

counting kit 8 (CCK8), lactate dehydrogenase (LDH) test, flow cytometry, enzyme-linked

immunosorbent assay (ELISA), and western blot were carried out in human bronchial

epithelial cells cultured in vitro and the regulatory effects of differential flora were

verified. The results revealed that the observed species index, Chao1 index, and the

ACE estimator of COPD frequent exacerbators were markedly higher than those of

COPD infrequent exacerbators. The top five strains of COPD frequent exacerbators

included g_Streptococcus (15.565%), g_Prevotella (10.683%), g_Veillonella (6.980%),

g_Haemophilus (5.601%), and g_Neisseria (4.631%). Veillonella parvula generated

obvious cytotoxicity and substantially reduced the activity of human bronchial epithelial

cells (p < 0.01). Furthermore, the results of flow cytometry indicated that the proportion

of human bronchial epithelial cells in both the S phase and G2 phase decreased following

Veillonella parvula treatment indicated that Veillonella parvula inhibited cell proliferation.

Meanwhile, being treated using Veillonella parvula, the expressions of interleukin-1 (IL-1),

IL-6, Tumor Necrosis Factor α (TNF-α), and p-nuclear factor kappa B (NF-κB) of the cells

were increased markedly (p < 0.01). Taken together, the current research demonstrated

that the relative abundance of Veillonella in COPD frequent exacerbators was higher than

that of infrequent exacerbators. Veillonella parvula activated the inflammatory pathway,

ultimately destroyed the cell viability, and greatly impaired the activity of human bronchial

epithelial cells, thereby inhibiting cell proliferation.

Keywords: COPD frequent exacerbators, COPD infrequent exacerbators, bacterial flora analysis, Veillonella

parvula, COPD

33

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.816802
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.816802&domain=pdf&date_stamp=2022-01-20
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Like1234511@outlook.com
https://doi.org/10.3389/fmed.2021.816802
https://www.frontiersin.org/articles/10.3389/fmed.2021.816802/full


Ke et al. Pathology Research of COPD

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) has emerged
as the third most common cause of death globally, and it is
estimated to become the fifth financially burdened disease (1, 2).
The acute exacerbation of COPD is mainly responsible for this
burden. Clinically, patients with COPD are divided into frequent
exacerbators and infrequent exacerbators. The former is defined
as those who suffer from twice of exacerbated episodes within
12 months, and the morbidity and mortality are higher than
infrequent exacerbators (3, 4). Increasing evidence has indicated
that COPD frequent exacerbation is intimately associated with
the unbalanced normal bacterial flora colonization in the
respiratory tract, but there are obvious regional differences in
the distribution characteristics of the bacterial flora, and the
relationship between the airway flora and the phenotype of
exacerbation is unclear (5–7).

The next-generation sequencing technique is available for
simultaneous sample detection of thousands of bacteria covered
in the database (5–7). The 16S sequencing refers to selecting
one or several variant regions of 16S rDNA, selecting universal
primers for PCR amplification of environmental sample
microorganisms, then performing high-throughput sequencing
on the PCR products, and comparing the obtained sequencing
data with the existing 16S rDNA database. The core is
species analysis, such as the types of microorganisms, the
relative abundance of different species, the species differences
between different groups, and system evolution. Researchers have
introduced this approach to detect respiratory disease specimens
obtained from the respiratory tract, hoping to discover the
correlation between the distribution of bacterial flora and the
occurrence and development of diseases (8, 9). These studies
have covered disorders of bronchial asthma, cystic fibrosis, and
COPD, which contributes a lot in broadening our recognition
and understanding of respiratory etiology. Results of bacterial
flora analysis have revealed that Streptococcus, Prevotella, and
Haemophilus influenzae are common bacteria in the respiratory
tract (10). Fusobacterium and Pseudomonas are also colonized
in the lower respiratory tract (11, 12). Based on existing studies,
during the period of COPD exacerbation, the α-diversity of the
flora decreases compared with the stable period, and the ratio
of Proteobacteria/Firmicutes increases. Moreover, during the
period of acute exacerbation, the relative abundance of Moraxella
is significantly increased, whereas Haemophilus presents no
significant increase compared with the stable period (13–15).
Investigation on respiratory microbiome began in 2010 and
remains in an early stage. Moreover, related data are insufficient
globally, most research has limited samples, and the research
conducted in China is even rarer. Therefore, many biomarkers
are still under the stage of identification and more further cohort
data from different regions are to be validated (16).

This project explores the distribution characteristics of the
respiratory tract flora in both COPD frequent exacerbators
and infrequent exacerbators in the local region and to identify
the inherent differences in the respiratory flora between
COPD frequent exacerbators and infrequent exacerbators. We
attempted to determine the risk-related target flora with COPD

frequent exacerbators and verified in human bronchial epithelial
cells cultured in vitro. The present project was expected to open
up a novel approach for the prevention and treatment of COPD
frequent exacerbators.

MATERIALS AND METHODS

Clinical Data
This research was a prospective and observational study,
which was approved and documented by the Medical Ethics
Committee of Chongqing the Seventh People’s Hospital
(approval number: 202019). COPD frequent exacerbators (48
cases) and COPD infrequent exacerbators (32 cases) were
recruited from Chongqing Seventh People’s Hospital, and
sputum samples were collected.

Collection of Sputum Specimens
The collection procedures were strictly performed following the
aseptic operation requirements. The surface of fresh sputum
was removed using a sterile cotton swab to avoid being mixed
with other sundries. The inner layer of the sputum sample was
obtained and transferred into a sterile cryotube using a new
cotton swab. Immediately after sample collection, the specimens
were stored in a refrigerator at −20◦C, transferred to the
laboratory within 24 h, and kept in a refrigerator at −80◦C for
later use.

DNA Extraction and Purification of
Bacterial Flora in Sputum Samples
A QlAamp DNA Stool Mini Kit (Qiagen Company, Germany)
was employed to extract DNA, and a Qubit Fluorometer Kit
(Life Technologies, Carlsbad, CA, USA) was adopted to detect
DNA concentration, and 1% agarose gel electrophoresis
was performed to detect sample integrity. Taq enzyme
(Sangon Biotech, Shanghai, China) was used to amplify
selected regions (V3–V4 regions), PCR primers were
338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806B (5’-
GGACTACHVGGGTWTCTAAT-3’). After passing the 1%
agarose gel electrophoresis test, the samples were delivered
for high-throughput sequencing of 16S analysis of bacteria in
the laboratory.

High-Throughput Sequencing of 16S
Analysis of Bacteria
Illumina Hiseq 2500 (Illumina, San Diego, CA, USA) sequencing
platform was employed for PE250 library construction and
sequencing, using pair-end sequencing (Pair-end) method, each
sequence generates 250 reads from the 5′ and 3′ end. The
raw data obtained for sequencing were trimmed and filtered
before being applied for analysis, and the low-quality reads
were filtered out and only valid data were retained. The reads
were spliced into Tags using overlapped valid data, and the
target fragments were obtained by further filtering. Using 97%
similarity, the Tags were clustered into operational taxa (OTU)
and compared with the 16S database of known species for OTU
species annotation, and the community composition of each
sample was subsequently obtained.
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Bacterial Flora Analysis Method
QIIME2 software (Version 2.0.2, https://qiime2.org/) was used
to analyze the microbiome sequence data. The 16S rRNA
representative sequence was constructed using the silva-138-
99 (QIIME 2 2020.8 Species Annotation Database) provided
by SILVA (https://www.arb-silva.de/) amplicon database with a
similarity threshold of 97%. To remove the potential signals in
the contaminants, we removed the analytical taxa with a relative
abundance of 10% in the sample and the OTUs with a total
abundance of 1 in the sample from the analytical taxa. The
remaining reads were aggregated into 3,942 OTUs.

Alpha diversity used Observed species index (the actual
number of OTUs observed), Chao1 index (estimated total
number of OTUs contained in the sample), ACE index (estimated
total number of OTUs contained in the sample), Shannon index
(estimated microbial community diversity), and The Simpson
index (estimated microbial community diversity) to compare
the Alpha-diversity of the microbial community in the HIV
group and the Norma group. Pie charts and histograms were
used to show the proportion of genus-level microorganisms in
the sample, that is, the relative abundance of microorganisms.
Linear discriminant analysis effect size (LEfSe) was a method of
discovering biomarkers to determine the best characteristic genus
for each study group. The LEfSe score measures and analyzes
the consistency of the relative abundance differences of taxa in
each group. The higher the score, the higher the consistency. We
considered that the groups with Linear Discriminant Analysis
(LDA) score >4 and p < 0.05 were significant. The different
species at the genus level and the provided physiochemical
factors were applied to calculate the Spearman correlation
between the species and the physiochemical factors. R software
(4.1.0, https://www.r-project.org/) psych package/The reshape2
package/ggplot2 package was used to plot heat maps to reveal the
essential connection between both aspects.

Culture of Human Bronchial Epithelial Cells
Human bronchial epithelial cells were purchased from American
Type Culture Collection and cultured in a complete medium
containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. The cells were categorized into a control group
and a model group. Following 24 h of inoculation, the cells
in the model group were added 50 µl of active Veillonella
parvula (ATCC #10790) and 50 µl of bacteria through high-
temperature sterilization to the control group. After 24 h, the
effect of Veillonella parvula on human bronchial epithelial cells
was determined.

Cell Counting Kit (CCK8) Assay
The cells were placed in a 96-well plate with 100 µl per well, and
there were three multiple wells in each group. Cell modeling and
grouping were subsequently managed as per the abovementioned
conditions, and the cells were placed in a carbon dioxide
incubator. After 24 h of incubation, the 96-well plate was taken
out and 10 µl of CCK8 solution (AC11L054, Life-iLab, China)
was supplemented to each well. The culture plate was kept in the
incubator for 4 h and then terminate the culture. The absorbance

of each well was determined at 450 nm using an enzyme-linked
immunometric meter.

Lactate Dehydrogenase (LDH Detection)
After the stimulation, the cell culture plate was centrifuged at
400 g for 5min in a multi-well plate centrifuge. The supernatant
was aspirated as much as possible. Subsequently, 150 µl of
the LDH release reagent was added, which was supplied with
a 10-fold PBS diluted kit, mixed well by moderately vibrating
the culture plate, and then continued to incubate in the cell
culture incubator for 1 h. Subsequently, the cell culture plate
was centrifuged at 400 g for 5min using the multi-well plate
centrifuge. In total, 120 µl of the supernatant was obtained from
each well, added to the corresponding well of a new 96-well
plate, and proceeded to sample determination instantly. Of 60 µl
LDH detection working solution (C0016, Beyotime, China) was
supplied to each well, mixed evenly, incubated at 25◦C in the dark
for 30min, and measured the absorbance at 490 nm. Cytotoxicity
or mortality (%) = (absorbance of treated samples – absorbance
of samples in control hole)/(absorbance of cells with maximum
enzyme activity – absorbance of samples in control hole)× 100.

Detection of Cell Cycles by Flow Cytometry
The cells were cultured in a 6-well plate. When the cell growth
was reached 60–70%, they were aspirated into a 1.5ml centrifuge
tube after cell treatment and centrifuged at 2,000 rpm for
5min. The cells were rinsed twice with PBS and centrifuged
at 2,000 rpm for 5min. Then, the cells were added in 1ml
of pre-cooled 70% ethanol in an ice bath, blown gently to
mix well, and fixed at 4◦C for 2 h. The cells were precipitated
after centrifugation at about 1,000 rpm for 5min, added about
1ml of ice-cooled PBS for cell resuspension, centrifuged again,
and carefully aspirated the supernatant. Of 0.5ml propidium
iodide staining solution was added to each tube with sample
cells. Cell precipitation was suspended slowly and fully, warm
bathed at 37◦C for 30min, and kept away from light. After
that, the cells were stored either at 4◦C or kept in an ice
bath away from light. It is advisable to perform flow cytometry
within 24 h after staining. Red fluorescence and light scattering
were subjected to flow cytometry at an excitation wavelength of
488 nm.

Enzyme-Linked Immunosorbent Assay
(ELISA)
The interleukin-1 (IL-1β), IL-6, and Tumor Necrosis Factor α

(TNF-α) ELISA kits (RX106152H, RX106126H, RX104793H,
Ruixin BIO, China) were purchased from Ruixin Biotech, and
the tests were carried out as per product instructions of use.
The required plates were prepared firstly, marked standard wells
and sample wells, added 50 µl of standard products of different
concentrations to each standard wells and 50 µl of the sample
to be tested to the sample wells. Detection antibody labeled by
horseradish catalase 100 µl was supplemented to each standard
solution well and sample well, respectively. Following the plate
was blocked with sealing membrane, it was incubated at 37◦C
for 60min. After the incubation was completed, discarded the
liquid of the wells, dried it on a piece of absorbent paper,
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filled each well with washing solution, let stand for 1min,
discarded the washing solution, dried it again on a piece
of absorbent paper, and repeated five times. Following the
addition of substrates A and B 50 µl, respectively, to each
well, incubation was performed at 37◦C for 15min in dark.
When the incubation was completed, a termination solution at
a quantity of 50 µl was added to each well. optical density (OD)
value of each well was measured at 450 nm wavelength within
15 min.

Western Blot (WB) Detects the Expressions
of p-Nuclear Factor Kappa B (NF-κB) and
NF-κB
Prepared gel was taken out from a refrigerator at 4◦C and
placed in an electrophoresis tank. Of 500 µg, total proteins
were taken from each sample and mixed with 5 × Sodium
dodecyl sulfate (SDS) loading sample buffer at a ratio of 4:1.
The concentration of protein in the mixture was about 3.3
µg/µl, and the proteins were denatured by metal bath heating
at 100◦C for 6min. The denatured total proteins of 60 g were
selected for sample loading. After running at 80V using spacer
gel, the voltage was switched to 120V and waited until the
bromophenol orchid just covered the bottom of the gel plate
without spilling out. The clip was loosed to level at the black
side horizontally and placed sponge pad, filtering paper, gel,
polyvinylidene fluoride (PVDF) membrane, filtering paper, and
sponge pad in turn. The current was set at a constant 250mA
for 30min. The membrane was taken out, marked well on
both sides, washed in tris buffered saline with tween (TBST)
for 1min, and sealed with 5% skimmed milk blocking buffer
at room temperature for 1 h. After sealing, the membrane
was washed with TBST three times, 5min each time. Primary
antibody was diluted with primary antibody diluent at 1:1,000,
incubated overnight at 4◦C, and rinsed with TBST for three
times, 10min each. Secondary antibody was diluted using the
blocking buffer, incubated for 1.0 h at room temperature, and
rinsed with TBST for three times, 10min each time. The ECL
exposure solution was mixed with liquid A and B at a 1:1
rate and then evenly covered on the entire membrane. After
reaction for 1min, it was loaded in the exposure meter for
detection. Antibodies used were as follows: p-NF-κB (3033T,
CST, Danvers, MA, USA); NF-κB (10745-1-AP, Proteintech,
Rosemont, IL, USA); GAPDH (A19056, Abclonal, China); HRP-
Goat-anti-Rabbit (AS014, Abclonal, China).

Statistical Analysis
SPSS 22.0 statistical analysis software was employed for data
analysis, and the measurement index was expressed as mean
± SEM. A t-test was adopted for the data in conformity
to normal distribution. The comparison of categorical
count indexes was tested by the χ2 tests or Fisher’s exact
probability method. The hypothesis testing used two-sided
testing to obtain test statistics and their corresponding p
values, and p < 0.05 was considered as the standard of
significant difference.

RESULTS

Analysis of Microbial Diversity in Sputum
Samples of COPD Frequent Exacerbators
and Infrequent Exacerbators
This study analyzed the sputum samples obtained from 48
COPD frequent exacerbators and 32 cases of infrequent
exacerbators using the 16S sequencing technique. A total of
8,741,237 reads were collected from all samples, and 4,440
OTUs were obtained by clustering. Based on the dilution
curve, the curve line had a tendency of going stable and the
quantity of sequencing data was sufficient. It was therefore
that the sequencing results of this project could reflect
most of the microbial diversity information in the samples
(Figure 1A). QIIME software was applied to calculate the
index values of Alpha diversity in both groups of samples,
and it was found that the Observed species index, Chao1
index, and ACE index of COPD frequent exacerbators were
markedly higher than COPD infrequent exacerbators (p < 0.05;
Figure 1B).

Beta Analysis of Microbial Diversity in
Samples
Subsequently, a Beta analysis of microbial diversity was
performed. The results revealed that there were significant
differences in the variety and quantity of microorganisms
between COPD frequent and infrequent exacerbators (p < 0.05;
Figure 2).

Clustering of Bacterial Species
Community compositions of both sample groups were analyzed,
and there were 30 primary bacterial species identified in
the samples of the two groups (Figure 3A). Comparison of
relative abundance of intestinal dominant flora and species
clustering between the two groups at the genus level, it
was found that the top five strains of COPD frequent
exacerbators were g_Streptococcus (15.565%), g_Prevotella
(10.683%), g_Veillonella (6.980%), g_Haemophilus (5.601%),
and g_Neisseria (4.631%; Figure 3B). The first five strains
of COPD infrequent exacerbators included g_Streptococcus
(17.509%), g_Prevotella (10.6593%), g_Neisseria
(5.925%), g_Pseudomonas (4.63%), and g_Haemophilus
(4.382%; Figure 3C).

Next, LDA Effect Size (LEfSe analysis) was performed
to estimate the abundance influence of each strain on the
effect of difference and to identify which colonies had
a significant difference in sample classification. Figure 4A

presents a clustering tree. Red represents the group of
COPD frequent exacerbators, green represents the group
of COPD infrequent exacerbators, and nodes of different
colors represent the importance of the microbiome in the
represented group. The yellow nodes indicate that the microbiota
did not play an important role in both groups. Similarly,
the relative abundance of Veillonella in COPD frequent
exacerbators was higher than that of COPD infrequent
exacerbators (Figure 4B).
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FIGURE 1 | Analysis of microbial diversity in sputum samples of COPD frequent exacerbators and infrequent exacerbators. (A), 16S sequencing dilution curve results.

(B), QIIME software was used to calculate the Alpha diversity index of both sample groups. E represented COPD frequent exacerbators; I represented COPD

infrequent exacerbators. COPD, chronic obstructive pulmonary disease.
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FIGURE 2 | Beta analysis of microbial diversity in sputum samples of COPD frequent exacerbators and COPD infrequent exacerbators. E represented COPD frequent

exacerbators; I represented COPD infrequent exacerbators. COPD, chronic obstructive pulmonary disease.

The Regulatory Effect of Veillonella on the
Activity of Human Bronchial Epithelial Cells
Subsequently, we added Veillonella parvula to human bronchial
epithelial cells cultured in vitro (Figure 5A) and determined
the regulatory effect of Veillonella parvula on human bronchial
epithelial cells. The results indicated that Veillonella parvula
markedly reduced the activity of human bronchial epithelial
cells (p < 0.01; Figure 5B). The LDH content was increased
substantially, indicating that Veillonella parvula produced
apparent cytotoxicity (Figure 5C), causing cell membrane
rupture and cell death. Furthermore, the results of flow cytometry
indicated that the proportion of human bronchial epithelial cells
in both the S phase and G2 phase decreased following Veillonella
parvula treatment, indicating that Veillonella parvula inhibited
cell proliferation (Figure 5D).

Veillonella Parvula Regulates the
Expressions of Inflammatory Factors
To clarify the effect of Veillonella parvula on the expressions of
cell inflammatory factors, ELISA and western blot assays were
performed to detect the expressions of inflammatory factors.
After Veillonella parvula treatment, the expressions of IL-1,
IL-6, and TNF-α in cells were increased greatly (p < 0.01;
Figures 6A–C), and the expression of p-NF-κB was increased
significantly (Figures 6D–F), indicating that Veillonella parvula

activated the inflammatory pathway and ultimately destroyed
cell viability.

DISCUSSION

The mucosal epithelium of the respiratory tract is the first
natural barrier of the body and the external environment, which
is the first natural barrier against microbial infections. COPD
is a frequent obstructive respiratory disease characterized by
persistent respiratory symptoms and limited airflow due to
airway obstruction (17, 18). As COPD has been reported as
the third leading cause of death worldwide since 2020, the
treatment of COPD acute exacerbators is of vital importance
to the standardized management, prevention, and control of
COPD (19). Bacterial or viral respiratory infections are the
principal factor leading to acute exacerbation of COPD victims.
This project aimed to study the distribution characteristics of
flora in the respiratory tract among frequent and infrequent
exacerbators in this region and to distinguish the inherent
differences of flora in the respiratory tract between frequent
and infrequent exacerbators. This study revealed that the
Observed species index, Chao1 index, and ACE index of COPD
frequent exacerbators were markedly higher than those of COPD
infrequent exacerbators. The top five strains of COPD frequent
exacerbators included g_Streptococcus (15.565%), g_Prevotella
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FIGURE 3 | Clustering of bacterial species. (A), Community compositions of both sample groups were analyzed and there were 30 primary bacterial species identified

in the samples of the two groups. (B), Relative abundance of intestinal dominant flora and cluster analysis of species in COPD frequent exacerbators at the genus

level. (C), Relative abundance of intestinal dominant flora and cluster analysis of species in COPD infrequent exacerbators at the genus level. E represented COPD

frequent exacerbators; I represented COPD infrequent exacerbators. COPD, chronic obstructive pulmonary disease.
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FIGURE 4 | The LEfSe analysis was used to estimate the abundance influence of each strain on the difference. (A), Cluster tree analysis. Red represents the group of

COPD frequent exacerbators, green represents the group of COPD infrequent exacerbators, and nodes of different colors represent the importance of the microbiome

in the representated group. The yellow nodes indicate the microbiota that did not play an important role in both groups. (B), The abundance analysis of Veillonella in

COPD frequent exacerbators and COPD infrequent exacerbators. E represented COPD frequent exacerbators; I represented COPD infrequent exacerbators. LEfSe,

linear discriminant analysis effect size; COPD, chronic obstructive pulmonary disease.
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FIGURE 5 | The regulatory effect of Veillonella on the activity of human bronchial epithelial cells. (A), Human bronchial epithelial cells cultured in vitro. (B), Cell viability

detected by CCK8. (C), LDH content determination. (D), Cell cycles detection by flow cytometry. ##, p < 0.01. LDH, lactate dehydrogenase; CCK8, cell counting kit 8.
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FIGURE 6 | Veillonella parvula regulates the expressions of inflammatory factors. (A–C), Expressions of IL-1, IL-6, and TNF-α detected by ELISA. (D), The expressions

of NF-κB and p-NF-κB detected by Western blot. (E,F), Gray value analysis of NF-κB and p-NF-κB proteins. ## p < 0.01. IL-6, interleukin-L; TNF-α, Tumor Necrosis

Factor α; ELISA, enzyme-linked immunosorbent assay.

(10.683%), g_Veillonella (6.980%), g_Haemophilus (5.601%),
and g_Neisseria (4.631%). We found that the relative abundance
of Veillonella in COPD frequent exacerbators was higher than
that of COPD infrequent exacerbators.

After the balance of the flora is broken, it will lead to
changes in the local environment of the tissue. In addition,
the increase or decrease of some flora can cause host
infection and some other diseases. After the bacteria invaded
tissue cells, they could replicate and survive in the cells.
Meanwhile, some bacteria activated the cellular anti-apoptotic
pathway, thereby evading immunity elimination of the host,
which could directly induce the death of host cells and
aggravate the damage of tissue cells. Veillonella represents an
anaerobic gram-negative coccus, which can parasitize in the
oral cavity, gastrointestinal tract, and female reproductive tract
(20). Thirteen species of this genus have been identified, of
which six species have been isolated from the human oral
cavity. It has been reported that Veillonella is a copolymer

with streptococcus (21). It was previously considered non-
pathogenic and rarely caused serious infections. However, in
recent years, there have been increasing reports of human
infections in immunocompromised individuals. Statistics of
the literature from 1976 to October 2015 have reported 31
cases of human infection with Veillonella. Of these cases, five
cases were musculoskeletal infections caused by Veillonella
parvula, such as four spinal infections. Additional reports
also revealed cases of extramembranous abscess in patients
with sclerocarcinoma affected by Veillonella parvula (22, 23).
Veillonella parvula seems to be an opportunistic pathogen
that affects immunocompromised patients. The present study
indicated that the addition of Veillonella parvula to human
bronchial epithelial cells cultured in vitro markedly reduced
the viability of human bronchial epithelial cells. The LDH
content in the cells was increased significantly, indicating that
Veillonella parvula generated obvious cytotoxicity, which caused
cell membrane rupture and cell death.
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In addition, some studies have confirmed that COPD acute
exacerbators are greatly affected by the persistent inflammation
in the airway induced by bacterial infection (24, 25). Statistics
results have indicated that the expression of IL-1β in COPD
patients is increased, and the expression level of IL-1β is
positively correlated with the increase of airway neutrophils and
the decline of lung function index. The level of IL-1β in the
airway (sputum) is recognized as a bacteria-associated biomarker
of COPD acute exacerbators (26). Proteomic analysis of the
sputum samples obtained from patients with COPD revealed that
the proteomics characteristics of IL-1β-related sputum samples
were identified. It also confirmed that the expressions of TNF-
α and IL-6 were elevated and regulated by the IL-1β pathway.
Elevated IL-1β and serum IL-6 expression levels in patients with
COPD can activate the IL-1β-system inflammatory axis pathway
and pose an increased risk for COPD frequent exacerbators
(27, 28). The results of this study indicated that after Veillonella
parvula treatment, the expressions of IL-1, IL-6, and TNF-α in
the cells were elevated markedly, and the expression of p-NF-κB
was increased substantially, indicating that Veillonella parvula
activated the inflammatory pathway and ultimately destroyed
cell viability. The findings also implied that Veillonella parvula
could aggravate the response of airway inflammation, thereby
promoting the susceptibility to COPD acute exacerbation.

Currently, the high-throughput sequencing of 16S amplicon
is mainly introduced for the research on respiratory flora
with a large sample size (29–31). This technique is only
available for accurately identifying all bacterial components to
the genus level. Luckily, the approach of metagenomic analysis
can accurately determine the components of the microbial
population, identify the functional areas of microorganisms
combined with the macro transcriptome approach, and explore
whether the entire microbial community can affect the
metabolism of other microorganisms and/or hosts by generating
signal molecules through the expression of specific genes,
thereby further recognition of the signal transmission on the
promotion of COPD occurrence and development. In the study
of the microbiome, the concept of the brain-gut axis has
been recognized by the public. COPD represents a systemic
inflammatory disease of the lung affected by inflammation.
The permeability of both the respiratory tract and intestinal
mucosa may increase, which also provides the possibility
for the migration or circulation of lung and intestinal flora.
The previously described concerns will be potential research
trends of respiratory flora in the future. This study has
only verified the regulatory function of Veillonella parvula
in cultured cells in vitro and has not been able to verify
the function of more strains, nor has it been further verified
in model animals. We know that the regulatory role of

intestinal flora should be extensive, and only by understanding
the regulatory network can we further formulate clinical
medication and treatment plans. In future research, we will
further verify the function of differentially expressed flora
at the animal level and explore the possibility of improving
the efficacy of clinically commonly used drugs or new drugs
on COPD.

CONCLUSION

The present study revealed that the relative abundance of
Veillonella in COPD frequent exacerbators was higher than that
of COPD infrequent exacerbators. Veillonella parvula activated
the inflammatory pathway, ultimately destroyed the cell viability,
and greatly impaired the activity of human bronchial epithelial
cells, thereby inhibiting cell proliferation.

DATA AVAILABILITY STATEMENT

The data are deposited in https://submit.ncbi.nlm.nih.gov/subs/
sra/, accession number SUB10905251.

ETHICS STATEMENT

This research was a prospective and observational study,
which was approved and documented by the Medical Ethics
Committee of Chongqing the Seventh People’s Hospital. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

LK, LC, and YY performed the experiment and collected
the data. GC and LJ analyzed and interpreted the data.
LK and ZC participated in writing this manuscript. All
authors conceived and designed the study and approved this
final manuscript.

FUNDING

This work was funded by Chongqing Science and Technology
Bureau of Banan District (No. 2020SHSY08).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.816802/full#supplementary-material

REFERENCES

1. Tiew PY, Jaggi TK, Chan L, Chotirmall SH. The airway microbiome in

COPD, bronchiectasis and bronchiectasis-COPD overlap.Clin Respir J. (2021)

15:123–33. doi: 10.1111/crj.13294

2. Agusti A, Vogelmeier C, Faner R. COPD 2020: changes and

challenges. Am J Physiol Lung Cell Mol Physiol. (2020) 319:L879–

83. doi: 10.1152/ajplung.00429.2020

3. Matera MG, Cazzola M, Page C. Prospects for COPD treatment. Curr Opin

Pharmacol. (2021) 56:74–84. doi: 10.1016/j.coph.2020.11.003

Frontiers in Medicine | www.frontiersin.org 11 January 2022 | Volume 8 | Article 81680243

https://submit.ncbi.nlm.nih.gov/subs/sra/
https://submit.ncbi.nlm.nih.gov/subs/sra/
https://www.frontiersin.org/articles/10.3389/fmed.2021.816802/full#supplementary-material
https://doi.org/10.1111/crj.13294
https://doi.org/10.1152/ajplung.00429.2020
https://doi.org/10.1016/j.coph.2020.11.003
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ke et al. Pathology Research of COPD

4. Gordon A, Young M, Bihler E, Cheema T. COPD

maintenance pharmacotherapy. Crit Care Nurs Q. (2021)

44:19–25. doi: 10.1097/CNQ.0000000000000336

5. Nowinski A, Korzybski D, Bednarek M, Goljan-Geremek A, Puscinska E,

Sliwinski P. Does bronchiectasis affect COPD comorbidities? Adv Respir Med.

(2019) 87:214–20. doi: 10.5603/ARM.2019.0059

6. Labaki WW, Han MK. Antibiotics for COPD exacerbations. Lancet Respir

Med. (2017) 5:461–2. doi: 10.1016/S2213-2600(17)30166-2

7. Ghosh A, Boucher RC, Tarran R. Airway hydration and COPD. Cell Mol Life

Sci. (2015) 72:3637–52. doi: 10.1007/s00018-015-1946-7

8. Chang WA, Tsai MJ, Jian SF, Sheu CC, Kuo PL. Systematic analysis of

transcriptomic profiles of COPD airway epithelium using next-generation

sequencing and bioinformatics. Int J Chron Obstruct Pulmon Dis. (2018)

13:2387–98. doi: 10.2147/COPD.S173206

9. Yeo J, Morales DA, Chen T, Crawford EL, Zhang X, Blomquist

TM, et al. RNAseq analysis of bronchial epithelial cells to identify

COPD-associated genes and SNPs. Bmc Pulm Med. (2018)

18:42. doi: 10.1186/s12890-018-0603-y

10. Connolly E, Hussell T. The impact of type 1 interferons on alveolar

macrophage tolerance and implications for host susceptibility

to secondary bacterial pneumonia. Front Immunol. (2020)

11:495. doi: 10.3389/fimmu.2020.00495

11. Rubbert-Roth A, Aletaha D, Devenport J, Sidiropoulos PN, Luder Y,

Edwardes MD, et al. Effect of disease duration and other characteristics on

efficacy outcomes in clinical trials of tocilizumab for rheumatoid arthritis.

Rheumatology. (2021) 60:682–91. doi: 10.1093/rheumatology/keaa259

12. Garg N, Luzzatto-Knaan T, Melnik AV, Caraballo-Rodriguez AM, Floros DJ,

Petras D, et al. Natural products as mediators of disease. Nat Prod Rep. (2017)

34:194–219. doi: 10.1039/C6NP00063K

13. Leitao FF, Takiguchi H, Akata K, Ra SW, Moon JY, Kim HK, et al.

Effects of Inhaled Corticosteroid/long-acting beta-2 agonist combination

on the airway microbiome of patients with COPD: a randomized

controlled trial (DISARM). Am J Respir Crit Care Med. (2021) 204:1143–

52. doi: 10.1164/rccm.202102-0289OC

14. Tiew PY, Dicker AJ, Keir HR, Poh ME, Pang SL, Mac AM, et al. A high-risk

airway mycobiome is associated with frequent exacerbation and mortality in

COPD. Eur Respir J. (2021) 57:2002050. doi: 10.1183/13993003.02050-2020

15. Liu H, Zheng D, Lin Y, Liu Z, Liang Z, Su J, et al. Association of

sputum microbiome with clinical outcome of initial antibiotic treatment

in hospitalized patients with acute exacerbations of COPD. Pharmacol Res.

(2020) 160:105095. doi: 10.1016/j.phrs.2020.105095

16. Xia C, Rook M, Pelgrim GJ, Sidorenkov G, Wisselink HJ, van Bolhuis

JN, et al. Early imaging biomarkers of lung cancer, COPD and coronary

artery disease in the general population: rationale and design of the

ImaLife (Imaging in Lifelines) study. Eur J Epidemiol. (2020) 35:75–

86. doi: 10.1007/s10654-019-00519-0

17. Li S, Ma H, Gan L, Ma X, Wu S, Li M, et al. Cancer antigen-

125 levels correlate with pleural effusions and COPD-related

complications in people living at high altitude. Medicine. (2018)

97:e12993. doi: 10.1097/MD.0000000000012993

18. Kharbanda S, Anand R. Health-related quality of life in patients with chronic

obstructive pulmonary disease: a hospital-based study. Indian J Med Res.

(2021) 153:459–64. doi: 10.4103/ijmr.IJMR_1812_18

19. Barker RE, Brighton LJ, Maddocks M, Nolan CM, Patel S, Walsh JA, et al.

Integrating home-based exercise training with a hospital at home service for

patients hospitalised with acute exacerbations of COPD: developing themodel

using accelerated experience-based co-design. Int J Chron Obstruct Pulmon

Dis. (2021) 16:1035–49. doi: 10.2147/COPD.S293048

20. Bathini A, Maxwell CR, Hedayat H, Barrett J, Hakma Z. Case report:

vertebral osteomyelitis secondary to a dental abscess. Bmc Infect Dis. (2020)

20:133. doi: 10.1186/s12879-020-4857-7

21. Edlund A, Garg N, Mohimani H, Gurevich A, He X, Shi W, et al. Metabolic

fingerprints from the human oral microbiome reveal a vast knowledge gap

of secreted small peptidic molecules. Msystems. (2017) 2(2017) 2:e00058–

17. doi: 10.1128/mSystems.00058-17

22. Chen YC, Ko PH, Yang CJ, Chen YC, Lay CJ, Tsai CC, et al. Epidural abscess

caused by veillonella parvula: case report and review of the literature. J

Microbiol Immunol Infect. (2016) 49:804–8. doi: 10.1016/j.jmii.2014.05.002

23. Prod’Homme M, Pfander G, Pavese P, Cech A, Abouelnaga I, Helfer L.

Acromioclavicular septic arthritis caused by veillonella parvula. Case Rep

Orthop. (2019) 2019:7106252. doi: 10.1155/2019/7106252

24. Knobloch J, Feldmann M, Wahl C, Jungck D, Behr J, Stoelben E, et al.

Endothelin receptor antagonists attenuate the inflammatory response of

human pulmonary vascular smooth muscle cells to bacterial endotoxin. J

Pharmacol Exp Ther. (2013) 346:290–9. doi: 10.1124/jpet.112.202358

25. Chan S, Selemidis S, Bozinovski S, Vlahos R. Pathobiological mechanisms

underlying metabolic syndrome (MetS) in chronic obstructive pulmonary

disease (COPD): clinical significance and therapeutic strategies.

Pharmacol Ther. (2019) 198:160–88. doi: 10.1016/j.pharmthera.2019.

02.013

26. Paplinska-Goryca M, Misiukiewicz-Stepien P, Proboszcz M, Nejman-Gryz

P, Gorska K, Krenke R. The expressions of TSLP, IL-33, and IL-17A

in monocyte derived dendritic cells from asthma and COPD patients

are related to epithelial-macrophage interactions. Cells Basel. (2020)

9:1944. doi: 10.3390/cells9091944

27. Che L, Yu C, Chen G, Lin J, Xie Z, Xia T, et al. The inflammatory response

induced by RELMbeta upregulates IL-8 and IL-1beta expression in bronchial

epithelial cells in COPD. Int J Chron Obstruct Pulmon Dis. (2021) 16:2503–

13. doi: 10.2147/COPD.S321877

28. Osei ET, Brandsma CA, Timens W, Heijink IH, Hackett TL. Current

perspectives on the role of interleukin-1 signalling in the pathogenesis of

asthma and COPD. Eur Respir J. (2020) 55:1900563. doi: 10.1183/13993003.

00563-2019

29. Bouquet J, Tabor DE, Silver JS, Nair V, Tovchigrechko A, Griffin

MP, et al. Microbial burden and viral exacerbations in a longitudinal

multicenter COPD cohort. Respir Res. (2020) 21:77. doi: 10.1186/s12931-020-

01340-0

30. Beech AS, Lea S, Kolsum U,Wang Z, Miller BE, Donaldson GC, et al. Bacteria

and sputum inflammatory cell counts; a COPD cohort analysis. Respir Res.

(2020) 21:289. doi: 10.1186/s12931-020-01552-4

31. Keir HR, Contoli M, Chalmers JD. Inhaled corticosteroids

and the lung microbiome in COPD. Biomedicines. (2021)

9:1312. doi: 10.3390/biomedicines9101312

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Ke, Chen, Yaling, Can, Jun and Chuan. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 12 January 2022 | Volume 8 | Article 81680244

https://doi.org/10.1097/CNQ.0000000000000336
https://doi.org/10.5603/ARM.2019.0059
https://doi.org/10.1016/S2213-2600(17)30166-2
https://doi.org/10.1007/s00018-015-1946-7
https://doi.org/10.2147/COPD.S173206
https://doi.org/10.1186/s12890-018-0603-y
https://doi.org/10.3389/fimmu.2020.00495
https://doi.org/10.1093/rheumatology/keaa259
https://doi.org/10.1039/C6NP00063K
https://doi.org/10.1164/rccm.202102-0289OC
https://doi.org/10.1183/13993003.02050-2020
https://doi.org/10.1016/j.phrs.2020.105095
https://doi.org/10.1007/s10654-019-00519-0
https://doi.org/10.1097/MD.0000000000012993
https://doi.org/10.4103/ijmr.IJMR_1812_18
https://doi.org/10.2147/COPD.S293048
https://doi.org/10.1186/s12879-020-4857-7
https://doi.org/10.1128/mSystems.00058-17
https://doi.org/10.1016/j.jmii.2014.05.002
https://doi.org/10.1155/2019/7106252
https://doi.org/10.1124/jpet.112.202358
https://doi.org/10.1016/j.pharmthera.2019.02.013
https://doi.org/10.3390/cells9091944
https://doi.org/10.2147/COPD.S321877
https://doi.org/10.1183/13993003.00563-2019
https://doi.org/10.1186/s12931-020-01340-0
https://doi.org/10.1186/s12931-020-01552-4
https://doi.org/10.3390/biomedicines9101312
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


ORIGINAL RESEARCH
published: 20 January 2022

doi: 10.3389/fmed.2021.813119

Frontiers in Medicine | www.frontiersin.org 1 January 2022 | Volume 8 | Article 813119

Edited by:

Fu Wang,

Xi’an Jiaotong University, China

Reviewed by:

Fengsen Li,

The Traditional Chinese Medicine

Hospital Affiliated to Xinjiang Medical

University, China

Mingfen Li,

First Affiliated Hospital of Guangxi

University of Chinese Medicine, China

Min Wei,

Shanghai Jiao Tong University, China

*Correspondence:

Xun Zhang

zhangxun69@163.com

Specialty section:

This article was submitted to

Precision Medicine,

a section of the journal

Frontiers in Medicine

Received: 11 November 2021

Accepted: 13 December 2021

Published: 20 January 2022

Citation:

Du L, Xiao Y, Xu Y, Chen F, Chu X,

Cao Y and Zhang X (2022) The

Potential Bioactive Components of

Nine TCM Prescriptions Against

COVID-19 in Lung Cancer Were

Explored Based on Network

Pharmacology and Molecular

Docking. Front. Med. 8:813119.

doi: 10.3389/fmed.2021.813119

The Potential Bioactive Components
of Nine TCM Prescriptions Against
COVID-19 in Lung Cancer Were
Explored Based on Network
Pharmacology and Molecular
Docking

Lin Du 1, Yajie Xiao 2, Yijun Xu 1, Feng Chen 1, Xianghui Chu 1, Yuqi Cao 1 and Xun Zhang 1*

1Department of Thoracic Surgery, Tianjin Chest Hospital, Tianjin, China, 2Department of Clinical Translational Medicine,

YuceBio Technology Co., Ltd., Shenzhen, China

Objective: The purpose of this study was to screen active components and molecular

targets of nine prescriptions recommended by the National Health Commission (NHC)

of China by network pharmacology, and to explore the potential mechanism of the core

active components against COVID-19 with molecular docking.

Methods: Differentially expressed genes of lung adenocarcinoma (LUAD) screened by

edgeR analysis were overlapped with immune-related genes in MMPORT and COVID-

19-related genes in GeneCards. The overlapped genes were also COVID-19 immune-

related genes in LUAD. TCMSP platform was used to identify active ingredients of the

prescription, potential targets were identified by the UniProt database, and the cross

genes with COVID-19 immune-related genes in LUAD were used to construct a Chinese

Medicine-Logy-immune target network. Gene Ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) enrichment analyses were performed on the target genes

of each prescription. Finally, the key active components were selected for molecular

docking simulation with ACE2.

Results: We obtained 15 overlapping immunization target genes from FPQXZ, HSYFZ,

HSZFZ, and QFPDT, 16 overlapping immunization target genes from QYLFZ, SDYFZ,

SRYFZ, and YDBFZ, and 17 overlapping immunization target genes from QYLXZ.

ADRB2, FOS, HMOX1, ICAM1, IL6, JUN, NFKBIA, and STAT1 also had the highest-

ranked therapeutic targets for 9 prescriptions, and their expressions were positively

correlated with TME-related stromal score, immune score, and ESTIMATE score. Among

9 compounds with the highest frequency of occurrence in the 9 prescriptions, baicalein

had the highest ACE2 binding affinity and can be well-combined into the active pocket

of ACE2 It is stabilized by forming hydrogen bonds with ASN290 and ILE291 in ACE2

and hydrophobic interaction with PHE438, ILE291, and PRO415.

Conclusion: The nine Chinese medicine prescriptions may play an anti-SARS-CoV-

2 role via regulating viral transcription and immune function through multi-component,

multi-target, and multi-pathway.
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INTRODUCTION

Coronavirus disease 2019 is a viral infection triggered by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1).
COVID-19 has spread rapidly, posing a serious threat to human
health all over the world. Until August 11, 2021, there were nearly
205 million confirmed COVID-19 cases worldwide, resulting
in more than 4.32 million deaths (https://www.worldometers.
info/coronavirus/). It has been reported that patients with lung
cancer are more likely to be infected with SARS-COV-2 and
have a higher risk of death than normal ones due to impaired
basic lung function and immunosuppression (2). The current
challenge in treating patients with lung cancer is the balance
between the risk of a potentially life-threatening infection with
COVID-19 and the consequences of delayed treatment or non-
treatment of lung cancer (3). Food and Drug Administration has
approved antivirals, immune-modulators, nucleotide analogs,
and convalescent plasma therapy for emergency treatment of
COVID-19 (4). Many clinical studies have shown that the
effectiveness of Chinese medicine interventional therapy for
COVID-19 can reach higher than 90% (5). Recent clinical
studies have combined both Chinese and Western medicine
to treat COVID-19 with great success (6). The results
of a meta-analysis demonstrated that integrated Traditional
Chinese and Western medicine treatment for COVID-19 was
more effective than applying conventional Western medicine
treatment, with a better improvement of patients’ clinical
symptoms, chest CT and infection indicators (7). To date,

FIGURE 1 | Workflow chart.

there are more than 133 ongoing registered clinical studies of
Chinese medicine/integrated Chinese andWestern medicine (8).
Although Chinese medicine has significant advantages in the
treatment of COVID-19 and has strong clinical support, it is
still considered as an alternative or complementary medicine
mainly due to unspecific biochemical active ingredients of its
prescriptions and unclear mechanism of action (9). Therefore,
the problem that active ingredients and their mechanism of
action should be explored.

The emergence of network pharmacology has provided
great convenience for the study of pharmacological action and
mechanisms of Chinese medicine. With network pharmacology,
researchers can mine drug and disease targets from vast amounts
of data to understand the mechanisms of action and regulatory
pathways (10). In this study, we used online pharmacology
to screen active ingredients and potential targets of nine
prescriptions recommended by the National Health Commission
(NHC) of China. Moreover, the potential mechanism of
the anti-COVID-19 action of the core active ingredient
through the molecular docking method was investigated. The
current findings provide a reference for clinical treatment and
mechanism study of Chinese medicine.

MATERIALS AND METHODS

Data Gathering and Processing
The IMMPORT (Division of Systems Medicine, Department
of Pediatrics, Stanford University School of Medicine)
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FIGURE 2 | Active ingredients and targets prescribed for COVID-19 treatment. (A) Intersection analysis of differentially expressed genes, immune-related genes, and

COVID-19 related genes in CLUAD. The Venn diagram of FPQXZ (B), HSYFZ (C), HSZFZ (D), QFPDT (E), QYLFZ (F), QYLXZ (G), SDYFZ (H), SRYFZ (I), and YDBFZ

(J) with COVID-19 immune-related genes in LUAD.

(https://www.immport.org) database (11) was used to retrieve
and collate 1,793 immune-related genes. A total of 1,566 COVID-
19 related genes were acquired from Genecards (Department
of Molecular Genetics, Weizmann Institute of Science) (https://
www.genecards.org/) (12). The RNA sequencing data of TCGA-
LUAD patients was obtained from the TCGA data portal
(https://tcga-data.nci.nih.gov/tcga/). We downloaded the RNA-
seq FPKM data set and further transformed the expression
profile into transcripts per kilobase million (TPM). Differential
expression of coding genes between tumor tissue and normal
tissue was analyzed using edgeR (Institute of Molecular Life
Sciences, University of Zurich) (13) (V3.26.8) to take the
intersection of immune-related genes in MMPORT and COVID-
19 related genes in GeneCards. The results of overlapping genes
were shown by Venn Diagram (Informatics and Biocomputing
Platform, Ontario Institute for Cancer Research) (14). The
workflow chart is shown in Figure 1.

Screening of Active Ingredients for
COVID-19 Treatment and Prediction of
Corresponding Targets
A total of 9 prescriptions of Chinese medicine were
selected from “Novel Coronavirus Pneumonia Diagnosis

and Treatment Scheme (Trial Edition 8)” issued by the
National Health Commission of China, including Qing-Fei-
Pai-Du-Tang (QFPDT), Shi-Re-Yun -Fei-Zheng (SDYFZ),
Shi-Du-Yu-Fei-Zheng (SDYFZ), Han-Shi-Yu-Fei-Zheng
(HSYFZ), Yi-Du-Bi-Fei-Zheng (YDBFZ), Han-Shi-Zu-
Fei-Zheng (HSZFZ), Fei-Pi-Qi-Xu-Zheng (FPQXZ),
Qi-Ying-Liang-Fan-Zheng (QYLFZ), and Qi-Yin-Liang-Xu-
Zheng (QYLXZ). Bioactive ingredients of each prescription
were searched through the Chinese Medicine Database and
Analysis Platform (Center for Bioinformatics, College of
Life Science, Northwest A&F University) (15) (TCMSP,
https://tcmsp-e.com/). The most commonly used screening
parameter for web-based pharmacological analysis was
oral bioavailability (OB) (16), drug-likeness (DL) (17),
and intestinal epithelial permeability (Caco-2) (18). In
this method, the criteria of OB ≥ 30% and drug-likeness
≥ 0.18 were applied to screen bioactive components
and their potential targets, and the target was annotated
in UniProt (European Molecular Biology Laboratory,
European Bioinformatics Institute (EMBL-EBI), Wellcome
Trust Genome Campus) (https://www.uniprot.org/). The
intersected genes of COVID-19 target genes and prescription
target gene sets using The Venn Diagram package in the
R software.
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FIGURE 3 | The Chinese medicine herb- constituent -immune target network. (A) FPQXZ’s Chinese medicine herb—constituent -immune target regulatory network.

(B) HSYFZ’s Chinese medicine herb—constituent -immune target network. (C) QFPDT’s Chinese medicine herb—constituent -immune target network. (D) Chinese

medicine herb—constituent -immune target interaction network of HSZFZ.

TABLE 1 | The top 10 key compounds in FPQXZ.

Compound Degree Betweenness centrality

Quercetin 29 0.01015208

Kaempferol 13 0.00336682

Luteolin 11 0.00193848

Stigmasterol 9 0.0006946

Beta-sitosterol 8 0.00041647

Baicalein 7 0.0016664

Irisolidone 7 0.00038325

Cavidine 7 0.00034745

7-O-methylisomucronulatol 7 0.00034529

Shinpterocarpin 7 0.00030962

Construction of Chinese
Medicine-Constituent-Immune Target
To construct the Chinese medicine herb-constituent-immune
target network, CytoScape (Institute for Systems Biology)
(V3.7.2) (19) was used in order to reflect the complex relationship
among active Chinese medicine, compounds, and filtrated

TABLE 2 | The top 10 core targets in FPQXZ.

Gene Degree Betweenness centrality

ADRB2 50 0.07531967

JUN 14 0.00682336

ICAM1 7 0.00088071

HMOX1 7 0.00088071

FOS 6 0.00214445

NFKBIA 6 0.00073893

IL6 6 0.00073893

IL1B 5 0.0002301

STAT1 5 8.54E-05

IRF1 4 4.83E-05

targets. Topology analysis of networks was carried out according
to the values of degree centrality, betweenness centrality, and
closeness centrality. The protein-protein interaction data set
comes from the stringdb database (https://cn.string-db.org/)
(Department of Molecular Life Sciences and Swiss Institute of
Bioinformatics, University of Zurich) (20).
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Gene Ontology (GO) and KEGG Pathway
Enrichment Analysis
To conduct GO and KEGG enrichment analyses, the
ClusterProfiler (Institute of Life and Health Engineering,
Key Laboratory of Functional Protein Research of Guangdong
Higher Education Institutes, Jinan University) database was
used by importing the list of intersection target gene names and
setting the species as “hsa” for customized analysis with a filter
P-value of < 0.05.

Simulated Molecular Docking
The active ingredient with the highest content in nine kinds
of Chinese medicine was selected, and the chemical structure
of the active ingredient and ACE2 was downloaded from
PubChem (National Center for Biotechnology Information,
National Library of Medicine, National Institutes of Health,
Department of Health and Human Services). AutoDock Vina
software (Department of Molecular Biology, The Scripps
Research Institute) (21) was used to simulate molecular docking.
AutoDockTools processed the ACE2 protein, added polar
hydrogen, calculated the Gasteiger charge, and set all ligand
rotatable bonds. The targets and drugs were prepared and
molecular docking performed inside a grid box (40 Å × 40 Å
× 40 Å). A lamarckian genetic algorithm was applied to calculate
protein docking with the ligand. All docking was run with default
settings. The exhaustiveness level was set to 8 and the output
maximum was set to 10.

RESULTS

Collection of Active Ingredients and Target
Gene Screening for Prescribing Treatments
for COVID-19
A total of 9,412 differentially expressed genes were screened
from TCGA-LUAD by performing differential analysis. One
hundred and thirty-one genes were determined as COVID-19
immune-related and LUAD-related (Figure 2A). According
to OB value and DL index, the active ingredients of nine
prescriptions were obtained from TCMSP. Then the target genes
of each prescription were predicted to take the intersection
with COVID-19 immune-related genes in LUAD. In this study,
15 immune target genes were obtained from FPQXZ, HSYFZ,
HSZFZ, and QFPDT, 16 immune target genes were obtained
fromQYLFZ, SDYFZ, SRYFZ, and YDBFZ, and 17 were obtained
from QYLXZ (Figures 2B–J). We used WebGestaltR to analyze
the function of these gene immune target genes. We can observe
that they are mainly related to cytokine receptor interaction,
JAK-STAT signaling pathway, and MAPK signaling pathway,
such as Supplementary Figure 1A. In addition, they are also
related to blood vessel morphogenesis, positive regulation
of MAPK cascade Regulation of signaling receiver activity is
related to biological processes (Supplementary Figure 1B).
Cell composition analysis shows that these genes are
mainly enriched in the side of the membrane, receiver
complex, external side of the plasma membrane, and
other components (Supplementary Figure 1C). They are
also enriched in receiver regulator activity, receiver live

TABLE 4 | The common immune target genes of each prescription were counted.

Gene Freq

ADRB2 9

FOS 9

HMOX1 9

ICAM1 9

IL6 9

JUN 9

NFKBIA 9

STAT1 9

IL1B 7

PRKCB 7

IKBKB 3

IRF1 1

activity Cytokine receptor binding, and other molecular
functions (Supplementary Figure 1D). These results prove the
relationship between these genes and the immune process.

Construction of Chinese
Medicine-Constituent-Immune Target
Network
The interaction network of the Chinese medicine-constituent-
immune target network was constructed by introducing each
Chinese medicine prescription, its active ingredient, and
predicted target into Cytoscape. As shown in Figure 3 and
Supplementary Figure 2, the nodes of the Chinese medicine—
constituent -immune target network of each prescription could
be observed. Among them, green, blue, red, and purple
circles represented Chinese medicine prescription, compounds,
immune target genes, and non-immune target genes of
the prescription, respectively. We also analyzed the degree
distribution and eigenvector centrality of each network. It can
be observed that the moderate distribution of these networks
presents a dark rate form, which is consistent with the
characteristics of biological networks. The eigenvector centrality
shows a similar situation, as shown in Supplementary Figure 3,
In In each Chinese medicine prescription network, one
compound acted on a multitarget, and different compounds
could also simultaneously interact with an immune target.
Moreover, the top 10 key compounds of the top 10 core targets in
FPQXZ were identified according to the degree value as shown in
Tables 1, 2. Table 3 showed predicted targets of the top 10 active
ingredients, with their corresponding genes in FPQXZ.

Analysis of GO Function and KEGG
Enrichment of Related Targets
Gene ontology (GO) and KEGG analyses were performed on the
targets of each prescription to obtain enriched ontology clusters.
A total of 309 GO terms including 284 biological processes (BPs),
eight cellular components (CCs), and 17 molecular functions
(MFs) were found in the GO functional annotation of FPQXZ
target genes (Figure 4A). For BPs, the targets were mainly
involved in transcriptional regulation, response to hormones,
and harmful factors. CCs terms demonstrated that the targets
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TABLE 3 | Predicted targets of the top 10 active ingredients, with their corresponding genes in FPQXZ.

MolId Mol name Target Symbol Herb

MOL000098 Quercetin Beta-2 adrenergic receptor ADRB2 Hedysarum Multijugum Maxim.

MOL000098 Quercetin Beta-2 adrenergic receptor ADRB2 Licorice

MOL000098 Quercetin Beta-2 adrenergic receptor ADRB2 Pogostemon Cablin (Blanco) Benth.

MOL000449 Stigmasterol Beta-2 adrenergic receptor ADRB2 Amomum Aurantiacum H. T. Tsai Et S. W.

Zhao

MOL000449 Stigmasterol Beta-2 adrenergic receptor ADRB2 Arum Ternatum Thunb.

MOL000449 Stigmasterol Beta-2 adrenergic receptor ADRB2 Codonopsis Radix

MOL000358 Beta-sitosterol Beta-2 adrenergic receptor ADRB2 Amomum Aurantiacum H. T. Tsai Et S. W.

Zhao

MOL000358 Beta-sitosterol Beta-2 adrenergic receptor ADRB2 Arum Ternatum Thunb.

MOL005916 Irisolidone Beta-2 adrenergic receptor ADRB2 Pogostemon Cablin (Blanco) Benth.

MOL002670 Cavidine Beta-2 adrenergic receptor ADRB2 Arum Ternatum Thunb.

MOL000378 7-O-methylisomucronulatol Beta-2 adrenergic receptor ADRB2 Hedysarum Multijugum Maxim.

MOL004891 Shinpterocarpin Beta-2 adrenergic receptor ADRB2 Licorice

MOL000098 Quercetin Transcription factor AP-1 JUN Hedysarum Multijugum Maxim.

MOL000098 Quercetin Transcription factor AP-1 JUN Licorice

MOL000098 Quercetin Transcription factor AP-1 JUN Pogostemon Cablin (Blanco) Benth.

MOL000422 Kaempferol Transcription factor AP-1 JUN Hedysarum Multijugum Maxim.

MOL000422 Kaempferol Transcription factor AP-1 JUN Licorice

MOL000006 Luteolin Transcription factor AP-1 JUN Codonopsis Radix

MOL000358 Beta-sitosterol Transcription factor AP-1 JUN Amomum Aurantiacum H. T. Tsai Et S. W.

Zhao

MOL000358 Beta-sitosterol Transcription factor AP-1 JUN Arum Ternatum Thunb.

MOL005916 Irisolidone Transcription factor AP-1 JUN Pogostemon Cablin (Blanco) Benth.

MOL000098 Quercetin Intercellular adhesion molecule 1 ICAM1 Hedysarum Multijugum Maxim.

MOL000098 Quercetin Intercellular adhesion molecule 1 ICAM1 Licorice

MOL000098 Quercetin Intercellular adhesion molecule 1 ICAM1 Pogostemon Cablin (Blanco) Benth.

MOL000422 Kaempferol Intercellular adhesion molecule 1 ICAM1 Hedysarum Multijugum Maxim.

MOL000422 Kaempferol Intercellular adhesion molecule 1 ICAM1 Licorice

MOL000006 Luteolin Intercellular adhesion molecule 1 ICAM1 Codonopsis Radix

MOL000098 Quercetin Heme oxygenase 1 HMOX1 Hedysarum Multijugum Maxim.

MOL000098 Quercetin Heme oxygenase 1 HMOX1 Licorice

MOL000098 Quercetin Heme oxygenase 1 HMOX1 Pogostemon Cablin (Blanco) Benth.

MOL000422 Kaempferol Heme oxygenase 1 HMOX1 Hedysarum Multijugum Maxim.

MOL000422 Kaempferol Heme oxygenase 1 HMOX1 Licorice

MOL000006 Luteolin Heme oxygenase 1 HMOX1 Codonopsis Radix

MOL000098 Quercetin Proto-oncogene c-Fos FOS Hedysarum Multijugum Maxim.

MOL000098 Quercetin Proto-oncogene c-Fos FOS Licorice

MOL000098 Quercetin Proto-oncogene c-Fos FOS Pogostemon Cablin (Blanco) Benth.

MOL002714 Baicalein Proto-oncogene c-Fos FOS Arum Ternatum Thunb.

MOL000098 Quercetin NF-kappa-B inhibitor alpha NFKBIA Hedysarum Multijugum Maxim.

MOL000098 Quercetin NF-kappa-B inhibitor alpha NFKBIA Licorice

MOL000098 Quercetin NF-kappa-B inhibitor alpha NFKBIA Pogostemon Cablin (Blanco) Benth.

MOL000006 Luteolin NF-kappa-B inhibitor alpha NFKBIA Codonopsis Radix

MOL000098 Quercetin Interleukin-6 IL6 Hedysarum Multijugum Maxim.

MOL000098 Quercetin Interleukin-6 IL6 Licorice

MOL000098 Quercetin Interleukin-6 IL6 Pogostemon Cablin (Blanco) Benth.

MOL000006 Luteolin Interleukin-6 IL6 Codonopsis Radix

MOL000098 Quercetin Interleukin-1 beta IL1B Hedysarum Multijugum Maxim.

MOL000098 Quercetin Interleukin-1 beta IL1B Licorice

MOL000098 Quercetin Interleukin-1 beta IL1B Pogostemon Cablin (Blanco) Benth.

MOL005916 Irisolidone Interleukin-1 beta IL1B Pogostemon Cablin (Blanco) Benth.

(Continued)

Frontiers in Medicine | www.frontiersin.org 6 January 2022 | Volume 8 | Article 81311950

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Du et al. Bioactive Components in Lung Cancer

TABLE 3 | Continued

MolId Mol name Target Symbol Herb

MOL000098 Quercetin Signal transducer and activator of transcription 1-alpha/beta STAT1 Hedysarum Multijugum Maxim.

MOL000098 Quercetin Signal transducer and activator of transcription 1-alpha/beta STAT1 Licorice

MOL000098 Quercetin Signal transducer and activator of transcription 1-alpha/beta STAT1 Pogostemon Cablin (Blanco) Benth.

MOL000422 Kaempferol Signal transducer and activator of transcription 1-alpha/beta STAT1 Hedysarum Multijugum Maxim.

MOL000422 Kaempferol Signal transducer and activator of transcription 1-alpha/beta STAT1 Licorice

MOL000098 Quercetin Interferon regulatory factor 1 IRF1 Hedysarum Multijugum Maxim.

MOL000098 Quercetin Interferon regulatory factor 1 IRF1 Licorice

MOL000098 Quercetin Interferon regulatory factor 1 IRF1 Pogostemon Cablin (Blanco) Benth.

FIGURE 4 | GO and KEGG analysis of FPQXZ target genes. (A) GO terms of FPQXZ target genes. The top 10 GO functional categories were selected. (B) KEGG

bubble diagram showed the top 10 pathways of FPQXZ target genes.

were associated with transcription factor complex andmembrane
raft. From MFs analysis, it could be found that the targets were
mainly associated with nuclear receptor activity, steroid hormone
receptor activity, peptide binding, etc. The enrichment analysis
of KEGG signal pathways included 87 pathways. From the visual
results of the first 10 pathways, the target gene of the main
signaling pathways of prescription was concentrated in pathways
in the IL−17 signaling pathway, Th17 cell differentiation,
TNF signaling pathway, Hepatitis B, etc. (Figure 4B). The GO
function and KEGG enrichment results of the target genes of

the other eight Chinese medicine prescriptions were displayed in
Supplementary Figure 4.

Correlation Between Tumor Environment
(TME) and Immune Target Gene of Chinese
Medicine Prescription
Comparison analysis showed that eight (ADRB2, FOS, HMOX1,
ICAM1, IL6, JUN, NFKBIA, and STAT1) out of the top 10
immune target genes of each prescription were therapeutic
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FIGURE 5 | Correlation analysis between immune target genes and TME in Chinese medicine prescription. (A) Correlation between immune target genes and stromal

score, immune score, and ESTIMATE score in Chinese medicine prescription. (B) Pearson correlation analysis between IL6 expression level and ssGSEA score of 28

immune cells.
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targets of 9 kinds of prescription (Table 4). Eight immune target
genes were significantly differentially expressed in cancer and
adjacent tumors. Except for STAT1, the other seven genes were
low expressed in tumor samples (Supplementary Figure 5A).
Stromal score, immune score, and ESTIMATE score of LUAD
in TCGA were obtained through ESTIMATE, and correlation
analysis was conducted between these TME-related scores and
8 immune target genes. Three TME-related scores were found to
be positively correlated with 8 immune target genes (Figure 5A).
According to single-gene GSEA (ssGSEA), the infiltration score
of 28 types of immune cells was assessed, including activated B
cell, activated CD4T cell, activated CD8T cell, central memory
CD4T cell, central memory CD8T cell, effector memory CD4T
cell, effector memory CD8T cell, gamma delta T cell, immature B
cell, memory B cell, regulatory T cell, follicular helper T cell, type
1 T helper cell, type 17 T helper cell, type 2 T helper cell, activated
dendritic cell, CD56 bright natural killer cell, CD56 dim natural
killer cell, eosinophil, immature dendritic cell, macrophage, mast
cell, MDSC, monocyte, natural killer cell, natural killer T cell,
neutrophil, plasmacytoid dendritic cell. The Pearson correlation
analysis between IL6 and 28 kinds of immune cells showed that
the expression of IL6 was negatively correlated with the scores of
CD56 dim natural killer cell, and positively correlated with the
scores of the other 27 kinds of cells (Figure 5B).

Molecular Docking
Among the top 10 compounds in each prescription, we
selected the compounds that occur more than or equal to five
times in nine prescriptions, and these included beta-sitosterol,
kaempferol, luteolin, quercetin, stigmasterol, shinpterocarpin,
wogonin, baicalein, and irisolidone (Table 5). The docking
results of the nine compounds with ACE2 were shown in Table 6.
The binding free energy of each compound to ACE2 was lower
than 0, indicating that all the nine compounds could well-bind
to ACE2, and baicalein had the highest binding affinity to ACE2
among all the nine compounds. So the molecular docking pattern
between baicalein and ACE2 was simulated here. It was found
that baicalein could well-bind to the active pockets of ACE2, and
was stabilized through forming hydrogen bonds with ASN290
and ILE291 in ACE2 and hydrophobic interactions with PHE438,
ILE291, and PRO415 (Figures 6A,B). The 100 ns simulation
of baicalein combined with ACE2 showed the conformational
change of baicalein in the binding pocket of ACE2, and that the
root mean square deviation (RMSD) of each moment was almost
the same (Figure 6C). These findings indicated that baicalein
may bind to ACE2, thereby inhibiting the host-virus protein
interactions in which they were involved.

DISCUSSION

The interaction of COVID-19 virus spike protein with host
angiotensin-converting enzyme 2 (ACE2) receptor is the primary
mechanism for SARS-CoV-2 entry into host cells (22). Therefore,
a strategy that interferes with such an interaction may be an
effective strategy for treating SARS-CoV-2. There is already
a wealth of research data and findings in this area. Suresh
Gangadevi et al. (23) showed that blocking the interaction

TABLE 5 | The frequency of occurrence of different compounds in nine

prescriptions.

Compound Freq

Beta-sitosterol 9

Kaempferol 9

Luteolin 9

Quercetin 9

Stigmasterol 9

Shinpterocarpin 6

Wogonin 6

Baicalein 5

Irisolidone 5

Sitosterol 4

Cavidine 3

7-Methoxy-2-methyl isoflavone 2

7-O-methylisomucronulatol 2

Estrone 2

l-SPD 2

Naringenin 2

1-Methoxyphaseollidin 1

Arachidonic acid 1

Cryptotanshinone 1

Eucalyptol 1

Nobiletin 1

Tanshinone iia 1

TABLE 6 | Binding free energy of nine compounds to ACE2.

Compounds Score

(kcal/mol)

Hydrogen-bond Hydrophobic-bond

Baicalein −9.6 ASN290, ILE291 PHE438, ILE291, PRO415

Stigmasterol −9.3 GLU406 PHE438, LEU370, ALA413,

ILE291, LYS441

Beta-sitosterol −9.3 GLU406 LEU370, MET366, ALA413,

PRO415, ILE291, PHE438,

LYS441

Luteolin −9.1 ILE291 PHE438, ILE291, THR434,

PRO415

Kaempferol −8.8 ASN290, ILE291,

HIS540

PHE438, ALA413, THR434,

PRO415

Wogonin −8.5 ASP431, THR434 PHE438, PRO415, ILE291

Irisolidone −8.3 LYS423 PHE420, PRO397, ILE273,

MET348

Shinpterocarpin −8.2 SER44, ALA348 ASP350, PHE40

Quercetin −7.7 ALA413, ASP367,

THR434

PHE438, MET366

between ACE2 receptor and S1-RBD in vitro could serve as
a lead compound against COVID-19. Withanone in Withania
Somnifera effectively inhibited the interaction between SARS-
CoV-2 RBD and host ACE2 in a dose-dependent manner, and
this can be used as a potential antiviral drug (24). A recent
study appliedmultidisciplinary approaches to show that 12 ACE2
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FIGURE 6 | Molecular docking patterns of baicalein and ACE2. (A) The pose of baicalein within the binding site of ACE2. The yellow confirmation was the baicalein,

and the green dotted line was the hydrogen bond. (B) 2D-interaction diagram of ACE2 -baicalein interaction. (C) RMSD of baicalein combined with ACE2 for 100 ns.

binders and 6 of the RBD binders competed with the RBD-
ACE2 interaction, which may be explored as inhibitors to SARS-
COV-2 (25). SomeChinesemedicine prescriptions have also been
clinically proven to be effective in treating COVID-19, however,
due to their multi-component and multi-target characteristics,
the active ingredients and mechanisms remain unknown.

This study applied network pharmacology to explore the
active ingredients and therapeutic targets of nine approved
Chinese medicine prescriptions, and combined with simulated
molecular docking to analyze the important components with
a high binding ability to COVID-19 targets. We screened eight
common immune target genes from nine Chinese medicine
prescriptions. JUN, NFKBIA, and ICAM1 have been reported as
key genes related to COVID-19 (26). ADRB2, FOS, and IL-6 were
found to be associated with COVID-19 inflammation (27–29).
Dysregulation of HMOX1was relevant to ARS-CoV-2 and cancer

(30). A study of Toshifumi Matsuyama indicated that enhanced
STAT1 activity could be used in the treatment of COVID-19
(31). In addition, we also found that ADRB2 and STAT1 were
significantly correlated with the prognosis of patients with lung
cancer (Supplementary Figure 5B). ADRB2 was a protective
factor, while STAT1 was a risk factor. ADRB2 was closely related
to a variety of diseases, such as ADRB2 signaling by inhibiting
HIF1 α Autophagy degradation to promote HCC progression
and sorafenib resistance (32). ADRB2 hypermethylation induced
β 2AR down regulation inhibits PI3K / Akt, resulting in
cardiac dysfunction (33). STAT1 involves M1 macrophage
polarization, which may affect osteolysis and bone remodeling
of extrapulmonary tuberculosis (34). STAT1 activation induces
PRMT1 expression and regulates the remodeling of primary
human lung fibroblasts (35). In addition, we also analyzed the
expression relationship between these eight genes and ACE2.
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Generally speaking, the correlation between these genes and
ACE2 is weak, suggesting that these eight genes may not directly
co-express with ACE2 and participate in the immune pathway
(Supplementary Figure 5C). Here, we found that they were
positively correlated with TME, and the inhibition of the nine
Chinese medicine prescriptions on COVID-19 may be partially
achieved via acting on these targets.

We also listed the top 10 compounds in each prescription
and identified at least nine compounds with high content in
the five prescriptions. Through literature review, we learned
that hydrogen bonding, hydrophobic, and van der Waals force
interactions between Beta-Sitosterol and ACE2 (36). Kaempferol
only formed a single hydrogen bond with ACE2 with low affinity
but showed a high affinity with Akt1 (37, 38). Luteolin, quercetin
can form strong hydrogen bonds with polar amino acid residues
R273, D269, and N149 in ACE2 pocket, and weak hydrogen
bonds with hydroxyl groups of Y127. At the same time, the
top dihydroxyl group can form a double hydrogen bond with
the -Co group on the N149 skeleton, with a free energy of
binding of−7.92 kcal/mol (37), which was close to our estimated
binding free energy of −7.7 kcal/mol. In addition, a study has
calculated that the free energy of the combination of stigmasterol
and ACE2 was −8.3 kcal/mol (39), and this was also consistent
with our calculation. Tao et al. (40) reported that baicalein
regulated multiple signaling pathways through ACE2. However,
the conformation and stability of the two combinations are still
unclear. Here, our results indicated that baicalein was an active
component with the highest free binding energy to ACE2 among
the nine compounds, and can be embedded in the active pocket
of ACE2 to form a stable conformation through the formation of
hydrogen bonds and hydrophobic interactions.

Our results suggested that baicalein may be the core
ingredient in several Chinese medicine prescriptions for the
effective treatment of COVID-19. This study may provide
a theoretical basis for the development of anti-COVID-19
drugs. Even so, network pharmacology only analyzed the main

active components and targets of drugs, its predicted targets
and specific regulatory mechanisms need further experimental
verification and exploration.
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Background: Thyroid cancer (THCA) is a malignancy affecting the endocrine system,

which currently has no effective treatment due to a limited number of suitable drugs and

prognostic markers.

Methods: Three Gene Expression Omnibus (GEO) datasets were selected to identify

differentially expressed genes (DEGs) between THCA and normal thyroid samples using

GEO2R tools of National Center for Biotechnology Information. We identified hub

gene FN1 using functional enrichment and protein-protein interaction network analyses.

Subsequently, we evaluated the importance of gene expression on clinical prognosis

using The Cancer Genome Atlas (TCGA) database and GEO datasets. MEXPRESS

was used to investigate the correlation between gene expression and DNA methylation;

the correlations between FN1 and cancer immune infiltrates were investigated using

CIBERSORT. In addition, we assessed the effect of silencing FN1 expression, using

an in vitro cellular model of THCA. Immunohistochemical(IHC) was used to elevate the

correlation between CD276 and FN1.

Results: FN1 expression was highly correlated with progression-free survival and

moderately to strongly correlated with the infiltration levels of M2 macrophages and

resting memory CD4+ T cells, as well as with CD276 expression. We suggest promoter

hypermethylation as themechanism underlying the observed changes in FN1 expression,

as 20 CpG sites in 507 THCA cases in TCGA database showed a negative correlation

with FN1 expression. In addition, silencing FN1 expression suppressed clonogenicity,

motility, invasiveness, and the expression of CD276 in vitro. The correlation between

FN1 and CD276 was further confirmed by immunohistochemical.

Conclusion: Our findings show that FN1 expression levels correlate with prognosis

and immune infiltration levels in THCA, suggesting that FN1 expression be used as an

immunity-related biomarker and therapeutic target in THCA.

Keywords: thyroid cancer, biomarker, FN1, immunity, survival
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INTRODUCTION

Thyroid carcinoma (THCA) is the most common type of
endocrine cancer (1). Its prevalence has sharply increased in
recent decades. In the US, the annual incidence of thyroid
cancer increased from 4.9/100,000 in 1975 to 14.3/100,000 in
2009 (2). The observed increase in the incidence is partly due
to the increased detection rate. In Beijing, China, the detection
rate significantly increased from 16.8% in 1994 to 69.8% in
2015 (P < 0.01) (3). THCA can be subclassified into several
histological subtypes, which include papillary thyroid carcinoma
(PTC), follicular thyroid carcinoma (FTC), undifferentiated or
anaplastic thyroid carcinoma (ATC), and medullary thyroid
carcinoma (MTC). THCA occurs mostly in young adults (the
average age of diagnosis is 40 years), and more frequently in
females (4). The most common treatment of thyroid cancer
consists of surgical resection combined with radiotherapy or
chemotherapy. However, for PTC, ATC, and MTC, a satisfactory
resection is not always feasible, and even after radiotherapy, the
risk of cancer recurrence is still high (5, 6). In addition, recently
personalized therapy approaches directed against specific targets
have become available, only a few suitable targets have been
identified thus far. Although the survival rate of patients with
thyroid cancer is very high, with the rapid increase in THCA
incidence, this disease poses a serious threat to human health (7).

Immune-related processes play an important role in the
development of thyroid cancer, and hence, immunotherapy
strategies are considered the most promising candidates for the
treatment of thyroid cancer in the future (8). Many studies
have shown that tumor-infiltrating lymphocytes, such as tumor-
associated macrophages, tumor-associated dendritic cells, and
tumor-infiltrating neutrophils, affect the prognosis of THCA
patients and the efficacy of chemotherapy and immunotherapy
(9). Therefore, there is an urgent need to understand which
immune cells play a role in the development of THCA, as well
as to explore novel immune-related biomarkers that could aid in
the diagnosis and prognosis of this disease.

Fibronectin 1 (FN1) encodes a glycoprotein present in a
soluble dimeric form in the plasma and a dimeric or multimeric
form at the cell surface and in the extracellular matrix. FN1
is involved in cell adhesion and migration processes during
embryogenesis, wound healing, blood coagulation, host defense,
and metastasis, as well as in cell proliferation (10). Multiple
studies have established its involvement in the development
of cancer, including oral squamous cell carcinoma (11), renal
cancer (12), and thyroid cancer (13). Previous studies have
indicated that FN1 is involved in NKp46 receptor-mediated
interferon-γ (IFN-γ) production by natural killer cells, with
respect to the control of tumor architecture and metastasis
(14). BAG5 also promotes invasion of papillary thyroid cancer

Abbreviations: THCA, Thyroid cancer; GEO, the Gene Expression Omnibus

database; DEGs, the differentially expressed genes; DAVID, the Database for

Annotation, Visualization, and Integrated Discovery; STRING, the Retrieval of

Interacting Genes; PPI, the protein–protein interaction; GEPIA, Gene expression

profiling and interactive analyses; PTC, papillary thyroid carcinoma; FTC,

follicular thyroid carcinoma; ATC, undifferentiated thyroid carcinoma; MTC,

medullary thyroid carcinoma; IHC, Immunohistochemistry.

cells via upregulation of FN1 at the translational level (15). In
addition, FN1 plays an important role in glioblastomagrowth
and invasion, and is correlated with the low elasticity of
thyroid nodules and Malignancy of THCA (16, 17). These
findings suggest that FN1 has multifaceted functional roles in
tumor progression.

In this study, we comprehensively analyzed the correlation
between FN1 expression with the prognosis of patients with
THCA, as well as with the presence of tumor-infiltrating
immune cells. Our findings highlight the important role of FN1
expression in THCA, and suggest a potential correlation between
FN1 expression and tumor-immune interactions. Furthermore,
the results were validated by immunohistochemistry and
cell biology experiments, which indicate that FN1 is a
potential prognostic and immunity-related biomarker in
THCA and could potentially be used as a drug target in
THCA therapy.

MATERIALS AND METHODS

Cell Lines and Reagents
The cell lines B-CPAP and KTC-1, belonging to the thyroid
cancer cell lines, were obtained from the Institute of Biochemistry
and Cell Biology of the Chinese Academy of Sciences,
Shanghai, China. All cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (10%FBS), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Invitrogen, Carlsbad, CA, USA). Cells were
incubated in a 5% CO2/95% O2 in a humidified atmosphere
at 37◦C.

Data Sources and Identification of
Differentially Expressed Genes (DEGs)
TCGA is a landmark cancer genomics program that
characterized over 20,000 primary cancer samples, spanning
33 cancer types and matched to the respective normal samples.
Samples are molecularly characterized, and multi-omics data
are provided, including gene transcripts, miRNA expression
data, and DNA methylation state data. Additionally, it contains
abundant and standardized clinical data. All datasets used were
downloaded from the Cancer Genomics Browser website of the
University of California, Santa Cruz (18). The GEO database
(http://www.ncbi.nlm.nih.gov/geo/) stores original submitter-
supplied records (series, samples, and platforms), as well as
the curated datasets. Using the selection criteria of a number
of samples >20 and <1,000, we selected three gene expression
profiles [GSE33630 (19), GSE58545 (20), and GSE60542 (21)].
Among them, GSE33630 (105 samples) and GSE60542 (45
samples) are based on the GPL570 platform, and GSE58545 (92
samples) was obtained with the GPL96 platform. According
to the commonly used threshold parameters (adjusted P <

0.05, |log2FoldChange| ≥ 2.0) (22), we determined the DEGs
between THCA and normal thyroid samples using the GEO2R
online analysis tool, accessible via the National Center for
Biotechnology Information website. Then, the interactive tool
Venny2.1.0 (23) was used to create a Venn diagram of the DEGs
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FIGURE 1 | Identification of differentially expressed genes (DEGs). Volcano plot showing the differentially expressed genes of GSE33630 (A), GSE58545 (B), and

GSE60542 (C). Veen diagram of downregulated (D) and upregulated (E) common DEGs to three gene expression profiles.

to determine the common DEGs between the three analyzed
gene expression profiles.

Functional Enrichment Analysis and
Identification of Hub Genes
Gene Ontology (GO) is an initiative that provides a standardized
classification of genes by accounting for their functions,
biological pathways they participate in, and the cell localization
of the corresponding proteins. Genes are categorized into three
domains: biological process (BP), molecular function (MF), and
cellular component (CC) (24).We annotated the identified DEGs
according to the GO classification system using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
tool (https://david.ncifcrf.gov/) (25). The threshold criteria to
determine the significantly enriched GO terms were P < 0.05 and
gene counts ≥ 5. To identify the hub genes, a protein-protein
interaction (PPI) network was constructed for the DEGs that
had been annotated in the category BP (P < 0.05) using Search
Tool for the Retrieval of Interacting Genes (STRING) (http://
string-db.org/) (26). PPI pairs with a combined confidence score
≥ 0.4, were visualized using Cytoscape (version 3.7.2) (27).
The Cytoscape plugin Molecular Complex Detection (MCODE)
(version 1.4.2), an app to cluster any given network, was used
to identify the most important module in the PPI network, and
the plugin CytoHubba was used to identify the hub genes in the
PPI networks by calculating the degree of connectivity between

DEGs. The selection criteria were as follows: MCODE score > 5
points, degree cut-off = 2, node score cut-off = 0.2, maximum
depth= 100, and k-score= 2.

Correlation Between Gene Expression and
Survival
ONCOMINE is an online cancer microarray database
(www.oncomine.org) (28). Gene expression profiles from
the website were used to analyze the transcription levels of FN1
in THCA. Furthermore, the correlation between FN1 expression
and progression-free survival (PFS) and clinical parameters was
analyzed using the TCGA database. In addition, the UALCAN
(29), a web resource to analyze cancer OMICS data, was
used to investigate the correlation between FN1 expression
and cancer stage, and between FN1 expression and promoter
methylation level.

Methylation and Immunity Correlation
Analysis
MEXPRESS (https://mexpress.be/) is a data visualization tool
designed for easy visualization of TCGA expression, DNA
methylation, and clinical data, as well as the correlations
between them (30, 31). We used this tool to investigate
the correlation between hub gene expression and the degree
of methylation of the gene promoters. CIBERSORT is an
analytical tool used to estimate the abundance of cell types
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FIGURE 2 | The Screening and identification of key genes. (A) PPI network constructed with the DEGs in biological progress. (B) The most significant module

obtained from PPI network. (C) The top eight hub genes. The logrank analysis of hub genes (D) and the multivariate cox logistic regression analysis (E) of hub genes

based on the TCGA database. (F) The significant kegg pathways of FN1 in THCA obtained by GSEA.

in a mixed cell population using gene expression data (32).
We used this tool to assess the degree of immune infiltration.
The co-expression analysis of FN1 and B7 family members
(including CD274, CD80, CD86, CD276, CD273, CD275, B7-
H4, B7-H5, CD28, B7-H7, CD152, CD279, CD278, TLT-2, and
NKp30) was assessed in the normal thyroid samples and in the
THCA samples from TCGA database. The correlation between
FN1, CD273, CD274, CD275, B7-H4, and CD276 was further
analyzed in the THCA cohort. GEPIA (http://gepia.cancer-pku.
cn/detail.php) (33) and TIMER (39) were used to plot the
expression scatterplots between any pair of genes in a given
cancer type, while including the Spearman correlation and the
statistical significance.

Silencing of FN1 by Small Interfering RNA
(siRNA)
The siRNA targeting human FN1 (siFN1) and a non-
specific scrambled siRNA sequence (siNC) were purchased
from Shanghai Gene Pharma and transiently transfected
into B-CPAP and KTC-1 cells using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The target sequence in FN1 was:
5′-CAGUCAAAGCAAGCCCGGUUGUUAU-3′. Subsequently,
assays were performed 48 h after the transfection. Cell viability
was assessed 24, 48, or 72 h after transfection using the
commercial kit Cell Counting Kit-8 (CCK-8, Beyotime
Biotechnology, China) according to manufacturer’s instructions.
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TABLE 1 | The information related to biological processes of statistical

significance.

Term Describe P-value Gene Count

GO:0007155 Cell adhesion 1.61E-06 PLXNC1,

CYP1B1,

CLDN10,

MMRN1, CDH3,

NCAM1, LAMB3,

LYVE1, CDH16,

SORBS2, COMP,

ENTPD1, DPT,

FN1

14

GO:0007165 Signal

transduction

0.012464 GNA14, EDN3,

CRABP1,

RAP1GAP, KIT,

HMGA2, LYVE1,

TNFRSF11B,

CXCL14, ANK2,

TENM1, IGSF1,

GDF15, PLAU

14

GO:0030198 Extracellular

matrix

organization

0.000814 CSGALNACT1,

TNFRSF11B,

LAMB3, COL9A3,

COL13A1, COMP,

FN1

7

GO:0010628 Positive

regulation of

gene expression

0.00353 ANK2, KIT,

HMGA2, CDH3,

AGR2, CITED1,

FN1

7

GO:0008284 Positive

regulation of cell

proliferation

0.046698 EDN3, TIAM1,

TGFA, KIT, DPP4,

FN1, TIMP1

7

GO:0007596 Blood

coagulation

0.046698 SERPINA1,

MMRN1,

ENTPD1, PROS1,

PAPSS2, PLAU

6

GO:0042060 Wound healing 0.046698 TGFA, TFF3,

CDH3, FN1,

TIMP1

5

GO:0002576 Platelet

degranulation

0.046698 SERPINA1,

MMRN1, PROS1,

FN1, TIMP1

5

GO:0007399 Nervous system

development

0.046698 CSGALNACT1,

CHRDL1, TENM1,

BEX1, MPPED2

5

Quantitative Reverse
Transcription-Polymerase Chain Reaction
(RT-qPCR)
RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), followed by transfer into RNA-
free EP tubes and storage at −80◦C. Complementary
DNA (cDNA) was synthesized from total RNA using
the PrimeScript RT reagent Kit (Takara, Dalian, China),
and PCR was performed using the SYBR Green RT-
PCR Kit (AG11701, Accurate Biotechnology, Hunan,
Co., Ltd). PCR was performed on the StepOne Plus
Real-Time PCR System (Applied Biosystems, Foster

TABLE 2 | Hub genes with higher degree of connectivity.

Gene symbol Gene title Degree Gene nature

FN1 Fibronectin 1 17 UP

TIMP1 TIMP

metallopeptidase

inhibitor 1

9 UP

SERPINA1 Serpin family A

member 1

6 UP

COMP Cartilage

oligomeric matrix

protein

5 UP

PROS1 Protein S (alpha) 4 UP

MMRN1 Multimerin 1 4 DOWN

KIT KIT

proto-oncogene

receptor tyrosine

kinase

4 DOWN

TNFRSF11B TNF receptor

superfamily

member 11b

4 DOWN

City, CA, USA). Data were analyzed using the 2−11CT

method. The primer sequences used in the experiment
are as follows: FN1, 5′-CGGTGGCTGTCAGTCAAAG-3′

(forward), 5′-AAACCTCGGCTTCCTCCATAA-3′ (reverse);
CD276, 5′-CTCCCTACAGCTCCTACCCTC-3′ (forward),
5′-TGGTCTGTGTATCGCATCCTT-3′ (reverse).

Immunohistochemistry (IHC) Staining
Samples from cancer patients were obtained from thyroid
cancer arrays (DC-Thy11004 Avira Biotechnology Co., Ltd.,
China), which included 24 cases of thyroid cancer and
corresponding paracancerous tissues. Tumor tissues chip
were deparaffinized and rehydrated, followed by antigen
retrieval. The sections were then blocked with 5% BSA in
PBS and incubated with FN1 antibody (1 mg/mL, 1:200;
Affinity) and CD276 antibody (1 mg/mL, 1:200; Affinity)
at 4◦C overnight. After three times washing, tissue sections
were incubated with the secondary antibody conjugated
with streptavidin–horseradish peroxidases for 1 h at room
temperature. The slides were stained with 3, 3-diaminobenzidine
tetrahydrochloride (DAB), and the nuclei were counterstained
with hematoxylin. Marker density was scored independently by
two investigators as follows: 0, negative; 1, weak; 2, moderate; or
3, strong.

Statistical Analyses
All statistical analyses were performed using GraphPad
Prism 5.0 (San Diego, CA, USA) and R version 3.6.1. Data
from independent experiments performed in triplicate are
presented as mean ± standard deviation (SD). Multivariate
survival analysis was carried out for all parameters that
were significant in the univariate analysis using the Cox
regression model. To analyze the significance of differences
between groups, unpaired two-tailed Student’s t-test and
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FIGURE 3 | Transcriptional expressions of FN1 significantly correlated with poor survival outcomes in THCA patients from TCGA cohort. (A) The expression of FN1 in

different subtypes of THCA. (B) The expressions of FN1 in THCA patients from TCGA-THCA cohort, (C) The correlation between the expression of FN1 and PFS, (D)

ROC curve with an AUC of 0.8971. Transcriptional expression of FN1 was significantly correlated with individual cancer stages (E) and promoter methylation (F). *p <

0.05, **p < 0.01, ***p < 0.001.

one-way analysis of variance (ANOVA) were performed, and
multiple comparisons were accounted for using Bonferroni’s
correction. Differences were considered significant at
P < 0.05.

RESULTS

Identification of the Common DEGs
Between the Datasets Used
We obtained three gene expression profiles (GSE33630,
GSE58545, and GSE60542) from the GEO database. GSE33630

includes 45 normal thyroid samples and 60 THCA samples;
GSE58545 includes 18 normal thyroid samples and 27 THCA
samples; GSE60542 includes 30 normal thyroid samples and
33 THCA samples. According to the conventional criteria
(adjusted P < 0.05 and |log2FoldChange| ≥ 2.0), 263 genes
were identified as DEGs in GSE33630, of which 133 were
downregulated and 130 were upregulated; moreover, GSE58545
included 270 DEGs, including 144 downregulated genes and
126 upregulated genes, and GSE60542 contained 228 DEGs,
including 107 downregulated genes and 121 upregulated genes

(Figures 1A–C). A Venn diagram showed that 98 genes were
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differentially expressed in the three datasets, of which 46 were

downregulated, and 52 were upregulated (Figures 1D,E).

Functional Enrichment Analysis of the
Common DEGs
In this study, we performed GO functional analysis of
the common DEGs using the tool DAVID. Then, we
filtered the results to improve the confidence according
to the standard criteria (P < 0.05 and gene counts ≥

5) (Supplementary Table 1). GO analysis showed that
the common DEGs were mainly enriched in the CC
category, including the plasma membrane, extracellular
exosome, extracellular region, and extracellular space. DEGs
annotated as BP were enriched in cell adhesion, signal
transduction, extracellular matrix organization, positive
regulation of gene expression, positive regulation of cell
proliferation, blood coagulation, wound healing, platelet
degranulation, and nervous system development, all of which
are processes associated with the occurrence and development
of tumors.

Identification and Analysis of the Hub
Genes
We selected 46 DEGs involved in specific BP (P < 0.05)
to build the PPI network (Figure 2A; Table 1). The most
important module was obtained using the plugin MCODE
in Cytoscape (Figure 2B). The top eight genes, including
FN1, TIMP1, SERPINA1, COMP, PROS1, MMRN1, KIT,
and TNFRSF11B, were identified as potential hub genes
according to the degree score generated by the plugin
CytoHubba (Figure 2C; Table 2). This was consistent with their
enrichment in the top module determined using MCODE.
Among them, FN1 had the highest degree of connectivity
in the PPI network. Furthermore, logrank regression and
multivariate Cox regression analysis were used to calculate the
correlation between gene expression and PFS (Figures 2D,E),
indicating FN1 appeared to be the most attractive drug target
and prognostic marker. GSEA was used to perform kegg
analysis for FN1. The results suggested that most of the
involved significant pathways including chemokine signaling
pathway, cytokine receptor interaction, Leishmania infection,
natural killer cell-mediated cytotoxicity, and T cell receptor
signaling pathway, as it has been established that FN1 plays
a crucial role in tumor architecture and controls metastasis
(Figure 2F) (13).

Expression Levels of FN1 in THCA and
Evaluation of Its Value as a Prognostic
Marker
We analyzed the expression levels of FN1 in THCA using
the Oncomine database. We found that FN1 expression was
upregulated in almost all different subtypes of THCA, including
PTC and ATC (Figure 3A). We validated these results using
the TCGA database, in which FN1 was also significantly
high expressed in THCA samples than in normal thyroid
samples (P < 0.05) (Figure 3B);. and FN1 expression level was

TABLE 3 | Comparison of clinical characteristics between low FN1 group and

high FN1 group in THCA cohort.

Variable Case no. (%) FN1 P

High Low

Sample 505 253 252

Age (Year)

≥60 118 62 56 0.544

<60 387 191 196

Gender

Female 366 182 184 0.786

Male 139 71 68

Clinical stage

I 287 136 151

II 52 13 39 <0.001

III 111 65 46

IV 55 39 16

Lymph node metastasis

Yes 227 84 143

No 229 152 77 <0.001

Unknown 49 17 32

Distant metastases

Yes 280 157 123

No 9 3 6 0.009

Unknown 216 93 123

Location

Left lobe 176 89 87

Right lobe 219 105 114 0.348

Bilateral 88 44 44

Isthmus 22 15 7

Progression state

Yes 53 35 18 0.014

No 452 218 234

P-values less than 0.05 are bold.

also correlated with PFS of THCA (P < 0.05) (Figure 3C).
The area under the curve (AUC) of FN1 from the TCGA
dataset was 0.8971 (Figure 3D), highlighting the value of
FN1 as a diagnostic marker in THCA. We compared the
clinical characteristics (including age, sex, location, clinical stage,
progression state, lymph node metastasis, and distant metastasis)
between the FN1-high expression and FN1-low expression
groups, and observed statistically significant differences in
lymph node metastasis, distant metastasis, and progression
state, although no significant differences were identified for
other clinical features (Table 3). Furthermore, univariate and
multivariate Cox regression models revealed that clinical stage
and FN1 expression were independent prognostic factors for
PFS in patients with THCA (Table 4). In addition, analysis
of the UALCAN database showed that FN1 expression levels
were closely correlated to cancer stage (Figure 3E) and
that the degree of methylation of the FN1 promoter was
lower in THCA than that in normal tissues (Figure 3F),
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FIGURE 4 | Analysis of the potential genetic and epigenetic alterations associated with FN1 dysregulation. (A,B) The CNAs in FN1-high and low expression groups.

(C) Analysis of CpG island methylation and abnormal FN1 expression using TCGA-THCA dataset. (D) Correlation between FN1 expression and CpG island

methylation was performed. *p < 0.05, **p < 0.01, ***p < 0.001.
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TABLE 4 | Univariate and Multivariate Cox logistic regression analysis of FN1 for predicting PFS in TCGA cohort (PFS, progression free survival; TCGA, The Cancer

Genome Atlas).

Variable Univariate Multivariate

HR (95% CI) P HR (95% CI) P

Age (ref. <60) 2.10 1.20∼3.70 0.007 1.49 0.78∼2.80 0.225

Gender (ref. Male) 0.58 0.33∼1.00 0.055 0.69 0.39∼1.20 0.211

Clinical stage (ref. I–II) 2.60 1.50∼4.40 <0.001 1.94 1.03∼3.60 0.039

Lymph node metastasis (ref. No) 1.60 0.91∼2.80 0.11 1.13 0.62∼2.10 0.687

Distant metastases (ref. No) 1.50 0.88∼2.60 0.13 1.65 0.95∼2.90 0.076

Location (ref. left and right lode) 0.90 0.45∼1.80 0.77 0.84 0.42∼1.70 0.632

FN1 expression (ref. low) 1.90 1.10∼3.40 0.022 1.83 1.01∼3.30 0.046

P-values less than 0.05 are bold.

indicating that FN1 may be involved in the development
of THCA.

Analysis of the Potential Genetic and
Epigenetic Alterations Underlying FN1

Dysregulation
Next, we investigated the underlying mechanism of FN1
dysregulation in THCA. To determine whether copy number
alterations (CNAs) are responsible for the abnormal expression
of FN1 in THCA, we analyzed 397 cases from the TCGA
database for which CNAs data was available. No differences
were observed for CNAs in the FN1-high and FN1-low groups
(Figures 4A,B). Another mechanism that could underlie the
altered FN1 expression profile observed in THCA samples
is promoter hypermethylation, which plays an important
role in the occurrence and development of several types of
tumors (34, 35). To investigate whether DNA methylation
results in FN1 dysfunction, we examined the status of CpG
sites in 507 THCA cases from the TCGA database using the
tool MEXPRESS. We found that 27 CpG sites had associated
data; among which 20 CpG sites showed a negative correlation
with FN1 expression (Figure 4C). The Pearson correlation
coefficient was calculated for the five CpG sites with the highest
correlation coefficient, including cg21494132, cg09040552,
cg11309217, cg03228449, and cg03228449 (Figure 4D, all P
< 0.05). Our results demonstrate the correlation between
DNA methylation and abnormal expression levels of FN1 in
THCA, highlighting the need for further investigation of the
underlying mechanism.

Correlation Between FN1 and
Inflammatory Activities
Considering the strong association between FN1 expression
levels and THCA prognosis, we hypothesized that FN1 may be
associated with inflammatory responses, leading to enhanced
survival rates. To identify the FN1 associated immune signature
in THCA, we assessed the degree of immune infiltration with
CIBERSORT. FN1 expression was closely correlated to the degree
of M2 macrophages, resting memory CD4+ T cells, follicular
helper T cells, and CD8+ T cell infiltration. The increase in FN1
expression was associated with an increase of the proportion

of M2 macrophages and resting memory CD4+ T cells and a
decrease of the proportion of follicular helper T cells and CD8+ T
cells (Figure 5A). To further investigate the correlation between
FN1 and inflammation, we analyzed the co-expression of FN1
and members of the B7-CD28 ligand-receptor family, including
CD274, CD80, CD86, CD276, CD273, CD275, B7-H4, B7-H5,
CD28, B7-H7, CD152, CD279, CD278, TLT-2, and NKp30, which
are closely correlated to T cell function. The result demonstrated
that FN1 exhibited a significant co-expression trend with CD273,
CD274, CD275, CD276 and B7-H4 (Figure 5B). Furthermore,
we investigated the correlation between FN1, CD273, CD274,
CD275, CD276, and B7-H4 expression in the THCA cohort,
and found a close positive correlation between FN1 and CD276
expression (R = 0.55, P = 0) (Figures 5C,D). This result was
validated using TIMER and GEPIA, which provided R-values of
0.682 and 0.79, respectively, for the correlation between FN1 and
CD276 in THCA (P < 0.001) (Figures 5E,F).

Down-Regulation of FN1 Inhibited Cell
Proliferation and Invasion and Decreased
CD276 Expression Levels in THCA Samples
To explore the biological significance of FN1 in THCA
tumorigenesis, KTC-1 and B-CPAP cells were transfected
with siRNA targeting FN1 (siFN1) or negative control
siRNA (siNC). Efficient depletion of FN1 expression was
confirmed via RT-qPCR (P < 0.05, Figure 6A). Moreover, we
found that downregulation of FN1 significantly reduced the
expression of CD276 in KTC-1 and B-CPAP cells compared
with siNC transfection (Figure 6A), indicating that that the
interactions between FN1 and CD276 could be a potential
mechanism for the correlation of FN1 expression with
immune infiltration and poor prognosis in THCA. Then,
we studied the effect of FN1 on THCA cell proliferation and
invasion in vitro. The wound-healing assay, cell viability, and
cytotoxicity CCK-8 assay, and clone formation assay revealed
that downregulation of FN1 in both cell types significantly
inhibited cell proliferation and invasion compared to that in the
control cells (P < 0.05, Figures 6B–D). These results suggest
that the downregulation of FN1 reduces the viability of THCA
cell lines.
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FIGURE 5 | The correlation between FN1 and inflammatory activities. (A) The heatmap of immune infiltration analysis. (B) The coexpression between FN1 and the

B7-CD28 ligand-receptor family. (C) The correlation between FN1, CD273, CD274, CD275, CD276, and B7-H4 in THCA cohort. The correlation between FN1 and

CD276 analyzed by THCA datasets (D), TIMER (E), and GEPIA (F).

FN1 Is Positively Correlated With CD276
In order to assess FN1 correlation with CD276, we analyzed
FN1 and CD276 expression in tumor sites and the adjacent no-
tumor samples (Figure 7A). We found that FN1 and CD276

showed significantly higher expression in tumor sites than
in the adjacent no-tumor samples (P < 0.05, Figures 7C,D).
Furthermore, we divided the tumor sites into two groups
according to FN1 expression and found that CD276 levels
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FIGURE 6 | Down-regulation of FN1 suppressed THCA cell migration and invasion in vitro. (A) qRT-PCR showing the efficient depletion of FN1 expression and the

expression of CD276 in B-CPAP and KTC-1 cells compared with siNC transfection. Representative photo-images (left) and histograms (right) of the effect of siFN1 on

the clone formation (B) and migration (D) of B-CPAP and KTC-1 cells. (C) The proliferative ability of B-CPAP and KTC-1 cells after transfection was evaluated by

CCK-8 assay. *p < 0.05, **p<0.001.

were positively correlated with the level of FN1(P < 0.05,
Figures 7B,E).

DISCUSSION

FN1 is a member of the FN family widely expressed in
multiple cell types and is involved in cellular adhesion and
migration processes (36). Here, we report that variations in FN1
expression levels correlate with prognosis in THCA patients.
High expression levels of FN1 are associated with a poorer
prognosis in THCA, indicating that FN1 expression could be used
to predict tumor patient’ prognosis. Furthermore, our analysis

show that immune infiltration levels and immune markers are
correlated with FN1 expression level in THCA, suggesting a
potential role of FN1 in tumor immunology and its possible used
as a cancer biomarker.

In this study, we screened DEGs from three GEO datasets
based on functional enrichment analysis and PPI network
maps. FN1, which is closely correlated to disease-free survival,
was identified as a hub gene. In addition, we found that the
promoter region of FN1 had significantly lower methylation
levels (P < 0.05) in THCA than in normal thyroid tissues.
GSEA analysis also showed that FN1 plays a role in the
chemokine signaling pathway, cytokine receptor interaction,
natural killer cell-mediated cytotoxicity, and T cell receptor
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FIGURE 7 | The correlation between FN1 and CD276 in THCA. (A) Representative IHC staining of CD276 and FN1 in tumors and adjacent no-tumor tissues from

THCA patients. (B) Representative IHC staining of CD276 in tumor tissues from FN1-high and low patient groups. IHC score of CD276 (C) and FN1 (D) in adjacent

no-tumor tissues and tumor tissues form patients with THCA. (E) IHC score of CD276 in tumor tissues from FN1-high and low patient groups, *p < 0.05, **P < 0.01.

signaling pathway, which is closely correlated to tumorigenesis.
Importantly, immune infiltration analysis showed that immune
infiltration level and diverse immune marker sets were correlated
with FN1 expression level. Therefore, FN1 can be a potential
immunity-related biomarker and therapeutic target in THCA.
Moreover, using quantitative proteomic approaches, previous
studies have proved that FN1 can be a potential novel
candidate prognostic biomarker in THCA (37). However, these
studies did not specify the exact range of effects of genes
on disease prognosis, lacked certain clinical significance. In
this study, three GEO datasets were combined to screen
the hub genes, providing results with a high statistical and
clinical significance. Our research further demonstrates that
FN1 is a potential prognostic biomarker and therapeutic target
in THCA from the perspective of DNA methylation and
tumor immunology.

The important aspect of this study is that FN1 expression
is correlated with diverse immune infiltration level in THCA.
An increase in FN1 expression level was positively correlated
with the proportion of M2 macrophages and resting memory
CD4+ T cells but negatively correlated with the proportion of
follicular helper T cells and CD8+ T cells. To further investigate
the correlation between FN1 and inflammatory activities, the
correlation between FN1 and members of the B7-CD28 ligand-
receptor family was analyzed, and a close positive correlation

between FN1 and CD276 was identified. CD276, a member
of the B7 superfamily, has been previously identified as a
poor prognostic factor. A previous study demonstrated that
CD276, expressed in multiple tumor lines, tumor-infiltrating
dendritic cells, and macrophages, can inhibit T-cell activation
and autoimmunity (38). Therefore, the interactions between FN1
and CD276 could be a potential mechanism underlying the
correlation of FN1 expression with immune infiltration and poor
prognosis in THCA.

In summary, increased FN1 expression correlated with poor
prognosis and altered immune infiltration levels in THCA,
indicating that FN1 is a potential immunity-related biomarker.
This study was based on a statistical analysis of bioinformatics
methods, and the conclusions obtained were supported by
experimental data and multiple databases. Therefore, it is
reasonable to believe that FN1 plays an important role in the
diagnosis, treatment, and prognosis of THCA.

CONCLUSION

In summary, we performed a comprehensive analysis using the
TCGA dataset and multiple online databases and identified FN1
as a potential immunity-related biomarker and a prognostic
marker in THCA. Our results suggest FN1 has a significant part
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in the diagnosis, treatment, and prognosis of THCA, highlighting
the necessity of future clinical research in the topic.
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Objective: Aging acts as a dominating risk factor for human cancers. Herein, we

systematically dissected the features of transcriptional aging-relevant genes in gastric

cancer from multiple perspectives.

Methods: Based on the transcriptome profiling of prognostic aging-relevant

genes, patients with gastric cancer in The Cancer Genome Atlas (TCGA) stomach

adenocarcinoma (TCGA-STAD) cohort were clustered with a consensus clustering

algorithm. Mutational landscape and chemotherapeutic responses were analyzed and

immunological features (immunomodulators, immune checkpoint molecules, cancer

immunity cycle, and tumor-infiltrating immune cells) were systematically evaluated across

gastric cancer. Weighted gene co-expression network (WGCNA) was conducted for

screening aging molecular phenotype-relevant genes, and key genes were identified

with Molecular Complex Detection (MCODE) analyses. Expressions of key genes were

examined in 20 paired tumors and controls with RT-qPCR and Western blotting.

Proliferation and apoptosis were investigated in two gastric cancer cells under

MYL9 deficiency.

Results: Three aging-based molecular phenotypes (namely, C1, C2, and C3) were

conducted in gastric cancer. Phenotype C1 presented the most prominent survival

advantage and highest mutational frequencies. Phenotype C2 indicated low responses

to sorafenib and gefitinib, while C3 indicated low responses to vinorelbine and

gemcitabine. Additionally, phenotype C2 was characterized by enhanced immune and

stromal activation and an inflamed tumor microenvironment. Seven aging molecular

phenotype-relevant key genes (ACTA2, CALD1, LMOD1, MYH11, MYL9, MYLK, and

TAGLN) were identified, which were specifically upregulated in tumors and in relation to

dismal prognosis. Among them, MYL9 deficiency reduced proliferation and enhanced

apoptosis in gastric cancer cells.

Conclusion: Collectively, aging-basedmolecular subtypesmay offer more individualized

therapy recommendations and prognosis assessment for patients in distinct subtypes.

Keywords: gastric cancer, aging-relevant genes, molecular phenotype, prognosis, tumor immune

microenvironment, immunogenomic characteristics
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INTRODUCTION

Gastric cancer ranks the sixth most frequent malignancy as well
as the fifth major cause of cancer death across the globe (1).
When diagnosed at an advanced stage, patients’ 5-year overall
survival rate is merely 5% (1). As a heterogeneous disease, it
has the features of diverse histological and molecular subtypes
(2). At present, according to the morphology, differentiation,
and cohesion of gland cells, gastric cancer is histopathologically
classified as intestinal and diffuse (3). Genomic analyses have
become the major methodology applied in international efforts
for discovering novel biological targets in gastric cancer (4). It
is fundamental to unravel the complicated biology underlying
gastric cancer etiology and development for overcoming the
highly heterogeneous malignancy.

Accumulated pieces of evidence have uncovered the
implication of tumor-associated structures and activated
signaling pathways both in tumor cells and in the tumor
microenvironment (5). Aging is a complicated process primarily
categorized by a reduction in tissues, cells, and organ functions
as well as an elevated risk of mortality, which acts as a dominant
risk factor of diverse fatal malignancies, especially cancers
(6). This process presents prominent correlations to telomere
attrition, mitochondrial dysfunction, DNA injury, impaired
immune system, and the like (7). Nevertheless, the specific
mechanisms involved in aging are still indistinct. Transcriptomic
studies have identified abundant human aging-relevant genes
(8). The human aging genome resource (HAGR) project
offers a powerful set of aging-specific network features, which
reveals aging-relevant gene signatures as network hubs through
comprehensive analyses of biology and genetics of the human
aging process (8). Cellular senescence is a permanent state of
stagnant replication of proliferating cells as well as a sign of
aging (9). Senescent tumor cells triggered by tumorigenesis
may lead to cell cycle arrest, as an antitumor mechanism (10).
Nevertheless, senescent cells surrounding tumor cells generate
opposite results as well as present prominent correlations with
senescence-associated secretory phenotype factor secretions
(11). Moreover, senescence displays two-tier influences upon
cancer immunity (12, 13). Aging-relevant gene signatures exert
critical functions in modulating cellular senescence, not only
inhibiting tumor progression through modulating senescence
of cancer cells but also promoting malignant progression of
cancers and dismal clinical outcomes (14). Nevertheless, there is
still a lack of systematic analyses of aging-relevant genes during
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gastric carcinogenesis. Herein, we identified three aging-based
molecular phenotypes that offered more individualized therapy
options and prognosis prediction for gastric cancer patients.

MATERIALS AND METHODS

Retrieval and Preprocessing of
Genome-Relevant Data and Clinical
Information
Raw RNA-seq data [Fragments Per Kilobase Million (FPKM)
value] and relevant clinicopathological characteristics for The
Cancer Genome Atlas (TCGA) stomach adenocarcinoma
(TCGA-STAD) cohort containing 443 patients with gastric
cancer were curated from Genomic Data Commons (GDC) data
portal (https://portal.gdc.cancer.gov) utilizing TCGAbiolinks
package (15). Additionally, normalized microarray expression
profiling of 433 patients with gastric cancer in the GSE84437
cohort was curated from the Gene Expression Omnibus (GEO)
repository (https://www.ncbi.nlm.nih.gov/gds/) (16). The
detailed information of patients with gastric cancer in TCGA
and GSE84437 cohorts is listed in Supplementary Table 1. The
expression profiling (FPKM values) of the TCGA-STAD dataset
was transformed into transcripts per kilobase million (TPMs). In
total, 307 aging-relevant genes (Supplementary Table 2) were
curated from the HAGR (https://genomics.senescence.info/)
(8). Molecular subtypes [genome stable (GS), microsatellite
instability (MSI), EBV infection, and chromosomal instability
(CIN)] of gastric cancer samples were retrieved from Liu et al.
(17). Somatic mutation data [Mutation Annotation Format
(MAF) format] of 433 patients with gastric cancer on the basis
of the whole-exome sequencing platforms were curated from
the TCGA project. Mutational types and frequencies of genes
were analyzed as well as visualized utilizing the maftools package
(18). Tumor mutation burden (TMB) was defined as the entire
number of non-synonymous variations within the coding
regions per megabase (19). In addition, copy number alteration
(CNA) data were retrieved from GDAC Firehose (https://gdac.
broadinstitute.org), and prominent amplification and deletion
across the whole genome were identified with GISTIC2.0 (20).
Somatic copy-number alterations (SCNAs) and homologous
recombination deficiency (HRD) across gastric cancer specimens
were also curated from Davoli et al. (21).

Molecular Characterization for Subtypes
Tumors with qualitatively diverse aging-relevant gene
expressions were clustered utilizing hierarchical agglomerative
clustering on the basis of Euclidean distance as well as Ward’s
linkage. Unsupervised clustering method (K-means) was utilized
for identifying aging-related molecular phenotypes as well as
classifying samples for subsequent analyses. Through consensus
clustering algorithm, the number of clusters was determined
using TCGA-STAD and GSE84437 cohorts for assessing the
stability of the identified molecular phenotypes. This procedure
was presented through adopting the ConsensuClusterPlus
package as well as repeated 50 times for ensuring the accuracy
regarding this classification (22).
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Gene Set Variation Analysis (GSVA)
Gene set variation analysis, a non-parametric and unsupervised
gene set enrichment algorithm, may infer the enrichment scores
of specific pathways or signatures on the basis of transcriptomic
profiling (23). The 50 hallmarks of gene signatures were
collected from the Molecular Signatures Database (MSigDB)
project (24). Moreover, the gene sets of other relevant biological
processes were curated fromMariathasan et al. containing CD8T
effectors, DNA damage repair, pan-fibroblast TGF-β response
signature (Pan-F-TBRS), antigen-processingmachinery, immune
checkpoint, epithelial-mesenchymal transition (EMT) markers,
FGFR3-related genes, angiogenesis, Fanconi anemia, WNT
targets, cell cycle regulators, and the like (25). Utilizing
single sample gene set enrichment analysis (ssGSEA) from
the GSVA package, gene sets of hallmarks and other relevant
biological processes were chosen for presenting quantifications
of pathway activity.

Estimation of Chemotherapeutic Response
Chemotherapeutic sensitivity in cancer cells, as well as molecular
markers of chemotherapeutic response profiles, were curated
from the largest publicly available pharmacogenomics project:
the Genomics of Drug Sensitivity in Cancer (GDSC; https://
www.cancerrxgene.org/) (26). Four commonly applied
chemotherapeutic agents, sorafenib, gefitinib, vinorelbine,
and gemcitabine, were chosen. The prediction procedure was
implemented via the pRRophetic package (27). The half-maximal
inhibitory concentration (IC50) values were estimated with the
ridge regression method, and the prediction accuracy was
assessed through 10-fold cross-verification.

Evaluation of Tumor Immune
Microenvironment and Immunogenomic
Characteristics
Immunological features of the tumor immune
microenvironment contained the expression profiles of
immunomodulatory factors and immune checkpoint molecules,
the activity of the cancer immunity cycle, and infiltrations
of immune cells. In total, 122 immunomodulatory factors
comprising MHC, receptor, chemokine, and immune stimulator
were curated from Sokolov et al. (28). Immune checkpoint
molecules with therapeutic potential were collected from
Auslander et al. (29). The cancer immunity cycle uncovers
antitumor immune response, and the activity of each step
determines the fate of tumor cells (30). Here, the activity of
each step was quantified with ssGSEA on the basis of the
expression profiling of individual specimens. Thereafter, the
ssGSEA algorithm was developed for quantifying the abundance
of lymphocytes within the tumor immune microenvironment
utilizing bulk RNA-seq profiles. Through Estimation of Stromal
and Immune cells in Malignant Tumor tissues using Expression
data (ESTIMATE), immune and stromal contents (immune and
stromal scores and tumor purity) were inferred across gastric
cancer specimens (31). Tumor tissues with abundant immune
cell infiltration represented an increased immune score and a
decreased level of tumor purity.

Quantification of Gene Expression-Based
Stemness Index (MRNAsi)
Through the one-class logistic regression (OCLR) method, the
stemness index was calculated on the basis of transcriptome
profiling of normal PSCs (32). The stemness signatures were
generated with the OCLR algorithm (28). Thereafter, this study
estimated Spearman’s correlation between the weight vector of
the stemness signatures and mRNA expression across gastric
cancer. Eventually, the stemness index was mapped onto the
range of 0 to 1 utilizing a linear conversion, which subtracted the
minimum as well as separated through the maximal correlation
coefficient. The stemness index produced from transcriptome
profiling was defined as mRNAsi.

Weighted Gene Co-expression Network
Analysis (WGCNA)
Weighted gene co-expression network analysis was presented
for identifying underlying co-expression modules that were
prominently correlated with aging-associated molecular
phenotypes. The soft-thresholding for the scale-free network
was identified. The topological overlap matrix similarity was
adopted for the evaluation of the distance between gene pairs.
Furthermore, hierarchical clustering analyses with mean and
dynamic methods were utilized for building the clustering
tree as well as classifying the gene signatures into diverse
modules. Following merging the initial modules in line with
their similarity, functional modules were eventually conducted.
Spearman’s correlation coefficient, as well as matched p-value
between aging-associated molecular phenotypes and functional
modules, was determined through cor function. For each
module, gene significance (GS) and module membership (MM)
were calculated. Genes with GS > 0.5 and MM > 0.8 were
utilized as aging phenotype-relevant genes. Through the Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING)
tool (33), protein-protein interaction (PPI) analysis of aging
phenotype-relevant genes was carried out. Molecular Complex
Detection (MCODE) (34), a plugin in Cytoscape software
(35), was used for screening the significant modules of the PPI
network in line with the filtrating criteria of degree cutoff = 2,
node score cutoff= 0.2, k-core= 2, and depth from depth= 100.

Patients and Specimens
In total, 20 patients with gastric cancer were recruited at the
General Hospital of Ningxia Medical University. Adjacent gastric
tissues (3–6 cm from the tumor). Tumor tissues and adjacent
non-cancerous gastric tissues (>5 cm from the edge of tumor
tissues) were harvested during surgical resection. The inclusion
criteria included: (1) patients pathologically diagnosed with
gastric cancer and (2) patients who did not experience radio-
and/or adjuvant chemotherapy prior to surgery. The exclusion
criteria included: (1) patients previously diagnosed with other
malignancies; (2) patients who were previously treated with
radio- or adjuvant chemotherapy; and (3) patients who died
within 4 weeks of this surgery. All specimens were frozen in liquid
nitrogen at once following collection and were stored at −80◦C
before usage. This study was conducted in accordance with the
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TABLE 1 | Primer sequences used for RT-qPCR.

Gene Sequence (5′-3′)

MYL9 F: TCTTCGCAATGTTTGACCAGT

R: GTTGAAAGCCTCCTTAAACTCCT

ACTA2 F: AAAAGACAGCTACGTGGGTGA

R: GCCATGTTCTATCGGGTACTTC

TAGLN F: AGTGCAGTCCAAAATCGAGAAG

R: CTTGCTCAGAATCACGCCAT

MYH11 F: CGCCAAGAGACTCGTCTGG

R: TCTTTCCCAACCGTGACCTTC

LMOD1 F: GTAAAAGGGGAGCGTAGGAAC

R: CTCGGGTGTTTTGGTCTTGCT

CALD1 F: TGGAGGTGAATGCCCAGAAC

R: GAAGGCGTTTTTGGCGTCTTT

MYLK F: CCCGAGGTTGTCTGGTTCAAA

R: GCAGGTGTACTTGGCATCGT

GAPDH F: CTGGGCTACACTGAGCACC

R: AAGTGGTCGTTGAGGGCAATG

guidance of the Declaration of Helsinki. The protocol gained
the approval of the Institutional Ethical Committee of General
Hospital of Ningxia Medical University (Approval No. 2020-
031). All participants signed an informed consent form prior to
our study.

Real-Time Quantitative Reverse
Transcription PCR
Tissues or cells were lysed with RNAiso plus (Takara, Japan).
Thereafter, RNA extraction was presented with the phenol-
chloroform/isopropanol method. The cDNA was prepared
through PrimeScript RT reagent kits as well as a gDNA eraser.
About 20 µl qPCR system was prepared, followed by analysis
with GoTaq qPCR Master Mix. The relative mRNA expressions
were quantified with the 2−11Ct method, with GAPDH as a
control. The primer sequences are listed in Table 1.

Western Blotting
Tissues or cells were lysed with RIPA buffer plus protease
inhibitor cocktail. Following separation via electrophoresis
in SDS/PAGE gel, the protein was transferred onto PVDF
membranes. The membrane was blocked in PBS-T buffer
in supplements of 5% milk/BSA lasting 2 h and presented
the incubation with primary antibody targeting MYL9 (1:500;
15354-1-AP; Proteintech, China), ACTA2 (1:1000; 23081-1-AP;
Proteintech, China), TAGLN (1:300; 15502-1-AP; Proteintech,
China), MYH11 (1:1000; 18569-1-AP; Proteintech, China),
LMOD1 (1:500; 15117-1-AP; Proteintech, China), CALD1
(1:2000; 20887-1-AP; Proteintech, China), MYLK (1:500; 21642-
1-AP; Proteintech, China), and β-actin (1:5000; 20536-1-AP;
Proteintech, China) overnight at 4◦C. Following incubation
by horseradish peroxidase-labeled HRP-coupled secondary
antibodies lasting 1 h, the protein band was visualized with an
ECL detection reagent.

Cell Culture
Two gastric cancer cell lines (MGC-803 and BGC-823) were
acquired from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultivated in the Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, United States) with
supplements of 10% fetal bovine serum (FBS) as well as
1% antibiotics penicillin/streptomycin. Moreover, all cells were
fostered in an incubator with 5% CO2 at 37

◦C.

Transfection
For generatingMYL9-knockdown clones, two short hairpin RNA
(shRNA) sequences against MYL9 were synthesized and cloned
into pSUPER-retro-puro plasmids. The recombinant plasmids
or negative control vector ligated by scrambled-base hairpin
oligos were co-transfected with packaging plasmids pIK into
293T cells. Thereafter, the supernatant was harvested, which
was utilized for infecting MGC-803 and BGC-823 cells. The
above-mentioned cells were plated into 6-well plates. When
the confluency reached 50%, transfections were presented with
Lipofectamine 2000 (Invitrogen, United States) in accordance
with themanufacturer’s instructions. Following 48 h, transfection
efficiencies were evaluated.

Cell Counting Kit (CCK)-8
For the determination of viable MGC-803 and BGC-823 cells,
CCK-8 (Dojindo, Japan) kits were adopted. In brief, cells were
administered on a 96-well plate (3×103 cells/well). Following
cultivation lasting 24 h, 10 µl of CCK-8 reagent was added,
followed by incubation at 37◦C lasting 1 h. The absorbance values
were tested at 450 nm with an ultraviolet spectrophotometer at
diverse time points.

Flow Cytometry
MGC-803 and BGC-823 cells were treated with propranolol
lasting 24 h. Thereafter, 100 µl cell suspension was incubated
with 5 µl fluorescein isothiocyanate (FITC)-Annexin V as
well as 2.5 µl propidium iodide (PI) protecting from light in
accordance with the manufacturer’s instruction. Apoptosis was
under evaluation utilizing flow cytometry on BD FACSCanto
II (BD, United States). Flow cytometry was analyzed with
FlowJo software.

Statistics
All statistical analyses were conducted with R software and
GraphPad Prism software. Measurement data were displayed
as mean ± SD. If the variables were normally distributed,
comparisons of continuous variables between two or more
than two subgroups were presented through a parametric test
(Student’s t-test or ANOVA). Otherwise, a non-parametric test
(Wilcoxon rank-sum test or Kruskal–Wallis test) was presented.
Principal component analyses (PCAs) were used to present the
dissimilarity among diverse clusters. Hazard ratio (HR) was
determined with a Cox regression model utilizing a survival
package. Analyses of overall survival (OS), disease-free survival
(DFS), and disease-specific survival (DSS) were conducted with
Kaplan–Meier method, and the log-rank test was adopted for
determining the statistical difference. Pearson’s or Spearman’s
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TABLE 2 | Prognostic aging-relevant genes in gastric cancer with univariate-cox

regression analyses.

Genes HR HR 0.95L HR 0.95H P-value

GHR 1.5437 1.1596 2.0551 0.0029

POU1F1 3.5083 1.2136 10.142 0.0205

GH1 1.9524 1.0594 3.5981 0.0320

NGF 1.7419 1.2548 2.4180 0.0009

EGF 1.5420 1.1022 2.1572 0.0115

PDGFRB 2.2543 1.1351 4.4766 0.0202

PEX5 0.3813 0.1479 0.9831 0.0460

NR3C1 2.0259 1.1514 3.5646 0.0143

TGFB1 3.0279 1.2103 7.5751 0.0179

APOC3 1.2600 1.0596 1.4984 0.0089

AR 1.3530 1.0050 1.8215 0.0463

FEN1 0.4273 0.1849 0.9872 0.0466

A2M 2.4406 1.0382 5.7374 0.0408

SNCG 1.7807 1.2627 2.5113 0.0010

PON1 1.4702 1.0866 1.9893 0.0125

IL6 1.3283 1.0257 1.7201 0.0314

FGFR1 1.5856 1.0199 2.4652 0.0406

PAPPA 1.6353 1.1335 2.3593 0.0085

EFEMP1 1.9565 1.2875 2.9732 0.0017

AGTR1 1.2752 1.0316 1.5763 0.0246

PDGFRA 1.8412 1.1501 2.9478 0.0110

correlation test was used for evaluating the correlation between
variables. For all statistical analyses, a two-tailed P < 0.05
indicated significance.

RESULTS

Aging-Genomic Profiles Identify Three
Diverse Molecular Phenotypes of Gastric
Cancer
This study analyzed the expression patterns of aging-relevant
genes across gastric cancer specimens in the TCGA cohort.
Through univariate-cox regression analyses, abnormal
expression of 24 aging-relevant genes was in relation to
gastric cancer prognosis (Table 2). With the consensus clustering
method, patients with gastric cancer were clustered into
three aging-relevant molecular phenotypes (C1, 143 samples;
C2, 117 samples; C3, 91 samples) in accordance with the
transcriptome profiling of prognostic aging-relevant genes
(Figure 1A). PCA uncovered the dissimilarity between aging-
relevant molecular phenotypes (Figure 1B). The prominent
discrepancy in expressions of prognostic aging-relevant genes
was investigated among phenotypes (Figure 1C). Survival
analyses demonstrated that three aging-relevant molecular
phenotypes presented prominent survival outcomes. C1
phenotype possessed more favorable OS (Figure 1D), DFS
(Figure 1E), and DSS (Figure 1F) outcomes than C2 and C3
phenotypes. The classification accuracy was confirmed in the
GSE84437 cohort (Supplementary Figures 1A–D). Figure 1G

showed the heterogeneity in the distribution of three aging-
relevant molecular phenotypes (C1, C2, and C3) among the most
known molecular subtypes (CIN, EBV, GS, and MSI). C1 subtype
occupied the highest percentage in EBV and MSI, while C2
occupied the highest percentage in GS. Thus, the aging-relevant
molecular phenotypes presented remarkable associations with
the most known molecular subtypes of gastric cancer.

Aging-Relevant Molecular Phenotypes
With Diverse Cancer Mutational Genome
The preclinical studies and clinical trials have uncovered
that somatic mutation is linked to therapeutic response,
survival outcome, and clinical benefit of patients with gastric
cancer (36). Hence, this study evaluated the distributions of
somatic mutations across gastric cancer among three aging-
related molecular phenotypes. We investigated that molecular
phenotype C1 presented higher mutational frequency (132,
30.48%; Figure 2A) compared with C2 (84, 19.4%; Figure 2B)
and C3 (86, 19.86%; Figure 2C). The first 20 genes with
the highest mutational frequencies were shown in each
phenotype. Gistic2.0 identified 54 amplifications in phenotype
C1 (Figure 2D), 37 amplifications in phenotype C2 (Figure 2E),
and 58 amplifications in phenotype C3 (Figure 2F). Meanwhile,
there were 46 deletions in phenotype C1 (Figure 2G), 35
deletions in phenotype C2 (Figure 2H), and 51 deletions in
phenotype C3 (Figure 2I). Collectively, aging-relevant molecular
phenotypes presented diverse cancer mutational genomes.

Aging-Associated Molecular Phenotypes
With Distinct Activations of Functional
Pathways and Chemotherapeutic
Responses
We further investigated the mechanisms underlying distinct
aging-associated molecular phenotypes. In Figure 3A, we
observed that immune activation pathways (complement,
IL2-STAT5 signaling, inflammatory response, IL6-JAK-
STAT3 signaling, allograft rejection, and interferon gamma
response) and stromal activation pathways (epithelial-
mesenchymal transition, angiogenesis, and WNT β-catenin
signaling) were prominently upregulated in aging-associated
molecular phenotype C2. Several tumorigenic pathways
(mTORC1 signaling, MYC targets, DNA repair, E2F targets,
and G2M checkpoint) presented a significant activation in
molecular phenotypes C1 and C3. Consistently, pan-F-TBRS,
immune checkpoint, EMT1-3, angiogenesis, and WNT target
were prominently upregulated in molecular phenotype C2
(Figure 3B). The above data demonstrated the immune
and stromal activation in molecular phenotype C2. The
chemotherapeutic responses to sorafenib, gefitinib, vinorelbine,
and gemcitabine were compared among three molecular
phenotypes. Our results showed that molecular phenotype
C2 presented the lowest therapeutic responses to sorafenib
and gefitinib (Figures 3C,D) while phenotype C3 had the
lowest therapeutic responses to vinorelbine and gemcitabine
(Figures 3E,F).
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FIGURE 1 | Aging-genomic profiles identify three molecular phenotypes in gastric cancer. (A) Heatmap depicted sample clustering at consensus k = 3 in accordance

with the transcriptome profiling of prognostic aging-relevant genes across gastric cancer samples in the TCGA cohort. (B) PCA plots visualized the dissimilarity

between aging-relevant molecular phenotypes. (C) Heatmap showed the expression patterns of prognostic aging-relevant genes in three aging-relevant molecular

phenotypes. (D–F) Kaplan–Meier curves of (D) OS, (E) DFS, and (F) DSS were conducted for gastric cancer patients with diverse aging-relevant molecular

phenotypes. (G) Distribution of aging-related molecular phenotypes C1, C2, and C3 in different molecular subtypes (CIN, EBV, GS, and MSI).

Aging-Associated Molecular Phenotypes
Display Diverse Tumor Immune
Microenvironment and Immunological
Status
In Figure 4A, most MHC molecules (HLA-DMB, HLA-DOA,

HLA-DOB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1,

HLA-DRA, HLA-DRB1, and HLA-E) presented the highest
expressions in aging-associated molecular phenotype C2. This
was indicative that the ability of antigen presentation and
processing was upregulated in phenotype C2. Additionally,
molecular phenotype C2 had the highest expressions of most
chemokines (XCL2, CXCL1, CXCL12, CXCL13, CCL11, CCL13,
CCL14, CCL16, CCL17, CCL19, CCL2, CCL21, CCL22, CCL23,
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FIGURE 2 | Aging-relevant molecular phenotypes with diverse cancer mutational genomes. (A–C) Oncoprint of somatic mutation status across patients with gastric

cancer in aging-related molecular phenotypes (A) C1, (B) C2, and (C) C3. Individual patients were represented in each column. The right bar plots showed the

mutation frequencies of the first 20 mutated genes in each molecular phenotype. (D–F) The amplifications of genes were separately shown in molecular phenotypes

(D) C1, (E) C2, and (F) C3. The false-discovery rate (q value) and scores for amplifications were plotted against genomic locations. (G–I) The deletions of genes were

separately shown in molecular phenotypes (G) C1, (H) C2, and (I) C3. The q-value and scores for deletions were depicted against genomic locations. Dotted lines

indicated the centromeres. The green line represented 0.25 of q-value cutoff value that determined significance.
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FIGURE 3 | Aging-associated molecular phenotypes with distinct activations of functional pathways and chemotherapeutic responses. (A) Heatmap visualized the

activities of the 50 hallmark gene sets in three aging-associated molecular phenotypes. (B) Comparisons of the activities of common biological processes among

distinct molecular phenotypes. (C–F) Comparisons of the estimated IC50 values of chemotherapeutic agents, including (C) sorafenib, (D) gefitinib, (E) vinorelbine, and

(F) gemcitabine. *p < 0.05; **p < 0.01; ***p < 0.001.

CCL4, and CCL8) and their receptors (XCR1, CCR1, CCR10,
CCR2, CCR4, CCR5, CCR6, CCR7, CCR8, CCR9, CXCR1,
CXCR3, CXCR4, and CXCR5), and the lowest expression
of above molecules was found in molecular phenotype C1
(Figures 4B,C). Above chemokines and receptors facilitate the
recruitment of effector lymphocytes like CD8+ T cell, TH17
cell, as well as antigen-presenting cells. In Figure 4D, molecular
phenotype C2 was characterized by the highest expressions of
most immune checkpoint molecules (IL2RA, IL6, IL6R, KLRK1,
LTA, NT5E, RAET1E, TNFRSF13B, TNFRSF13C, TNFRSF17,
TNFRSF4, TNFRSF8, TNFSF13B, TNFSF14, TNFSF18, TNFSF4,
ENTPD1, BTNL2, CD27, CD276, CD28, CD40, CD40LG, CD48,
and CD86). These data reflected the activated immunological
status in molecular phenotype C2. Cancer immunity cycle
activity is the overall manifestation of the chemokine system
as well as immunomodulatory factors. Most steps in the
cancer immunity cycle presented the highest activities in
molecular phenotype C2, like cancer cell antigen release and
presentation, priming and activation, recruitment of B cell,
CD4T cell, dendritic cell, eosinophil, macrophage, monocyte, T
cell, Th17 cell, and Treg (Figure 4E). Thereafter, we calculated
the infiltration levels of immune cells utilizing the ssGSEA
algorithm. The infiltration levels of most immune cells were
upregulated in molecular phenotype C2, like activated B cell,
activated CD8T cell, central memory CD4T cell, central memory

CD8T cell, effector memory CD4T cell, effector memory CD8T
cell, gamma delta T cell, immature B cell, memory B cell,
regulatory T cell, T follicular helper cell, type 1 T helper
cell, type 2 T helper cell, activated dendritic cell, eosinophil,
immature dendritic cell, macrophage, mast cell, MDSC, natural
killer cell, natural killer T cell, and plasmacytoid dendritic
cell (Figure 4F). Collectively, molecular phenotype C2 had an
inflamed tumor microenvironment.

Aging-Associated Molecular Phenotypes
Associated With Immunotherapeutic
Response Predictors in Gastric Cancer
We investigated the difference in immunotherapeutic responses
among three aging-associated molecular phenotypes through
comparisons of multiple immunotherapeutic predictors. Aging-
associated molecular phenotype C2 presented higher stromal
and immune scores as well as reduced tumor purity compared
with C1 and C3, indicating that samples in phenotype
C2 had increased infiltrations of stromal and immune cells
(Figures 5A–C). The mRNAsi was quantified for reflecting the
levels of cancer stem cells across gastric cancer. There was the
lowest mRNAsi in phenotype C2, while the highest mRNAsi
in phenotype C1 (Figure 5D). Also, we investigated the lowest
SCNA in phenotype C2 but the highest SCNA in phenotype
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FIGURE 4 | Three aging-associated molecular phenotypes display diverse tumor immune microenvironment and immunogenomic characteristics. (A–D)

Comparisons of the mRNA expressions of immunomodulators, including (A) MHC, (B) chemokines, (C) receptors, and (D) immune checkpoint molecules among

three aging-associated molecular phenotypes. (E) Comparisons of the activities of all steps in the cancer immunity cycle among three molecular phenotypes. (F)

Comparisons of the infiltration levels of tumor-infiltrating lymphocytes among three molecular phenotypes. *p < 0.05; **p < 0.01; ***p < 0.001.

C3 (Figure 5E). In Figure 5F, phenotype C2 displayed the

lowest MSI, while phenotype C1 possessed the highest MSI.

Phenotype C2 presented the lowest TMB score but C1 had

the highest TMB score (Figure 5G). We also evaluated the

differences in cancer testis antigen (CAT) and HRD score among

three aging-associated molecular phenotypes. We investigated

that phenotype C3 had the highest CAT score, followed by C2

and C1 (Figure 5H). Additionally, the highest HRD score was

found in phenotype C3 (Figure 5I). The above data suggested
that aging-associated molecular phenotypes presented distinct
immunotherapeutic responses in gastric cancer.

Identification of Aging Molecular
Phenotype-Relevant Key Genes
The WGCNA method was adopted for the construction of
a co-expression network as well as finding genes highly
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FIGURE 5 | Aging-associated molecular phenotypes associated with immunotherapeutic response predictors in gastric cancer. (A–C) Distributions of stromal and

immune scores as well as tumor purity among three aging-associated molecular phenotypes. (D–G) Comparisons of mRNAsi, SCNA, MSI, and TMB scores among

three aging-associated molecular phenotypes. (H,I) Comparisons of CAT and HRD scores in diverse aging-associated molecular phenotypes. *p < 0.05; **p < 0.01;

***p < 0.001; ****p<0.0001; ns, not significant.

associated with aging molecular phenotypes. We first detected
outliers among gastric cancer specimens on the basis of
gene expression profiling. As a result, there was no outlier
sample (Figure 6A). Thereafter, soft thresholding power β

was calculated, and β was set at 5 for ensuring a scale-free
network (Figures 6B,C). In total, 11 co-expression modules
were merged, as depicted in Figure 6D. Among them, the
brown module presented the strongest association with aging
molecular phenotype C2 (Figure 6E). Thereafter, we evaluated
intramodular analyses of genes in each module. Especially, genes
in the brown module had high correlations with aging molecular
phenotype C2 (Figure 6F). Eventually, 312 genes in this module
were selected as aging molecular phenotype-relevant genes in

accordance with the criteria of module membership >0.8 and
gene significance >0.5 (Supplementary Table 3). We further
observed the interactions between aging molecular phenotype-
relevant genes through the STRING database. With MCODE
analyses, seven aging molecular phenotype-relevant hub genes
were identified, namely, ACTA2, CALD1, LMOD1, MYH11,
MYL9, MYLK, and TAGLN (Figure 6G). In Figure 6H, we
noted that the hub genes displayed remarkable associations
with the infiltration levels of immune cells. All of them
were negatively correlated to the infiltration levels of activated
CD4T cell, CD56dim natural killer cell, neutrophil, and type
17 T helper cell but were positively associated with the other
immune cells.
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FIGURE 6 | Identification of aging molecular phenotype-relevant key genes. (A) Sample dendrogram and heatmap were conducted based on transcriptome data of

gastric cancer. The color intensity indicated aging-associated molecular phenotypes (C1, C2, and C3). (B) The scale-free fitting index was determined across diverse

soft thresholding powers. (C) Mean connectivity was analyzed under different soft thresholding powers. (D) Clustering dendrogram was conducted on the basis of

co-expression network analyses. Totally, 11 co-expression modules were merged as well as uniquely identified by diverse colors. (E) Heatmap showed the correlation

between co-expression modules and aging-associated molecular phenotypes across gastric cancer. The brown module presented the strongest correlation module

with phenotype C2. (F) Scatter plots depicted the interactions of module membership in the brown module with gene significance for phenotype C2. (G) MCODE

analyses identified the most prominent module in the PPI network of genes in the brown module. (H) Heatmap visualized the interaction between the hub genes and

the infiltration levels of immune cells. *p < 0.05; **p < 0.01.
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FIGURE 7 | Verification of prognostic implication and deregulated expression of aging molecular phenotype-relevant key genes. (A–G) Kaplan–Meier curves were

conducted for the investigation of survival significance of MYL9, ACTA2, TAGLN, MYH11, LMOD1, CALD1, and MYLK across patients with gastric cancer patients.

(H) The mRNA expressions of MYL9, ACTA2, TAGLN, MYH11, LMOD1, CALD1, and MYLK were verified in 20 paired tumors and controls with RT-qPCR. The

displayed graph contained normalized data to controls. (I–P) Western blotting was conducted for verification of the expressions of MYL9, ACTA2, TAGLN, MYH11,

LMOD1, CALD1, and MYLK in tumors and controls. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Verification of Prognostic Implication and
Deregulated Expression of Aging
Molecular Phenotype-Relevant Key Genes
Survival analyses were conducted for investigations of the
prognostic implications of aging molecular phenotype-relevant
key genes across patients with gastric cancer. Our data
demonstrated that the upregulations of ACTA2, CALD1,
LMOD1, MYH11, MYL9, MYLK, and TAGLN were in
relation to more dismal survival outcomes in comparisons
with their downregulations (Figures 7A–G). We further
verified their expressions in 20 paired tumors and controls.
In Figure 7H, compared with controls, their prominent

upregulations were investigated in tumors in line with RT-
qPCR. Additionally, Western blotting results confirmed their
abnormal expressions of these key genes in gastric cancer
(Figures 7I–P).

In Gastric Cancer Cells, MYL9 Loss
Weakens Proliferation and Triggers
Apoptosis
Among aging molecular phenotype-relevant key genes,
only the role of MYL9 in gastric cancer remains unknown.
Thus, we investigated the function of MYL9 in gastric
carcinogenesis. Herein, MYL9 expressions were reduced in
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FIGURE 8 | MYL9 loss weakens proliferation and triggers apoptosis in gastric cancer cells. (A–C) MYL9 expressions were determined in MGC-803 and BGC-823

cells under shRNAs targeting MYL9 transfections with RT-qPCR and Western blotting. (D,E) Viable MGC-803 and BGC-823 cells were evaluated following shRNAs

against MYL9 transfections through CCK-8. (F,G) Apoptotic MGC-803 and BGC-823 cells were investigated after shRNAs against MYL9 transfections with flow

cytometry. ****p < 0.0001.

MGC-803 and BGC-823 cells under two shRNAs against
MYL9 transfections (Figures 8A–C). In accordance with
CCK-8 results, MYL9 loss reduced the cell viability of
MGC-803 and BGC-823 cells (Figures 8D,E). Additionally,

apoptosis of MGC-803 and BGC-823 cells was enhanced
when MYL9 expressions were defective (Figures 8F,G).
The above data indicated the gastric tumorigenic roles
of MYL9.
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DISCUSSION

In our study, we conducted three aging-based molecular
phenotypes with a consensus clustering algorithm. Further,
aging-based molecular phenotypes were characterized by
diverse clinical prognoses, mutational status as well as
the immunological status of tumor microenvironment
across gastric cancer. In this aspect, our findings offered
individualized treatment options and prognosis evaluation
for distinct subpopulations based on the aging-related
molecular phenotypes.

The tumor microenvironment is comprised of a
heterogeneous cellular milieu that influences cancer cell
behaviors (3). The feature produces a far-reaching impact
on treatment responses like immunotherapy. An inflamed
tumor microenvironment combined with preexisting antitumor
immunity is necessary for immunotherapy that suppresses
tumor growth through tumor-cytotoxic T-cell re-invigoration.
In theory, molecules and signals contribute to an inflamed
tumor microenvironment that may trigger sensitivity to
immunotherapy. Herein, in accordance with immunological
features (immunomodulators, immune checkpoint molecules,
cancer immunity cycle, and tumor-infiltrating immune
cells), aging-based molecular phenotype C2 presented an
inflamed tumor microenvironment. This indicated that the
subpopulations in this phenotype possessed greater chances of
responding to immunotherapy. Cancer stem cells contribute to
chemotherapeutic resistance as well as distant metastases due
to the self-renewal and tumorigenic capacities (37). Through
mRNAsi, we quantified the levels of cancer stem cells across
gastric cancer. There was the lowest mRNAsi in phenotype C2,

while the highest mRNAsi in phenotype C1. TMB and MSI are
capable of predicting the clinical responses to immunotherapy.
Nevertheless, the predictors are examined utilizing complex
molecular tools that are slow and expensive. Thus, it is an urgent

medical requirement for developing faster and economical
predictors. Our data indicated that phenotype C2 displayed the
lowest MSI and TMB scores, while phenotype C1 possessed
the highest MSI and TMB scores. HRD leads to impaired
double-strand break repair, which is a common driving factor of
carcinogenesis (38). Herein, phenotype C2 presented the features
of reduced HRD score, while phenotype C3 was characterized by
elevated HRD score.

Through WGCNA combined with MCODE methods, we

identified seven aging molecular phenotype-relevant key genes,
namely, ACTA2, CALD1, LMOD1, MYH11, MYL9, MYLK, and

TAGLN. The above genes displayed the specific upregulations
in gastric cancer and contributed to a dismal clinical prognosis.
Previously, CALD1 acts as a prognostic indicator and also is
in relation to immune infiltrates in gastric carcinoma (39).
MYH11 expression is downregulated in gastric carcinoma and is
indicative of a dismal clinical prognosis (40). Hypermethylation
of MYLK serves as a circulating diagnostic marker of gastric
carcinoma (41). Stromal fibroblasts in the microenvironment
trigger gastric carcinoma metastases through the upregulation of
TAGLN (42). Among them, our experimental pieces of evidence

demonstrated that MYL9 deficiency reduced proliferation as well
as enhanced apoptosis in gastric carcinoma cells, confirming the
tumorigenic function of MYL9. Nevertheless, there were a few
limitations in this study. The aging-based molecular phenotypes
should be further verified in large patients from multicenter
cohorts for identifying the characteristics of clinical prognosis
and drug responses. Additionally, we identified aging molecular
phenotype-relevant key genes, especially MYL9. Nevertheless,
the specific experimental verifications should be designed for the
assessment of the biological implications.

CONCLUSION

Herein, our comprehensive assessment of the cellular,
molecular, and genetic features correlated with aging-
based molecular phenotypes generated novel insights on
how gastric tumors responded to immunotherapy and
guided the development of more effective combination
therapeutic regimens.
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confirmed the classification accuracy of aging-relevant molecular phenotypes. (C)

Heatmap showed the expression patterns of prognostic aging-relevant genes in

three aging-relevant molecular phenotypes. (D) Kaplan–Meier survival curves were

conducted for gastric cancer patients with diverse

molecular phenotypes.
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gastric cancer in TCGA and GSE84437 cohorts.

Supplementary Table 2 | The list of aging-relevant genes.

Supplementary Table 3 | The list of 312 genes in the brown module.

REFERENCES

1. Gambardella V, Castillo J, Tarazona N, Gimeno-Valiente F,

Martínez-Ciarpaglini C, Cabeza-Segura M, et al. The role of

tumor-associated macrophages in gastric cancer development and

their potential as a therapeutic target. Cancer Treat Rev. (2020)

86:102015. doi: 10.1016/j.ctrv.2020.102015

2. Yan HHN, Siu HC, Law S, Ho SL, Yue SSK, Tsui WY, et al. A

Comprehensive human gastric cancer organoid biobank captures tumor

subtype heterogeneity and enables therapeutic screening. Cell Stem Cell.

(2018) 23:882–97.e811. doi: 10.1016/j.stem.2018.09.016

3. Sathe A, Grimes SM, Lau BT, Chen J, Suarez C, Huang RJ, et al.

Single-cell genomic characterization reveals the cellular reprogramming of

the gastric tumor microenvironment. Clin Cancer Res. (2020) 26:2640–

53. doi: 10.1158/1078-0432.CCR-19-3231

4. Ho SWT, Tan P. Dissection of gastric cancer heterogeneity for precision

oncology. Cancer Sci. (2019) 110:3405–14. doi: 10.1111/cas.14191

5. Zeng D, Li M, Zhou R, Zhang J, Sun H, Shi M, et al. Tumor

microenvironment characterization in gastric cancer identifies prognostic and

immunotherapeutically relevant gene signatures. Cancer Immunol Res. (2019)

7:737–50. doi: 10.1158/2326-6066.CIR-18-0436

6. Yang J, Jiang Q, Liu L, Peng H, Wang Y, Li S, et al. Identification of prognostic

aging-related genes associated with immunosuppression and inflammation

in head and neck squamous cell carcinoma. Aging (Albany NY). (2020)

12:25778–804. doi: 10.18632/aging.104199

7. Jia K, Cui C, Gao Y, Zhou Y, Cui Q. An analysis of aging-related genes derived

from the Genotype-Tissue Expression project (GTEx). Cell Death Discov.

(2018) 4:26. doi: 10.1038/s41420-018-0093-y

8. de Magalhães JP, Costa J, Toussaint O. HAGR: the human ageing genomic

resources. Nucleic Acids Res. (2005) 33:D537–543. doi: 10.1093/nar/gki017

9. Avelar RA, Ortega JG, Tacutu R, Tyler EJ, Bennett D, Binetti P, et al. A

multidimensional systems biology analysis of cellular senescence in aging and

disease. Genome Biol. (2020) 21:91. doi: 10.1186/s13059-020-01990-9

10. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras

provokes premature cell senescence associated with accumulation of p53 and

p16INK4a. Cell. (1997) 88:593–602. doi: 10.1016/S0092-8674(00)81902-9

11. Laberge RM, Zhou L, Sarantos MR, Rodier F, Freund A, de

Keizer PL, et al. Glucocorticoids suppress selected components of

the senescence-associated secretory phenotype. Aging Cell. (2012)

11:569–78. doi: 10.1111/j.1474-9726.2012.00818.x

12. Faget DV, Ren Q, Stewart SA. Unmasking senescence: context-

dependent effects of SASP in cancer. Nat Rev Cancer. (2019)

19:439–53. doi: 10.1038/s41568-019-0156-2

13. Mahmoudi S, Xu L, Brunet A. Turning back time with emerging rejuvenation

strategies. Nat Cell Biol. (2019) 21:32–43. doi: 10.1038/s41556-018-0206-0

14. Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key

modulator of ageing and age-related disease. Nature. (2013)

493:338–45. doi: 10.1038/nature11861

15. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al.

TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA

data. Nucleic Acids Res. (2016) 44:e71. doi: 10.1093/nar/gkv1507

16. Yoon SJ, Park J, Shin Y, Choi Y, Park SW, Kang SG, et al. Deconvolution of

diffuse gastric cancer and the suppression of CD34 on the BALB/c nude mice

model. BMC Cancer. (2020) 20:314. doi: 10.1186/s12885-020-06814-4

17. Liu Y, Sethi NS, Hinoue T, Schneider BG, Cherniack AD, Sanchez-Vega F, et al.

Comparative molecular analysis of gastrointestinal adenocarcinomas. Cancer

Cell. (2018) 33:721–735.e728. doi: 10.1016/j.ccell.2018.03.010

18. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient

and comprehensive analysis of somatic variants in cancer.Genome Res. (2018)

28:1747–56. doi: 10.1101/gr.239244.118

19. Budczies J, Seidel A, Christopoulos P, Endris V, Kloor M, Gyorffy

B, et al. Integrated analysis of the immunological and genetic

status in and across cancer types: impact of mutational signatures

beyond tumor mutational burden. Oncoimmunology. (2018)

7:e1526613. doi: 10.1080/2162402X.2018.1526613

20. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G.

GISTIC2.0 facilitates sensitive and confident localization of the targets of

focal somatic copy-number alteration in human cancers. Genome Biol. (2011)

12:R41. doi: 10.1186/gb-2011-12-4-r41

21. Davoli T, Uno H, Wooten EC, Elledge SJ. Tumor aneuploidy correlates with

markers of immune evasion and with reduced response to immunotherapy.

Science. (2017) 355:eaaf8399. doi: 10.1126/science.aaf8399

22. Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery tool with

confidence assessments and item tracking. Bioinformatics. (2010) 26:1572–

3. doi: 10.1093/bioinformatics/btq170

23. Hänzelmann S, Castelo R, Guinney J. GSVA: gene set variation

analysis for microarray and RNA-seq data. BMC Bioinformatics. (2013)

14:7. doi: 10.1186/1471-2105-14-7

24. Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov JP, Tamayo P.

The Molecular Signatures Database (MSigDB) hallmark gene set collection.

Cell Syst. (2015) 1:417–25. doi: 10.1016/j.cels.2015.12.004

25. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al.

TGFβ attenuates tumour response to PD-L1 blockade by contributing to

exclusion of T cells. Nature. (2018) 554:544–8. doi: 10.1038/nature25501

26. Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al.

Genomics of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic

biomarker discovery in cancer cells. Nucleic Acids Res. (2013) 41:D955–

961. doi: 10.1093/nar/gks1111

27. Geeleher P, Cox N, Huang RS. pRRophetic: an R package for prediction of

clinical chemotherapeutic response from tumor gene expression levels. PLoS

ONE. (2014) 9:e107468. doi: 10.1371/journal.pone.0107468

28. Sokolov A, Carlin DE, Paull EO, Baertsch R, Stuart JM. Pathway-based

genomics prediction using generalized elastic net. PLoS Comput Biol. (2016)

12:e1004790. doi: 10.1371/journal.pcbi.1004790

29. Auslander N, Zhang G, Lee JS, Frederick DT, Miao B, Moll T, et al. Robust

prediction of response to immune checkpoint blockade therapy in metastatic

melanoma. Nat Med. (2018) 24:1545–9. doi: 10.1038/s41591-018-0157-9

30. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity

cycle. Immunity. (2013) 39:1–10. doi: 10.1016/j.immuni.2013.07.012

31. Yoshihara K, Shahmoradgoli M, Martínez E, Vegesna R, Kim H,

Torres-Garcia W, et al. Inferring tumour purity and stromal and

immune cell admixture from expression data. Nat Commun. (2013)

4:2612. doi: 10.1038/ncomms3612

32. Malta TM, Sokolov A, Gentles AJ, Burzykowski T, Poisson L, Weinstein JN,

et al. Machine learning identifies stemness features associated with oncogenic

dedifferentiation.Cell. (2018) 173:338–54.e315. doi: 10.1016/j.cell.2018.03.034

33. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al.

The STRING database in 2021: customizable protein-protein networks, and

functional characterization of user-uploaded gene/measurement sets. Nucleic

Acids Res. (2021) 49:D605–12. doi: 10.1093/nar/gkab835

34. Bader GD, Hogue CW. An automated method for finding molecular

complexes in large protein interaction networks. BMC Bioinformatics. (2003)

4:2. doi: 10.1186/1471-2105-4-2

35. Doncheva NT, Morris JH, Gorodkin J, Jensen LJ. Cytoscape StringApp:

network analysis and visualization of proteomics data. J Proteome Res. (2019)

18:623–32. doi: 10.1021/acs.jproteome.8b00702

36. Zhang B, Wu Q, Li B, Wang D, Wang L, Zhou YL. m(6)A regulator-

mediated methylation modification patterns and tumor microenvironment

infiltration characterization in gastric cancer. Mol Cancer. (2020)

19:53. doi: 10.1186/s12943-020-01170-0

Frontiers in Medicine | www.frontiersin.org 15 February 2022 | Volume 8 | Article 79274085

https://doi.org/10.1016/j.ctrv.2020.102015
https://doi.org/10.1016/j.stem.2018.09.016
https://doi.org/10.1158/1078-0432.CCR-19-3231
https://doi.org/10.1111/cas.14191
https://doi.org/10.1158/2326-6066.CIR-18-0436
https://doi.org/10.18632/aging.104199
https://doi.org/10.1038/s41420-018-0093-y
https://doi.org/10.1093/nar/gki017
https://doi.org/10.1186/s13059-020-01990-9
https://doi.org/10.1016/S0092-8674(00)81902-9
https://doi.org/10.1111/j.1474-9726.2012.00818.x
https://doi.org/10.1038/s41568-019-0156-2
https://doi.org/10.1038/s41556-018-0206-0
https://doi.org/10.1038/nature11861
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1186/s12885-020-06814-4
https://doi.org/10.1016/j.ccell.2018.03.010
https://doi.org/10.1101/gr.239244.118
https://doi.org/10.1080/2162402X.2018.1526613
https://doi.org/10.1186/gb-2011-12-4-r41
https://doi.org/10.1126/science.aaf8399
https://doi.org/10.1093/bioinformatics/btq170
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/nature25501
https://doi.org/10.1093/nar/gks1111
https://doi.org/10.1371/journal.pone.0107468
https://doi.org/10.1371/journal.pcbi.1004790
https://doi.org/10.1038/s41591-018-0157-9
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1093/nar/gkab835
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1186/s12943-020-01170-0
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


He et al. Molecular Phenotypes in Gastric Cancer

37. Sun L, Huang C, Zhu M, Guo S, Gao Q, Wang Q, et al. Gastric

cancer mesenchymal stem cells regulate PD-L1-CTCF enhancing cancer

stem cell-like properties and tumorigenesis. Theranostics. (2020) 10:11950–

62. doi: 10.7150/thno.49717

38. Nguyen L, Materns, JWM, Van Hoeck A, Cuppen E. Pan-cancer

landscape of homologous recombination deficiency. Nat Commun. (2020)

11:5584. doi: 10.1038/s41467-020-19406-4

39. Liu Y, Xie S, Zhu K, Guan X, Guo L, Lu R. CALD1 is a prognostic biomarker

and correlated with immune infiltrates in gastric cancers. Heliyon. (2021)

7:e07257. doi: 10.1016/j.heliyon.2021.e07257

40. Wang J, Xu P, Hao Y, Yu T, Liu L, Song Y, et al. Interaction

between DNMT3B and MYH11 via hypermethylation regulates gastric

cancer progression. BMC Cancer. (2021) 21:914. doi: 10.1186/s12885-021-08

653-3

41. Chen L, Su L, Li J, Zheng Y, Yu B, Yu Y, et al. Hypermethylated

FAM5C and MYLK in serum as diagnosis and pre-warning markers

for gastric cancer. Dis Markers. (2012) 32:195–202. doi: 10.1155/2012/47

3251

42. Yu B, Chen X, Li J, Qu Y, Su L, Peng Y, et al. Stromal

fibroblasts in the microenvironment of gastric carcinomas

promote tumor metastasis via upregulating TAGLN expression.

BMC Cell Biol. (2013) 14:17. doi: 10.1186/1471-2121-

14-17

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 He, Ding, Zhou, Wang, Xie, Yang and Zhu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 16 February 2022 | Volume 8 | Article 79274086

https://doi.org/10.7150/thno.49717
https://doi.org/10.1038/s41467-020-19406-4
https://doi.org/10.1016/j.heliyon.2021.e07257
https://doi.org/10.1186/s12885-021-08653-3
https://doi.org/10.1155/2012/473251
https://doi.org/10.1186/1471-2121-14-17
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


ORIGINAL RESEARCH
published: 09 February 2022

doi: 10.3389/fmed.2022.815355

Frontiers in Medicine | www.frontiersin.org 1 February 2022 | Volume 9 | Article 815355

Edited by:

Fu Wang,

Xi’an Jiaotong University, China

Reviewed by:

Suliman Khan,

Second Affiliated Hospital of

Zhengzhou University, China

Ghulam Nabi,

Hebei Normal University, China

Min-Chun Wu,

Nanyang Technological

University, Singapore

*Correspondence:

Weikang Gong

N2007046B@e.ntu.edu.sg

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Precision Medicine,

a section of the journal

Frontiers in Medicine

Received: 01 December 2021

Accepted: 04 January 2022

Published: 09 February 2022

Citation:

Li H and Gong W (2022) Study of

Allosteric Transitions of Human

P-Glycoprotein by Using the

Two-State Anisotropic Network

Model. Front. Med. 9:815355.

doi: 10.3389/fmed.2022.815355

Study of Allosteric Transitions of
Human P-Glycoprotein by Using the
Two-State Anisotropic Network
Model
Hongwu Li 1† and Weikang Gong 2*†

1 School of Mathematics and Statistics, Nanyang Normal University, Nanyang, China, 2 Faculty of Environmental and Life

Sciences, Beijing University of Technology, Beijing, China

Human P-glycoprotein (P-gp) is a kind of ATP-binding cassette (ABC) transporters.
Once human P-gp is overexpressed in tumor cells, which can lead to tumor multidrug
resistance (MDR). However, the present experimental methods are difficult to obtain the
large-scale conformational transition process of human P-gp. In this work, we explored
the allosteric pathway of human P-gp from the inward-facing (IF) to the outward-facing
(OF) state in the substrate transport process with the two-state anisotropic network
model (tANM). These results suggest that the allosteric transitions proceed in a coupled
way. The conformational changes of nucleotide-binding domains (NBDs) finally make
the transmembrane domains (TMDs) to the OF state via the role of the allosteric
propagation of the intracellular helices IH1 and IH2. Additionally, this allosteric pathway
is advantageous in energy compared with other methods. This study reveals the
conformational transition of P-gp, which contributes to an understanding of the allosteric
mechanism of ABC exporters.

Keywords: two-state ANM, P-glycoprotein, allosteric pathway, multidrug resistance, ATP-binding

INTRODUCTION

Long-term contact between cells and drugs can lead to multidrug resistance (MDR). It is also a
major obstacle to cancer chemotherapy. MDR is mainly due to the overexpression of antineoplastic
drug-efflux transporters (1). Such proteins belong to the ATP-binding cassette (ABC) superfamily
and are widely located on the cell membranes. They utilize the energy of ATP hydrolysis to
transport substrates across the lipid bilayer, even directly out of cells. The importance of studies
on bacteria in elucidating several basic principles pertaining to ABC transporters is emphasized
(2, 3). Interindividual differences in drug response are an important cause of treatment failures
and adverse drug reactions. Human MDR protein 1, namely P-glycoprotein (P-gp), is an MDR
ABC exporter that is widely distributed in the human body, it has a high-level expression generally
in the blood–brain barrier and blood testosterone, liver, inner ear, and a variety of stem cells
(4). Additionally, it shares a significant sequence identity with protein MsbA from gram-negative
bacteria, which has been implicated in MDR. Researchers have found that P-gp has unusually
broad polyspecificity, recognizing hundreds of hydrophobic substrates as 330–4,000 Da. It is like
a “hydrophobic vacuum cleaner” pulling substrates from the membrane and expelling them to
promote MDR. Therefore, it is of great importance to reveal the export process of human P-gp.
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P-glycoprotein has been studied as a hotspot for many years
because of its clinical relevance. Especially, the structure of
mouse P-gp, which has 87% sequence similarity to human P-
gp, was obtained by Aller et al. Like mouse P-gp, human P-gp
undergoes large-scale conformational changes between inward-
facing (IF) and outward-facing (OF) state during a transport
event (Figures 1A,B). It is a single polypeptide composed of
1,280 residues. It can be arranged as two pseudo homologous
halves, named PA and PB (5). Each half (PA/PB) consists of
a transmembrane domain (TMD) and a nucleotide-binding
domain (NBD). Each TMD of human P-gp contains six helices,
as labeled with TM1–TM6 for PA, TM7–12 for PB in Figure 1.
Extracellular loops EL1, EL2, and EL3 of PA connect TM1–TM2,
TM3–TM4, and TM5–TM6 in the periplasmic side, respectively.
Intracellular helices IH1 and IH2 of PA connect TM2–TM3 and
TM4–TM5 in the cytoplasmic side, respectively. The structure
of PB is basically corresponding with PA. The TM helices cross
each other to form a cavity in their interfaces. For the IF state,
the TM helices are split into two groups forming two branches
(TM1–3, 6, 10, 11 and TM4, 5, 7–9, 12) at the cytoplasmic side,
resulting in the opening of the putative translocation pore to
the cytoplasm (Figure 1A). Once the IF state is transferred into
the OF state, the packing of TM helices will be rearranged. The
helices TM3 and TM6 (TM9 and TM12) are crossed over to
associate with the other branch. Thus, for the OF state, two
branches are composed of helices TM1–2, 9–12, and TM3–
6, 7–8, respectively. The TM1 is elongated to concur with
an elongated helix in PA seen in the EM structure. TMDs
interact with NBDs through IH1, 2 and IH3, 4. The NBDs of
different transporters are highly conserved and responsible for
ATP binding and hydrolysis. Each is composed of a RecA-like
subdomain and a helical one. The RecA-like subdomain contains
one conserved nucleotide-binding site; the helical subdomain
includes the ABC family signature motifs. These subdomains
constitute a head-to-tail dimer with nucleotide-binding sites at
the interface. NBDs utilize the released energy of ATP hydrolysis
to transport drug molecules from the inside to the outside of
the cellular membrane, and this process accompanies a large-
amplitude cooperation motion between the different structural
domains of human P-gp.

A simple alternating access model was proposed by Jardetzky
(6). In 2004, Higgins and Linton (7) conclusively proposed the
ABC transporter conformation transformation model of “ATP-
switch” based on a large number of experiments. At present, a lot
of experimental information and conformational transformation
models about human P-gp have been studied. In 1976, Juliano
and Ling (8) first found that P-gp in the Chinese hamster ovary
cells was selected for resistance to colchicines. In 1986, Chen et al.
(9) discovered human P-gp for the first time. In 2008, Lee et al.
(10) manufactured human P-gp of two-dimensional crystals in
the phospholipid bilayer, then analyzed by using transmission
electron microscopy (TEM) and got a low-resolution (14.6–
74.5 Å) three-dimensional structure of human P-gp. Aller et al.
(5) resolved three x-ray crystal structures of mouse P-gp with
IF conformation in 2009. Later, Paul et al. (11) obtained the
higher resolution crystal structures of mouse P-gp. Despite not
getting a high-resolution crystal structure of human P-gp, the

two have an 87% sequence identity (12). So, the crystal structures
of mouse P-gp are chosen as good templates for human P-
gp with IF conformation. In 2012, Wise (13) observed the
coupled movement between NBDs and TMDs and referred
it to the pronounced twisting of NBDs at the same time of
closing. Chang et al. (14) explored the atomic detail of the
conformational transmission of human P-gp by using targeted
molecular dynamics (tMD) simulations and identified six key
segments in the allosteric process. Recently, Pan and Aller (15)
analyzed the conformational changes of ATP binding using all-
atom molecular dynamics (MD) simulations. However, there
is very little research on the large conformational transmission
and analyses of the energy of human P-gp. Thus, the allosteric
transition of human P-gp is still a hot issue.

All-atomMD simulation is an important tool to study protein
dynamics and demonstrate their biological function. However,
it is difficult to simulate the large-scale functional motion of
transmembrane proteins and to obtain the complete information
of conformational changes. To solve this problem, researchers
put forward the coarse-grainedmodel to steed up simulation with
a freezing part of freedom degrees of the system. The Gaussian
network model (GNM) (16) and the anisotropic network model
(ANM) (17) are relatively simplified models based on the elastic
network model (ENM) (18–21). Recently, Pan and Aller (15)
analyzed the conformational changes and allosteric regulation of
ATP binding by using all-atom MD simulations. Recently, Das
et al. proposed a simple and computationally efficient method,
the two-state ANM (tANM) (22) to construct a physically
reasonable pathway between the two end points. First, a simple
ENM representation is adopted for each of the end states,
which accounts for the topology of inter-residue contacts in the
structure. Second, a very simple two-state potential is constructed
bymixing these two ENMs. The potential has a cusp hypersurface
where the energies from both the ENMs are identical. Third, a
minimum energy structure on the cusp hypersurface is searched
and treated as the transition state. Fourth, starting from the
transition state, two separate steepest descentminimizations were
performed to connect the corresponding end states. Finally, the
conformations collected from the two steepest descent paths
along with the transition state provide a pathway. The Bahar
group tested the Leucine transporter and Glutamate transporter,
paving physically significant pathways, and helping generate
experimentally testable hypotheses.

In this paper, the allosteric pathway between IF andOF state of
human P-gp is explored through the tANMmethod; a reasonable
allosteric pathway is obtained with the optimal energy. This
helps to better understand the working mechanism of the human
P-gp system.

MATERIALS AND METHODS

Protein System
The x-ray structure of human P-gp in the IF state was modeled
by using the Swiss-Model (http://swissmodel.expasy.org/) with
a high resolution of mouse P-gp (PDB ID: 4Q9H) with the
resolution value of 3.4 Å. The model of an OF conformation
was obtained by O’Mara and Tieleman’s group (23). The IF state
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FIGURE 1 | The structures of human P-glycoprotein (P-gp). (A) The conformation of the inward-facing (IF) state by the Swiss Model; (B) The conformation of the
outward-facing (OF) state with O’Mara. The right panel is related to the left one by a 90◦ rotation around the axis shown.
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contains residues from 34–630 and 701–1,275, opposite to 36–
631 and 697–1,276 in the OF state, so we work it in mainly 1,170
residues of the two public sections.

Adaptive ANM
For a protein with N residues, the configuration of the system
is denoted by an elastic network, a node represents a residue,
so ANM is an elastic network model defined around an
experimental structure (e.g., x-ray or NMR structure) with the
following energy function:

UANM(R) =
γ

2

N
∑

i<j

Cij(Rij − R0ij)
2
=

γ

2

N
∑

i<j

Cij([(Xi − Xj)
2

+ (Yi − Yj)
2
+ (Zi − Zj)

2]1/2 − R0ij)
2 (1)

where γ is the uniform force constant, N is the number of
residues, Rij is the distance between the nodes i and j, R0ij is the

instantaneous distance between the nodes i and j,Ri = [Xi,Yi,Zi]
is the coordinate in X, Y, and Z directions of nodes i, Cij is an
element of the contact matrix defined by

Cij =

{

1 if Rij ≤ rc
0 otherwise

(2)

rc is the cutoff distance. UA(R) and UB(R) are, respectively, the
ANM energy function in A and B states. The two-state potential
function combines them with the following mixing rule (24):

U(R) =
1

2

(

UA(R)+ UB(R)−

√

[

UA(R)− UB(R)
]2

)

(3)

tANM Detailed Procedure
1. Two end structures are represented by the positions of

their Cα atoms. These structures are aligned, and M-2 new
intermediate conformers/images are generated by linearly
interpolating between the end structures. The value of M
is chosen by the user and is dependent on the value of
the tolerance parameter ε

†, which is the smallest energy
difference between the two conformers that are considered to
be different.

2. For each image, the energy is determined to use the two-
state potential defined in formula (3). Then, the conformer
R† is identified for which energies from both the surfaces
[i.e., UA(R

†) and UB(R
†)] are equal within the tolerance

parameter ε
†.

3. Starting from R†, the transition state is searched by the
following iterative procedure:

(a) With appropriate choices of step-sizes sA and sB the
knowledge of transition state for the present iteration
R†

(n), one step of the steepest descent minimization
is carried out on each surface using the force of the
respective surface and two new sets of coordinates
RA (n+ 1) and RB (n+ 1) are generated, where

RA(n+ 1) = R9 (n)+ sAfA(n) (4)

RB(n+ 1) = R9 (n)+ sBfB(n) (5)

and

fA (n) = −
∂UA (R)

∂R
fB (n) = −

∂UB (R)

∂R
(6)

(b) A linear interpolation (LI) is performed between
RA (n+ 1) and RB (n+ 1) to find out the conformer
that resides on the cusp hypersurface. This is a new
approximation for the transition state, i.e., R†

(n+ 1).
(c) We iterate steps (3a) and (3b) until the energy difference

between the two transition state conformers, obtained in
two successive iterations, is less than tolerance εconv.

4. Two separate steepest descent minimizations are performed,
one on each surface, starting from the final transition state

conformation R†
f
and conformers, and conformers separated

by using a user-defined RMSD are collected.
5. The cross-correlation between the displacements of the ith

and jth residues at the kth conformer is defined as:

C
(k)
A,ij = cos(h

(k)
A,i, h

(k)
A,j) (7)

where h
(k)
A,i and h

(k)
A,j are, respectively, the displacements of the

ith and jth residues generated from the deformation vector:

h
(k)
A,i = (v

(k)
A,3i−2, v

(k)
A,3i−1, v

(k)
A,3i) (8)

h
(k)
A,j = (v

(k)
A,3j−2, v

(k)
A,3j−1, v

(k)
A,3j) (9)

The cross-correlation value ranges from −1 to 1. The positive
values represent the residues moving in the same direction,
and the negative values represent their movement in the
opposite direction.

Several parameters listed above need to be specified before
performing the calculation. The two-state potential function is
characterized by the force constants and cutoff distances of
ANMs. The ANM force constant does not affect the qualitative
results (or the shape of conformational change driven by the
normal modes) but uniformly scales the absolute size of motions.
So, the force constants are inconsequential, and the cut-off
distance is usually selected in the range of 12–16 Å. The values
of ε

† are chosen to be in the range between 10e-4 and 10e-5.
The most important parameters for an efficient implementation
of the algorithm turned out to be the step sizes involved in the
search of the transition state on the cusp hypersurface (and in
step 3a). If step-sizes are too large, then the resultant movement
of the transition state structure on the cusp hypersurface is large
and the minimization algorithm does not work. On the other
hand, if the chosen values are too small, then the convergence
becomes slow.

In tANM, the cutoff is 13Åwith the experimental information,
the force constant is 0.1 kcal/(mol·Å2), the tolerance parameter
ε

† is 5·10−5, and εconv is 10−4. The values of step sizes sA and
sB are as quickly as possible to find the saddle point on the cusp
hypersurface, so they set for 1 first, if the procedure spans the
saddle point, turns down the value of step size, then calculates
again from the breakpoint, until arriving the tolerance ε

†, the
RMSD of collecting conformers is 0.1 Å. The tANM has found
an energy optimal path from opening to closing in physical.
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RESULTS AND DISCUSSION

First, we aligned the two end structures by using VMD: (25), the
original RMSD between them is 14.324 Å, and then used tANM
to find the allosteric pathway of human P-gp.

Sequence of Transition
After collecting conformers on the cusp hypersurface, we
produced 171 intermediate conformers (tr_1-171), of which
tr_124 is the conformer of the transition state. Also, we modeled
the IF intermediate conformation (IF-II) by using mouse P-gp
(PDB ID: 3G5U) with the resolution of 3.8 Å, corresponding to
the structure of Wise (13) and Chang’s et al. group (14). Further
comparison of the conformers of an allosteric pathway with it,
the lowest RMSD obtained between IF-II and tr_39 is 4.026 Å
(Figure 2). To a certain extent, this illustrates the rationality of
the pathway we got.

Figure 3 shows five representative snapshots along an
allosteric pathway. Figure 3C (tr_124) is the transition state, that
is to say, its energy is a saddle point on the cusp hypersurface.
From Figures 3A–C (IF state), it can be seen that NBDs undergo
an apparent conformational transition from the open to the
nearly closed i ntermediates, and get affected due to this. The
cytoplasmic side of the TMDs also experiences the corresponding
changes. While for the periplasmic side, there are hardly
evident conformational transitions. These results suggest that the
allosteric transitions are more likely to be driven by NBDs, and
this point is also hinted at in the following analyses about the
changes of distances among some critical residues. Additionally,

it is noticed that the relative orientation between the NBDs
also changes and has a twisting motion although it is not very
evident during this stage. In the transition state (Figure 3C),
the cytoplasmic side of TMDs gathers into a cluster and NBDs
become closed. From Figures 3C–E (theOF state), NBDs become
completely closed. In addition, the periplasmic side of TMDs
opens toward the outside. From Figure 3 (overall), we can see
the whole transport process of human P-gp from IF to OF states.
The sequence of transition of human P-gp is similar to exporter
MsbA, which is in connection with their similar function and
amino acid sequence (26). The sequence consistency of PA, PB
part with MA, MB of MsbA are, respectively, 37, 34% by using
the BLAST (12).

Analysis of the Energy
We combined different simulation methods to analyze and
compare changes in the allosteric energy of human P-gp. LI is
a linear fitting with the coordinates of amino acids to get a
user-defined number set of conformers between the two states,
actually, this is a rigid allosteric process. tMD is based on
traditional MD simulation to drive the coordinates of amino
acids toward their target coordinates by means of extra potential.
All TMD simulations were performed in the isothermal isobaric
(substance, pressure and temperature, NPT) ensemble using the
NAMD 2.8 software. The temperature was set to 310K and
kept constant during the simulation process using a Langevin
thermostat with a damping coefficient of 1.0 ps−1. The two whole
systems were first equilibrated for 0.5 ns and then conducted
for 1 ns. In Figure 4, the reaction coordinate is the projection

FIGURE 2 | (A,B) The aligned figures of tr_39 and IF_2009. The RMSD of tr_39 (black) and IF_2009 (gray, template: 3G5U, resolution: 3.8 Å) is 4.026 Å.
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FIGURE 3 | (A–E) Representative conformation sampling along the allosteric pathway. The lower snapshots are obtained by rotating the corresponding upper ones to
90◦ counterclockwise. The two lines, respectively, connect Cα atoms of the residues L413 and K536, E1059, and K1181 in two-nucleotide binding domain (NBD).

of the cumulative displacement v(n) = R(n) − R
(n)
A on the

original distance vector d(0), that is, x(n) =
d(0)·v(n)

|d(0)|
2 , with IF

and OF states representing the respective limits x(n) = 0 and
1. The energy peaks of the three methods are in the middle-
late term of allosteric transmission. Compared with tMD and
LI, tANM has the lowest energy consumption, the former two
simulations are spanned amuch taller energy barrier than tANM.
To further observe tANM, it is slower in initial or final stages
and faster before or after the transition state, which shows that
low-frequency slow motions dominated the allosteric process of
human P-gp in initial or final stages, then the participation of
high-frequency local motions makes it rising rapidly.

Changes of Distances Among Some
Critical Residues During Transitions
To study the allosteric details of human P-gp, we analyzed the
changes of distances among some critical residues during this
transition (Figure 5).

For TMDs, the residue pairs PA ASP87-PB ASP743, PA
TRP212-PB TRP855, and PA GLY324-PB LEU968 (located in
the extracellular loops EL1,4, EL2,5, and EL3,6, respectively),

are selected to indicate the movement of the periplasmic side.
For the middle part of TMDs, the selected residue pairs are
PA MET68-PB PHE728 and PA ASP188-PB SER831 located
in the drug-binding sites. The residue pairs PA TRP162-PB
TRP803 and PA ILE265-PB VAL908 (respectively, located in the
intracellular helix IH1,3 and IH2,4) are used to reflect the changes
in the cytoplasmic side (Figure 5B). For NBDs, mainly contain a
number of critical conserved sequence motifs involved in ATP
binding, namely walker A, walker B, and LSGGQ. So, the residue
pairs PA GLY430-PB GlY1178, PA GLY533-PB GLY1073, and PA
GLU556-PB GLU1201 are, respectively, selected to explain the
distance changes of NBDs.

From Figure 5A, for the periplasmic side, the distances (PA

ASP87-PB ASP743, PA TRP212-PB TRP855, and PA GLY324-PB

LEU968) remain nearly invariant at first and gradually increase

after the transition state, the periplasmic side is closed before the
transition state, it comes to open in the late period of the whole
transmission. Due to the elongation of a long helix structure
TM1, the distance between the two EL1 leads to the biggest
change in the later stage of a process. For the middle part,
the residue pair MET68-PHE728 next to the periplasmic side
interacts with the drug and the decrease of distance occursmainly
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FIGURE 4 | The allosteric energy comparison of different methods. X-axis is the reaction coordinate, that is, the projection of the cumulative displacement on the
original distance vector.

near the transition state, and as the TMDs open and drug release
in the late process, it slowly increases. The distance of residue
pair ASP188-SER831 decreases tardily at the beginning of the
allosteric pathway and becomes obvious when the transmission
nears the transition state, and because of TMDs open, it increases
a little after the transition state and tends to be stable at
the end of the pathway. The distances of residue pairs at the
cytoplasmic side (PA TRP162-PB TRP803 and PA ILE265-PB
VAL908) have an obvious decline trend before the transition
state, it corresponds to the closing motion of NBDs and becomes
stable in later stages.

Clearly, the closing speed of NBDs is more obvious than
that of the TMD cytoplasmic part and much faster than that
of the TMD middle part. These results imply that the allosteric
transitions may be driven by NBDs. A previous study also
indicates that the signals of conformational changes between the
two NBDs are transmitted through the NBD–TMD interface
to TMDs. When the two NBDs form dimers, an ATP-binding
pocket (ABP) is composed of a Walker A and a Walker B
with LSGGQ of another NBD. ATP molecules were sandwiched
between the two NBDs and formed the “ATP sandwich dimers.”
They are known as no. 1 and no. 2 ABP. The residue pairs PA
GLY430-PB GlY1178 and PAGLY533-PB GLY1073 (respectively,
located at no. 1 and no. 2 ABP) are closer to each other at
the beginning of the allostery, and the distance decreases fastly,
reaches consistently at the same time in the transition state, and
remains stable until the OF state. The change of NBDs mainly

occurs before the transition state, and the NBDs of the transition
state have been closed, so the distance is basically invariant in the
later stage. As to rise slowly of the distance before the transition
state, we think it is also related to the twisting motion of NBDs.
A specific discussion is given below.

Change of Relative Position Between NBDs
From the abovementioned analysis, in the allosteric process,
the NBDs of human P-gp are not only close but also twisted
(Figure 6). Here, we further analyzed a relative movement
between the NBDs.

In the tANM simulation, each α helix and β -fold of NBDs
basically remain unchanged, we selected the two lines to connect
the residue pairs PA L413-PB K536 and PB E1059-PB K1181
and to illustrate the relative movement between the two NBDs
(Figure 6). Figure 7 shows the allosteric degree change of acute
angle that is crossed of two lines. We assumed if NBDs only do
closing motion, the angle should be determined as invariable.
From the IF state to the OF state of human P-gp, the intersection
angle is closed to 0◦ and the two lines remain to be in parallel
relationship with each other at the initial of allosteric transitions,
due to the movement of NBDs, such as the relative position and
angle change, therefore the twisting motions of NBDs have been
involved at the initial of allosteric transitions. Then, the lines no
longer remain basically parallel, the cross-relationship becomes
obvious and the angle is also increasing. After the conformer of
the 91st angle increases faster, meanwhile it is the most obvious
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FIGURE 5 | Distance changes (A) of some critical residue pairs (B) along the reaction coordinate. x (n) = 0.73 (black) is the reaction coordinate of the transition state.
The color of lines in (B) is in correspondence to (A).

moment of the twisting motion of NBDs in the whole allosteric
transitions. The angle remains unchanged from the transition
state to the OF state. In general, the relative movement between

the NBDs results from a closing and twisting motion, and the
twisting motion continues in the whole period of closing NBDs.
From Figure 6, we also see that the relative movement makes

Frontiers in Medicine | www.frontiersin.org 8 February 2022 | Volume 9 | Article 81535594

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Li and Gong Allosteric Transitions of Human P-Glycoprotein

FIGURE 6 | A bottom-up view of human P-gp in different transition intermediates. The red lines represent the distance of residual pairs PA L413-PA K536 and PB
E1059-PB K1181 in NBDs. The green and orange, respectively, mark the Walker A and signature motifs in NBDs.

FIGURE 7 | The angle changes of the two lines of PA L413-PA K536 and PB E1059-PB K1181. Arrows represent conformation 91 and conformation 124, respectively.
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FIGURE 8 | Cross-correlations between the residues of P-gp in the initial (A) and final (B) stages of allosteric transitions. The TM helices TM1-6 and NBDs are labeled
out.
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NBDs form a closed dimer and two correct “ABP,” so the twisting
motion is indispensable in the transformation of human P-gp.

Coupling of the NBDs and TMDs
To explore the couplingmechanism between the different regions
of human P-gp, we computed the cross-correlations between
the residues of human P-gp according to Equations (7–9),
respectively, in the initial (Figure 8A) and final (Figure 8B)
stages of allosteric transitions. From Equations (7–9), the cross-
correlations are computed from the recruited low-frequency
eigenvectors obtained by ANM for the initial A and final B
states. These eigenvectors reflect that the inherent motion modes
are determined by the topological structure of the protein.
Therefore, the following results of the cross-correlation analyses
are closely related to the topological structures of human P-gp in
different states.

Figure 8A reflects the coupling inside TMDs, between the
NBDs, and between TMDs and NBDs in the initial stage. Overall,
PA and PB move in a symmetrical way. For TMDs, they form
two branches, with each branch consisting of helices TM1–3,
TM6 from one half, and TM4–5 from the other. It is natural that
the helices within one branch make strong positive correlations
with each other. The correlations are mainly negative between
the helices from different branches, which correspond to the
closing movements of cytoplasmic and middle parts of TMDs.
At the same time, because of the closing movements, both
NBDs evidently make strong negative correlations with each
other. For the coupling between TMDs and NBDs, it is observed
that PA IH1 and IH2 make strong positive correlations with
NBDs from PA and PB, respectively, which is consistent with
the structural feature that both helices are deeply located into
NBDs. In addition, the cytoplasmic parts of PA TM2, TM3
and TM4, TM5 influenced by IH1 and IH2, respectively, form
intense positive correlations too with NBDs from PA and PB,
respectively. However, their periplasmic parts, far away from IH1
and IH2, exhibit weak correlations with the correspondingNBDs.
These results suggest that TMDs and NBDs move in a coupled
way, and the helices IH1 and IH2 play an important mediating
role. Additionally, TMDs may not move.

Figure 8B reflects the residual coupling of human P-gp in
the final stage. Different from the initial stage, TMD helices
are rearranged, with TM3 and TM6 splitting away from one
branch to another, to adopt the OF conformation. In addition,
because of an expanding outward movement, the periplasmic
parts of TM1, TM2, and an extracellular loop EL1 make
negative correlations with TMDs and positive correlations
with NBDs. We could see that in Figure 8B TM1–2 makes a
positive correlation with TM3–6 because they are consistent
with their accumulations of the OF state. But, it is strange
that the correlation of intramembrane PA TM3–6 with PB
TM3–5 is positive, by comparing the conformers of the P-gp
pathway, we can see these residues are connected closely to
the intracellular helices IH1 and IH2, which may be related
to a coupling effect. Due to the formation of the OF state,

the intramembrane PB TM6 makes a negative correlation with
another bifurcate half, the periplasmic parts of PB TM6 and
NBD from PB exhibit a positive correlation with it. For NBDs,
the correlation results show a positive correlation of the part
of the RecA-like subdomain from PA with the part of the
helical subdomain from PB because the conserved sequence
motifs of them form the no. 1 ABP and are twisted together.
The residues of no. 2 ABP are the same as those of no. 1.
The other parts of NBDs still present a negative correlation,
which indicates that the motion of NBDs happens in the whole
conformational transition.

CONCLUSIONS

Human P-gp transports intracellular drugs to the outside of
cells, and the allosteric mechanism of human P-gp from IF
to OF states remains unclear. In this work, the tANM was
performed on the exporter human P-gp, we got a transition
pathway with the advantage in energy and verified its rationality
by using analysis. The results show that the allosteric transitions
start from the large-scale closing motion of NBDs that is
accompanied by a significant twisting movement between
them. The twisting motion becomes more obvious in close
to the transition state. The allosteric signal from NBDs is
transmitted to TMDs through the intracellular helices IH1
and IH2. The twisting motion between the NBDs plays an
important role in the packing rearrangement of TM helices,
and the opening of the TMDs to the extracellular side which
directly affects whether correctly form ABP. In addition, the
movements of TMDs have non-rigid-body properties. This
study revealed that the conformation transition of human
P-gp could be helpful for human P-gp inhibitors and an
understanding of the molecular mechanism of ABC exporters.
The conformational rearrangement of human P-gp has been
simulated from IF to OF states using targeted MD simulations
in the future.
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Background: Tissue biopsy is an integral part of the diagnostic approach to lung cancer.
It is however invasive and limited by heterogeneity. Liquid biopsies may complement
tissue testing by providing additional molecular information andmay be particularly helpful
in patients from whom obtaining sufficient tissue for genomic profiling is challenging.

Methods: Patients with suspected lung cancer (n = 71) were prospectively recruited.
Blood and diagnostic tissue samples were collected within 48 h of each other.
Plasma cell-free DNA (cfDNA) testing was done using an ultrasensitive amplicon-based
next-generation sequencing (NGS) panel (plasma NGS testing). For cases diagnosed
as non-small cell lung carcinoma (NSCLC) via histology or cytology, targeted testing for
epidermal growth factor receptor (EGFR) mutations was performed using tissue biopsy
samples (tissue EGFR testing), where available. Concordance of clinically actionable
mutations between methods and sample types was assessed.

Results: For confirmed NSCLC cases (n = 54), tissue EGFR test results were available
only for 70.3% (38/54) due to sample inadequacies, compared to blood samples for
98.1% (53/54) cases. Tissue EGFR testing identified sensitizing EGFR (L858R or exon 19
deletion) mutation in 31.6% (12/38) of cases. Plasma NGS identified clinically actionable
mutations in 37.7% (20/53) of cases, including EGFR mutations in two cases with no
tissue EGFR results, and mutations in KRAS, BRAF, and MET. The overall sensitivity of
sensitizing EGFR mutation detection by plasma NGS was 75% (9/12), and specificity
was 100% (25/25) in patients tested in both tissue EGFR and plasma NGS (n = 37). In
this cohort of patients, tissue EGFR testing alone informed clinical decisions in 22.2%
(12/54) of cases. Adding plasma NGS to tissue EGFR testing increased the detection
rate of actionable mutations to 42.6% (23/54), representing a 1.9-fold increase in clinically
relevant findings. The average turnaround time of plasma NGSwas shorter than standard
tissue testing (10 vs. 29.9 days, p < 0.05).
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Conclusions: In the first-line setting, plasma NGS was highly concordant with tissue
EGFR testing. Plasma NGS increases the detection of actionable findings with a shorter
time to results. This study outlines the clinical utility of complementary plasma mutation
profiling in the routine management of lung cancer patients.

Keywords: liquid biopsy and circulating tumor DNA, non-small cell lung cancer (NSCLC), plasma-first, next

generation sequencing, amplicon-based NGS, tumor heterogeneity, NGS panel testing

INTRODUCTION

Lung cancer is the most common cause of cancer death
worldwide and nonsmall cell lung cancer (NSCLC) accounts for
85% of all the lung cancers, making NSCLC a major cause of
mortality (1). The 5-year survival rate of lung cancer patients is
18.6% and for late-stage NSCLC the 5-year survival rate stands at
6% (2). The median age of diagnosis of NSCLC is 70 years of age

and about 40% of patients are diagnosed with lung cancer at a late
stage (2). Given the age profile and time-scarce outlook for the
average lung cancer patient, it is important to create diagnostic

tools that are fast, sensitive, and accessible by all patients, in
particular those of advanced age or cancer stage.

Major progress has been made in the treatment of advanced

NSCLC with the identification of specific driver mutations
and the development of targeted therapies (3, 4). Although
actionable mutations are found in only a subset of patients,
progression-free survival was shown to be significantly increased
in patients treated with targeted therapy compared to those
treated with chemotherapy (5). Molecular diagnostic testing
combined with molecular targeted agents directed against driver
mutations in EGFR, ALK, ROS1, BRAF, MET, RET, and most
recently KRAS has significantly improved the outcomes for
patients with advanced disease harboring these alterations (6,
7). The most recent National Comprehensive Cancer Network
(NCCN) guideline recommendations (Version 5.2021) for the
management of NSCLC now include testing for EGFR, BRAF,
ALK, ROS1, RET, KRAS, MET exon 14 skipping, and NTRK
in nonsquamous lung cancer, as part of broader molecular
profiling (8).

Tissue biopsy is the prevailing gold standard for the diagnosis
of NSCLC among patients suspected to have lung cancer, and
tumor testing is most commonly used for the determination
of guideline-recommended biomarkers. In about 15 to 40% of
NSCLC cases, comprehensive molecular testing is not feasible
due to insufficient tissue samples (9, 10). In the absence of
a comprehensive tissue test, a serial testing approach was
shown to be successful in only 5% of patients for all the
eight guideline-recommended biomarkers (11). Sampling a
single lesion may not capture the complete genomic landscape
due to molecular heterogeneity of tumors (12). The risk of
complications is another concern, rising to 61% with the use of
transthoracic needle biopsy, and the incidence of pneumothorax
also increases significantly in older patients with obstructive
lung disease (13). Another challenge is the time required
for guideline-complete tissue testing which can result in a
substantial number of patients initiating chemotherapy before

diagnostic results become available, with 19% of EGFR mutation
or ALK rearrangement positive patients initiating first-line
chemotherapy while awaiting their biomarker test results (10).

Liquid biopsies present an alternative approach to tissue-
based diagnostic testing, with the use of plasma cell-free
DNA (cfDNA) as the substrate for molecular profiling. Tumor
alterations identified through routine analysis of clinical tissue
samples are detected in cfDNA with a sensitivity of ∼80–90%
(14). Detection sensitivity is influenced by both anatomical sites
of disease and tumor burden which in turn correlates with overall
circulating tumor DNA (ctDNA) burden (15–17). A recent study
focused on the use of cfDNA for the diagnosis of NSCLC
found a pooled sensitivity of 68% via a systematic review (18).
Currently, the NCCN guidelines only endorse (1) a plasma-
first approach for testing for EGFR T790M in patients who
have developed resistance to first- or second-generation tyrosine
kinase inhibitors (TKIs), with tissue biopsy being recommended
in cases where plasma testing is negative (8), and (2) liquid
biopsy in specific clinical circumstances where the patient is
medically unfit for invasive tissue sampling or when tumor tissue
specimen is inadequate or unobtainable, following pathological
confirmation of diagnosis, with a follow-up tissue-based analysis
in cases where no oncogenic driver is identified in plasma
cfDNA (8). This is aligned with the latest recommendations
from the International Association for the Study of Lung Cancer
(IASLC) for liquid biopsy for NSCLC, where liquid biopsy is
recommended for cases where the tissue sample is unavailable
(“plasma first” approach), or in cases where tissue biopsy is
inadequate for conducting comprehensive tissue genotyping
(“complementary” approach) (19). Furthermore, according to
the IASLC recommendations, for cases with oncogene-addicted
NSCLC progressing after initial targeted therapy, a “plasma first”
approach should be considered standard of care (19).

Liquid and tissue biopsies each present their own strengths.
In this study, we hypothesize that plasma cfDNA testing using
a panel of target genes can complement standard molecular
testing using tissue biopsy for NSCLC patients. Here, standard
molecular tests encompass single target (e.g., EGFR) PCR-based
tests, which could require time-consuming serial tissue testing
depending on previous findings. For plasma cfDNA testing, next-
generation sequencing (NGS)-based approaches, if adequately
sensitive and comprehensive, have been shown to identify
actionable mutations in plasma cfDNA of advanced NSCLC
(20, 21). Therefore, rather than substituting tissue biopsies with
liquid biopsies, adding a concurrent plasma NGS test to tissue
testing would improve the detection of actionable mutations in
patients with NSCLC, improving prognostication in addition to
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choice and timeliness of treatment initiation. This may translate
to a “plasma-first” approach where getting a tissue sample is
rendered impractical or extremely difficult (19).

This study focuses on standard tissue testing for mutations in
the EGFR gene, which is mutated in 40–60% of Asian patients
and 10–20% of Caucasian patients with NSCLC (22). Specifically,
EGFR L858R and in-frame exon 19 deletions account for 50
and 40% of EGFR mutations, respectively, and are sensitizing
mutations as tumors harboring these mutations are sensitive to
EGFR TKIs (23). Molecular testing for alterations in multiple
genes such as EGFR, ALK, ROS1, RET, BRAF, ERRB2, MET exon
14, and NTRK1/2/3 have progressively entered the standard of
care over the last 10 years (24). Here, we aim to demonstrate
the clinical utility of an ultrasensitive, amplicon-based NGS tool
for plasma cfDNA testing alongside standard tissue testing in
patients suspected to have lung cancer, to widen the scope of
eligibility for treatment and reduce waiting time for molecular
test results.

METHODS

Study Design and Patients
Patients with suspected lung cancer (n = 71) were prospectively
enrolled for this study at the Department of Respiratory
Medicine, Changi General Hospital, Singapore between June
2015 and August 2018. Before diagnosis by histology, blood
samples for NGS-based plasma genotyping were collected during
the patient visit, followed by baseline tissue sampling by
bronchoscopy or effusion collection within 48 h. Patients were
subsequently diagnosed to have non-small cell lung carcinoma
(NSCLC), other cancers, or not cancer based on histology,
cytology, or microbiological testing. For NSCLC patients, the
standard of care targeted EGFR mutation tissue testing was
performed on tumor biopsy samples, where available, using the
Roche cobas R© EGFR Mutation Test or by Sanger sequencing
in a College of American Pathologists (CAP)-accredited clinical
laboratory, and results were available as clinical reports. For
all patients with blood available, targeted NGS plasma testing
was performed in a CAP-accredited clinical laboratory, to detect
tumormutations in cfDNA. Similar targetedNGS testing was also
performed in matched tissue samples, for cases with additional
tissue available. Basic patient characteristics, namely, age, gender,
and confirmed histological diagnosis were recorded as part of the
study. This study was approved by the institutional review board
of Changi General Hospital and is registered under clinical trial
number NCT04254497.

Plasma and Tissue NGS Genotyping
Peripheral blood was collected in ethylenediaminetetraacetic acid
(EDTA) tubes and blood was processed within 24 h of collection
to isolate plasma. Circulating nucleic acid was extracted from
plasma samples using the QIAamp Circulating Nucleic Acid
Kit (Qiagen) and cfDNA was used to perform an NGS assay
(LiquidHALLMARK R©) in a CAP-accredited clinical laboratory.
LiquidHALLMARK R© is a clinically validated, ultrasensitive, and
amplicon-based assay for the detection of single nucleotide
variants (SNVs), insertion-deletion mutations (indels), and copy

number alterations among 49 genes (at the time of this study)
(Supplementary Table 1) with sensitive detection at variant allele
frequencies above 0.1% for SNVs and indels. In this study,
clinically actionable mutations were defined as mutations in
EGFR, ERBB2, BRAF, KRAS, and MET (exon 14 skipping
and copy number gains) which are therapeutically targetable,
guideline-recommended biomarkers or emerging biomarkers
for the treatment of metastatic NSCLC (25). Tumor DNA
was extracted from remaining available tissue biopsy material
using the QIAamp DNA FFPE Tissue Kit (Qiagen) and was
also analyzed for panel-wide confirmation and concordance
of findings from plasma cfDNA, using the same platform
technology as LiquidHALLMARK R© (TissueHALLMARK R©).
The NGS assay did not examine fusions in ALK, RET, and ROS1
at the time of this study.

Data Analysis
Concordance analysis between routine molecular tissue testing
and plasma samples was focused on the presence of mutations
in EGFR as this is a routine molecular diagnostic test available
for patients with NSCLC, ordered by practicing oncologists.
Sensitivity and specificity analyses were performed taking tissue
EGFR test results as standard. Other actionable mutations (non-
EGFR) detected in BRAF, KRAS, ERBB2, and MET using
plasma NGS panel testing were recorded as additional actionable
findings, and any other mutations detected among the 49 genes
targeted in the NGS assay were recorded as other genomic
findings. The overall rate of detection of mutations in plasma
cfDNA NGS was analyzed. For panel-wide testing done on
matched plasma and tissue samples (where available), positive
and negative predictive agreement analysis was performed for all
actionable genomic findings. For NGS, variant allele frequencies
(VAFs) were analyzed and are defined as the proportions of
variant alleles relative to wild-type alleles. For patients with
concurrent plasma and tissue NGS tests, correlation analysis
of plasma and tissue variant allele frequencies (AFs) was
done using Spearman’s rank correlation. Fisher’s exact test was
used to determine associations between detection of actionable
mutations and average coverage, and disease stage for NSCLC.
All analyses were performed using RStudio V1.2.5033.

Clinical endpoints included test turnaround time (TAT),
measured in days from biopsy sampling to reporting of EGFR
molecular test results, or from blood sampling to reporting of
NGS results.

RESULTS

Patient and Sample Characteristics and
Test Results Accessibility
A total of 71 patients suspected to have lung cancer, based
on their diagnostic scans and symptomatology, were enrolled.
Patients were predominantly male (52/71, 73%) and the median
age of the patient group was 67 years (range 31–87). Based
on histology or cytology specimens, 54 patients (76.1%) were
subsequently confirmed to have NSCLC, seven (9.9%) were
diagnosed with having other cancers, and the remaining 10
(14.1%) did not have cancer, with diagnosis of tuberculosis,
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TABLE 1 | Baseline patient characteristics.

Characteristics No. (%)

Total 71 (100)

Sex

Female 19 (27)

Male 52 (73)

Median age, (range), years 67 (31–87)

Diagnosis †

NSCLC 54 (76)

adenocarcinoma 37 (52)

squamous cell carcinoma 6 (8.5)

large cell carcinoma 1 (1.4)

NOS 6 (8.5)

with neuroendocrine feature 1 (1.4)

lymphoepithelioma-like carcinoma 3 (4.2)

SCLC 4 (5.6)

Hepatocellular carcinoma 1 (1.4)

High-grade undifferentiated sarcoma 1 (1.4)

Ovarian cancer 1 (1.4)

Tuberculosis 3 (4.2)

Pneumonia 2 (2.8)

Inflammation 3 (4.2)

Undetermined, not cancer 2 (2.8)

†Diagnosis was determined by histology or cytology, before any tissue or plasma

molecular testing, but after blood collection.

NSCLC, non-small cell lung carcinoma; SCLC, small cell lung carcinoma; NOS, not

otherwise specified.

pneumonia or inflammation, or an undetermined noncancer
diagnosis (Table 1). Blood samples could be obtained for 99%
(70/71) patients before diagnostic biopsy sampling. Among
NSCLC cases, blood sample was not available for one patient,
resulting in an accessibility rate of 98.4% (53/54) for blood
samples. Plasma NGS testing was successful for 100% of blood
samples collected (70/70), and among 100% of NSCLC patients
with blood samples available (53/53). Volume of plasma available
ranged from 0.5 to 9ml (median, 5.5ml), and yield of cfDNA was
in the range of 10–350 ng per ml plasma (median, 19.24 ng per
ml plasma) (Supplementary Figure 1).

Patients with NSCLC (n = 54) were eligible for tissue
EGFR testing, however, tissue EGFR test results were available
only for 38 NSCLC patients, resulting in a significantly lower
tissue results accessibility rate of 70.4% (38/54), with 29.6%
of cases (16/54) having no EGFR test results from tissue
(Supplementary Figure 2). There were two primary reasons for
lack of tissue EGFR test results for NSCLC patients, namely,
failure to obtain adequate biopsy sample due to advanced age of
patients or aggressive disease in 37.5% of cases (6/16) and failure
to obtain informative EGFR test results from collected biopsies
for 62.5% of cases (10/16). Patient enrollment, testing workflow
and an overview of mutation findings are described in Figure 1.

Among NSCLC cases with successful tissue EGFR testing
using biopsy, an EGFR mutation was found in 31.6% of
cases (12/38), whereas an EGFR sensitizing mutation was

found in 20.7% of cases (11/53) that underwent plasma NGS
testing. Among NSCLC cases tested by plasma NGS that were
negative for EGFR sensitizing mutations, additional actionable
findings were made in nine of 42 cases (21.4%), and other
genomic findings (any other nonactionable mutations from
the 49 gene LiquidHALLMARK R© panel) were made in 42.8%
(18/42) cases. Of the seven cases subsequently diagnosed by
histology or cytology to have other non-NSCLC cancers, six
cases had ≥ 1 mutation identified by plasma NGS testing
(Supplementary Table 2). In nine of 10 patients with noncancer
diagnosis confirmed, no mutations were detected by plasma
NGS testing.

Diagnostic Yield From Tissue Biopsy and
Plasma
Diagnostic yield was compared for patients with NSCLC where
testing was possible with either standard tissue EGFR test with
concurrent plasma NGS testing, or with plasma NGS only,
as dictated by sample availability (Figure 2A). Of the NSCLC
cases with available tissue EGFR test results, 31.6% (12/38) were
positive for EGFR sensitizing mutations while the remaining
68.4% (26/38) had a negative EGFR mutation finding. Of these
38 cases, 37 cases were also tested by plasma NGS (blood was not
available for one case) with 24.3% (9/37) having a positive result
for EGFR sensitizing mutation and the remaining 75.7% (28/37)
having a negative EGFRmutation result (Figure 2B). Specifically,
among tissue EGFR-negative cases also tested by plasma NGS
(n = 25), plasma NGS did not identify any further EGFR
sensitizing mutations (for which FDA-approved therapies are
available) but did identify other clinically actionable mutations in
six cases, namely,MET exon 14 skipping (n= 1), BRAF p.V600E
(n= 1), BRAF p.K601E (n= 1),KRAS p,G12D (n= 2), and EGFR
exon 20 insertion (n= 1) (Figure 2B).

Importantly, where tissue EGFR testing results were lacking
and only plasma NGS was performed (n = 16), clinically
actionable mutations were detectable in five cases, namely,
sensitizing EGFR mutations p.E746_A750del (n = 1) and
p.L747_P753delinsS (n = 1), BRAF p.K601E (n = 1), KRAS
p.G12D (n= 1), andMET exon 14 skipping (n= 1) (Figure 2C).

The additional diagnostic yield from plasma NGS testing
for tissue EGFR-negative cases is therefore 24% (6/25), for
which other actionable mutations were detected. Among NSCLC
samples that totally failed to undergo tissue EGFR testing
(n= 16), plasmaNGS provided a diagnostic yield of 31.3% (5/16).
The total additional diagnostic yield by plasma NGS is therefore
26.8% (11/41).

In this cohort of 54 patients with NSCLC, irrespective of the
availability of tissue EGFR testing, a plasma NGS test on its own
would have provided clinically actionable mutation information
in up to 37% of cases (20/54). In contrast, standard tissue
EGFR testing (with limitations of tissue sampling and quality
and breadth of testing), accurately identified only 22.2% (12/54)
of cases with clinical actionability based on EGFR sensitizing
mutations. Performing both tissue and plasma testing resulted
in a diagnostic finding in 42.6% (23/54) of NSCLC cases,
considering only tissue EGFR test and plasma NGS test not
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FIGURE 1 | Patient enrollment and testing workflow. Flowchart showing the patient enrolment, diagnosis, sample availability, type of testing conducted, and mutation
findings. Gray-filled boxes indicate testing results from plasma next-generation sequencing (NGS) and red-outlined boxes are all clinically actionable findings made in
this study for non-small cell lung carcinoma (NSCLC) cases.

FIGURE 2 | Diagnostic yield from molecular testing of tissue and plasma samples for 54 patients with NSCLC. (A) Nearly all 38 patients with informative tissue EGFR
testing underwent plasma NGS testing (except one). An additional 16 patients had only plasma NGS testing done, due to inadequate tissue biopsy samples for
molecular testing or non-informative results from tissue testing. (B) Findings of EGFR sensitizing mutations and other actionable mutations in cases with both tissue
EGFR and plasma NGS results. Six other actionable mutations from plasma NGS testing included MET exon 14 skipping (n = 1), BRAF p.V600E (n = 1), BRAF
p.K601E (n = 1), KRAS p.G12D (n = 2), and EGFR exon 20 insertion (n = 1). (C) Clinically actionable findings in cases with only plasma NGS testing. Boxes outlined
in red indicate clinically actionable diagnostic yield from all testing modalities. EGFR, epidermal growth factor receptor; NGS, next-generation sequencing.
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FIGURE 3 | The spectrum of genomic alterations in NSCLC was detected by plasma NGS testing. Baseline plasma samples for 53 NSCLC cases were tested with
the 49-gene panel LiquidHALLMARK® assay. Cases with ≥1 alteration are presented (n = 38), 15 cases with no alteration detected were excluded from the
presentation. Genes with no alteration detected among all cases were also excluded from the presentation. Percentage (%) and number of cases carrying a mutation
in each gene are shown in the right-most columns.

including ALK, RET, ROS1 fusions among actionable targets,
which represents a 1.9-fold increase in the number of actionable
findings compared to tissue EGFR testing alone.

The spectrum of all the mutations (actionable and
nonactionable) detected by plasma NGS in 53 NSCLC cases
is shown in Figure 3. A total of 38 NSCLC cases (76%) had
≥ 1 alteration detectable, of which TP53 mutations were most
prevalent (60.5%), followed by mutations in clinically actionable
target genes, EGFR (31.6%), BRAF (13.2%), KRAS (10.5%), and
MET (7.9%).

Tissue and Plasma Concordance for EGFR
Mutations and Other Variants
To assess the performance of the plasma NGS test relative to the
standard tissue EGFR testing modality, samples with results from
both plasma NGS and tissue tests were compared. Among 12
cases positive for sensitizing EGFR mutations by standard EGFR
tissue testing, nine were found to have the same mutation in
plasma cfDNA, for a sensitivity of 75% (9/12) (Table 2). Out of 26
cases negative for sensitizing EGFR mutations in tissue, 25 cases
were tested by plasma NGS, and concordantly none were found
to have any EGFR mutations [except for one case with an EGFR
exon 20 insertion (EGFR p.A763_Y764insFQQA)] resulting in
a specificity of 100% (25/25). The overall concordance of EGFR

sensitizing mutations commonly included in the range of PCR-
based EGFR testing and plasma NGS was 91.9% (34/37). The
range of EGFR VAFs detected by plasma NGS was 0.057–
80.3%, with a median AF of 0.98%, with 7 EGFR exon19
deletions and 2 L858R mutations (Table 3). As the detection
sensitivity of NGS assays is a function of the depth of coverage
achieved, which, in turn, is a function of input DNA amount,
we looked at the distribution of depth of coverage across the
samples for which EGFR mutations were expected to be found
in plasma based on tissue results. For three samples in which
corresponding EGFR mutations were not detected in plasma,
the average consensus coverage (X) was 6,524X, 8,068X, and
14,565X, respectively (Table 3), which did not correspond to
the lowest coverage among these samples. In fact, two cases
with coverage of 4,538X and 4,830X, respectively, had detectable
mutations at variant allele frequencies of 0.057 and 9.44% for
EGFR p.E746_A750del (exon 19 deletion), suggesting a biological
(such as low tumor shedding into circulation) rather than
a technical reason for discordance. Considering all NSCLC
samples tested by plasma NGS (n = 53), the median consensus
coverage was 8183x. Among samples with coverage lower than
the median coverage (n = 26), nine samples had no mutations
detected by plasma NGS, and among samples with coverage
greater than or equal to the median coverage (n = 27), six
samples had no mutations detected by plasma NGS (p = 0.2238,
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TABLE 2 | Concordance analysis of EGFR mutation detection by targeted tissue EGFR testing and plasma NGS for 37 NSCLC cases.

Tissue EGFR testing (Sanger or targeted PCR)

Positive Negative Total

Plasma NGS Positive 9 0† 9 Sensitivity: 75% (95% CI: 42.8–94.5%)
Specificity: 100% (95% CI: 86.3% to 100.0%)
Accuracy: 91.9% (95% CI: 78.1% to 98.3%)

Negative 3 25 28

Sensitivity of plasma NGS for EGFR detection relative to tissue EGFR testing was 75% (9/12) and specificity was 100% (25/25), for an overall concordance of 91.9% (34/37).
†One case in plasma NGS was found to have EGFR p.A763_Y764insFQQA, an exon 20 insertion mutation, which is not part of the assay used in routine PCR-based tissue EGFR

testing, and is not included in the count.

TABLE 3 | Depth of coverage by plasma NGS and detection of EGFR mutation and mutation allele frequency (AF %).

Tissue EGFR test Plasma NGS test

Case EGFR Mutation Method Average consensus coverage (X) EGFR Mutation (HGVSp) AF (%)

1 Exon19del Sanger 9496.7 p.E746_A750del 0.33

2 Exon19del Roche PCR 4830.58 p.E746_A750del 9.44

3 Exon19del Roche PCR 14854.77 p.E746_A750del 7.15

4 Exon19del Sanger 11864.58 p.E746_S752delinsV 50.7

5 Exon19del Roche PCR 6524.41 - ND

6 p.E746_T751delinsA Sanger 12254.13 p.E746_T751delinsA 80.3

7 p.L858R Roche PCR 13842.24 p.L858R 1.51

8 Exon19del Sanger 8068.15 - ND

9 p.L858R Sanger 14565.16 - ND

p.E709K - ND

10 p.L747_A750delinsP Sanger 7420.09 p.L747_A750delinsP 0.98

11 p.L858R Roche PCR 10417.81 p.L858R 0.86

p.S768I p.S768I 0.25

12 Exon19del unspecified Roche PCR 5722.85 p.E746_A750del 0.73

ND, not detected.

TABLE 4 | Panel-wide concordance of actionable mutations in 24 NSCLC cases that underwent both the tissue and plasma NGS testing.

Tissue NGS

Positive Negative Total

Plasma NGS Positive 9 2 11 PPA: 75.0% (95% CI: 42.8 to 94.5%)
NPA: 83.3% (95% CI: 51.6 to 97.9%)
OPA: 79.2% (95% CI: 57.9 to 92.9%)

Negative 3 10 13

PPA, positive percent agreement; NPA, negative percent agreement; OPA, overall percent agreement.

Fisher’s exact test), suggesting that coverage was not the
main determining factor for detection of variants among these
samples (Supplementary Figure 3).

Beyond EGFR, panel-wide concordance of mutation findings
in tissue biopsy samples and plasma was studied by performing
tissue NGS using the same panel (TissueHALLMARK R©) on a
subset of samples for which tissue samples from the original
biopsy were available. A total of 24 patients with NSCLC had
both the plasma NGS and tissue NGS results available, of
which 14 (58.3%) cases had a therapeutically relevant target
detected, either by plasma or tissue NGS or by both methods.
The positive predictive agreement (PPA) between plasma and
tissue NGS was 75.0% and the negative predictive agreement
(NPA) was 83.3%, for an overall predictive agreement (OPA) of
79.2% (Table 4). There was a correlation between the plasma

TABLE 5 | Cancer stage-dependence of detection of actionable mutations in
plasma.

Stage

2B-3B 4-4B

Actionable mutation Detected 0 9

Not detected 6 11

Fisher’s exact test, p-value = 0.0632.

and tissue mutation AF among actionable mutations detected
(ρ = 0.5503, p = 0.0221) (Supplementary Figure 4). It was
observed that for cases in which tissue mutation was not
detected in plasma, the AF was low in the tissue sample,
below 10% AF. Conversely, two mutations identified only
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TABLE 6 | Clinically actionable mutations detected in stage 4-4B cases and their concordance of detection with tissue EGFR tests.

Stage Mutation (HGVSp) AF (%) Concordant with tissue EGFR

4B EGFR p.E746_A750del 7.15 Yes

4 EGFR p.E746_A750del 0.73 Yes

4 KRAS p.G12D 12.36 NA

4 EGFR p.L747_A750delinsP 0.98 Yes

4 BRAF p.K601E 12.45 NA

4 KRAS p.G12D 27.17 NA

4 EGFR p.E746_A750del 0.33 Yes

4 EGFR p.E746_S752delinsV 50.7 Yes

4 KRAS p.G12D 3.32 NA

NA, not applicable as not tested by tissue EGFR.

in plasma were characterized by very low AF −0.04 and
0.3% (Supplementary Figure 4). To account for the discordant
mutations, the extent of clinical disease was examined by
comparing tumor stage information, which was available only
for 49% of NSCLC cases in this study that underwent plasma
NGS (26/53). Actionable mutations were detected in plasma for
0% (0/6) cases with disease stage 2B-3B, including one tissue-
discordant EGFR sensitizing mutation (Table 5). In contrast, for
cases with disease stage 4 or 4B (n = 20), an actionable mutation
was detected in 45% (9/20) cases, including five tissue concordant
EGFR sensitizing mutations (Stage 2B-3B vs. Stage 4-4B: Fisher’s
exact test, p= 0.0632) (Tables 5, 6).

Plasma NGS for Non-NSCLC Cancers and
Noncancer Samples
As described in Figure 1, plasma samples from patients initially
suspected to have lung cancer, but later confirmed to have either
other cancers (n = 7) or a noncancer diagnosis (n = 10),
were also tested by NGS. The specificity of detection of
cancer-specific mutations by plasma NGS was demonstrated
by the detection of a mutation in 85% (6/7) of other cancer
cases, including pathogenic TP53 mutations in 71% (5/7)
of cases (Supplementary Table 2). Importantly, among plasma
from 10 noncancer cases, only one case harbored an ALK
frameshift mutation of uncertain significance, which was also
present in a pleural effusion sample from the same case
(data not shown). This demonstrates that mutation detection
by plasma NGS is reliable and specific to the presence
of cancer.

Plasma NGS TAT
Plasma NGS was successfully performed in 53 patients with
NSCLC and 17 patients with non-NSCLC with suspected lung
cancer with an average TAT of 10 days from the time of
blood draw to the time of receipt of the report. In contrast,
the average TAT for tissue NGS for 38 patients with standard
EGFR testing with tissue was 29.9 days (p < 0.05), with the
longest duration between biopsy collection and receipt being
48 days.

DISCUSSION

In this single-center prospective study, we assessed the clinical
utility of adding plasma NGS testing to the diagnostic workflow
for suspected lung cancer and molecular testing workflow for
diagnosed NSCLC. This approach may be labeled as “plasma-
first” for cases with no tissue sample available for testing, or
complementary where both tumor and plasma sample may be
tested for comprehensive target coverage, or where there is
uncertainty about the adequacy of a tissue sample for molecular
testing (19). Plasma NGS demonstrated significantly higher
sample accessibility levels, lower average reporting time, and
matched specificity and accuracy when compared to standard
tissue EGFR testing. Importantly, a range of additional actionable
mutations from guideline-recommended biomarkers was found
by plasma NGS, potentially enabling an appropriate targeted
treatment option, even in the absence of a tissue test result.

The invasive nature of tissue biopsy makes routine diagnostic
EGFR profiling unfeasible for patients with late-stage NSCLC
and those of advanced age. In this study, only 70.3% (38/54)
of diagnosed patients with NSCLC had informative results from
tissue EGFR testing. On the other hand, the blood sample was
collected for 99% of all the patients recruited in this prospective
study (70/71), including 98.4% (53/54) of patients with NSCLC.
We show the clinical value of a plasma NGS test was an average
26.8% additional diagnostic yield over tissue EGFR testing, from
the combined contribution of (1) additional actionablemutations
in six of 25 tissue EGFR-negative cases and (2) detection of five
actionable mutations, including 2 EGFR sensitizing mutations, in
16 cases that had no results from tissue EGFR testing.

Among all the patients with NSCLC, adding plasma NGS to
tissue EGFR testing resulted in the detection of a therapeutically
actionable mutation in 43.6% (23/54) cases, whereas if only tissue
EGFR testing had been done, only 22.2% (12/54) cases would
have had a clinical actionable finding. This represents a 1.9-
fold increase in the number of actionable mutations detected in
this study by adding plasma NGS testing, including two EGFR
mutations in two cases that failed standard tissue EGFR testing.
This is consistent with past studies in larger real-world NSCLC
cohorts, where the addition of comprehensive liquid biopsy
to targeted tissue testing increased the number of targetable
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mutations up to as much as 65% (17, 26). This makes plasma
NGS an especially important diagnostic tool when tissue biopsy
is scant or not available.

The routine implementation of a complementary plasma
or even “plasma-first” testing approach in healthcare settings
significantly reduces reporting time and can enable patients
to begin targeted therapy earlier. Tissue EGFR results took an
average of 29.9 days to report, while plasma NGS took an
average of 10 days to report. In this study, for 37% (20/54) of
NSCLC cases, a treatment decision could have been made as
soon as the plasma NGS results became available. This trend of
a lower turnaround time with plasma NGS tests has been widely
supported by other studies (27, 28). The length of time between
the scheduling of the tissue biopsy and the procedure itself can
vary widely and can add many weeks to an already long wait for
a diagnosis. In contrast, in-clinic, same-day blood collection for
plasma NGS can be quickly and conveniently performed.

The high specificity of diagnostics is key to ensuring that
false-positive findings do not result in incorrect treatment, which
can be harmful to patients and increases the financial burden
of healthcare. The specificity of plasma NGS compared with
PCR-based tissue EGFR testing in this study was 100%. This
finding provides supporting evidence that positive identification
of an actionable mutation by plasma NGS is sufficient evidence
to initiate targeted treatments without needing additional
confirmation from tissue testing (26), reducing the duration
from clinical consultation to the start of the treatment
program. In this study, tissue EGFR results would have
yielded additional findings in 5.56% (3/54) of cases, for
which plasma NGS did not find the EGFR mutation present
in the tumor, supporting the complementary plasma testing
would be the most informative approach for the NSCLC
patient population.

Plasma NGS reported a sensitivity of 75% when compared
to routine Sanger or targeted PCR, which suggests that negative
results require further investigation to rule out the possibility of
false negatives. Levels of circulating tumor DNA (ctDNA) are
highly varied between patients, likely because ctDNA levels can
vary based on the rate of turnover, perfusion, and vascularization
of the tumor, and are influenced by the cancer stage (29). In
this study, a disease stage-dependence was observed for both
EGFRmutation concordance and detection rate of any actionable
mutation, with 45% (9/20) of cases with stage 4 or 4B vs. 0% (0/6)
of cases with stage 2B-3B having an actionable mutation detected.
Further, there was a correlation between the tumor AF and
plasma AF of mutations for cases where both plasma and tissue
NGS were performed, suggesting ctDNA burden is a function
of the actual tumor size and spread. This is in alignment with
another study where patients with liver metastases had higher
plasma-tissue concordance for actionable mutations compared
to those with M1a disease (17), and with a study in which
patients with intrathoracic metastases alone were less likely to
have detectable ctDNA (30). It has been suggested that the disease
stage could serve as a decisionmetric to decide the order in which
plasma or tissue testing is requested, to maximize detection of
actionable mutations detection without unnecessarily prolonging
the time to result.

As an attestation of the specificity and broad applicability of
plasma NGS for cancer diagnostics, we also show that among
other suspected lung cancer patients eventually diagnosed to not
have cancer, only one case (out of 10) had a detectable mutation
(of uncertain significance), while six of seven cases diagnosed as
having other non-NSCLC cancers had TP53 mutations or other
cancer-related mutations detected. Based on these results, a role
for plasma NGS testing in preliminary cancer diagnosis could
be envisioned.

This study has limitations in that the standard diagnostic
test comparison was limited to EGFR mutations, and actionable
fusions in ALK, ROS1, RET, and NTRK were not considered
as they were not measured at the time of this study. Including
actionable fusions in concurrent tissue and plasma, NGS tests
will likely result in a similar fractional increase in actionability.
Another limitation was that disease stage information was only
available for a subset of patients, limiting the stage-specific
analysis for plasma-tissue concordance. Furthermore, the study
was conducted in a small cohort of prospectively recruited
patients and no information on treatment decisions and clinical
outcomes was recorded, which would have enabled the real-
world clinical utility of the complementary or “plasma-first”
approach to be quantified in a prospective setting. Finally,
longitudinal monitoring of the efficacy of plasma NGS on this
patient cohort was not captured in this study. However, the
non-invasive nature and sensitive detection ability of plasma
NGS make it a suitable tool for the determination of resistance
mutations earlier and with greater accessibility than would be
possible with an initial biopsy or rebiopsy.

This study demonstrates that integrating plasma NGS with
tissue testing increases actionable yield over conventional
diagnostic approaches for NSCLC by allowing more patients to
achieve comprehensive biomarker profiling. Plasma NGS allows
for quick and non-invasive molecular profiling that can rapidly
guide treatment decisions and complement routine tissue testing
or tissue NGS or could be a viable first-line alternative when
tissue biopsy is not feasible.
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Endometrial cancer (EC) is one of the most common gynecological malignancies

in women, accompanied by the increasing incidence and decreasing age of onset.

Pyroptosis plays an important role in the occurrence and development of malignant

tumors. However, the relationship between pyroptosis-related genes and tumor

prognosis remains unclear. In this study, analyzing the expression levels and survival data

of 33 pyroptosis-related genes in the Cancer Genome Atlas (TCGA) between normal

samples and tumor samples, we obtained six pyroptosis-related prognostic differentially

expressed genes (DEGs). Then, through the least absolute shrinkage and selection

operator (LASSO) regression analysis, a gene signature composed of six genes (GPX4,

GSDMD, GSDME, IL6, NOD2 and PYCARD) was constructed and divided patients into

high- and low-risk groups. Subsequently, Kaplan-Meier (KM) plot, receiver operating

characteristic (ROC) curve and principal component analysis (PCA) in two cohorts

demonstrated that the gene signature was an efficient independent prognostic indicator.

The enrichment analysis and immune infiltration analysis indicated that the high-risk

group generally has lower immune infiltrating cells and less active immune function. In

short, we constructed and validated a pyroptosis-related gene signature to predict the

prognosis of EC, which is correlated to immune infiltration and proposed to help the

precise diagnosis and therapy of EC.

Keywords: endometrial cancer, pyroptosis, gene signature, prognosis, immune infiltration

INTRODUCTION

Endometrial cancer (EC) is one of the most common gynecological malignancies in women. In
2020, there were 417,367 new cases and 97,370 new deaths worldwide (1). In recent years, the
number of new cases is increasing while its onset age is gradually decreasing (2). The prognostic
outcomes of EC patients in different stages are obviously different. Early-stage EC patients generally
have a good prognosis, while advanced, metastatic or recurrent EC patients usually have a poor
prognosis (3–5). Therefore, EC patients should be detected as soon as possible to improve their
prognosis. The most common clinical symptom of EC is postmenopausal vaginal bleeding (PMB).
However, this symptom is not specific because only 9% of women with PMB are diagnosed
as EC (6). Cytology and transvaginal ultrasonography are most commonly used to screen EC,
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but they also lack specificity unfortunately (7). Therefore, it is
particularly important to screen high-efficiency biomarkers or
risk model to improve the prognosis of EC patients.

Pyroptosis is an atypical form of inflammatory programmed
cell death mediated by caspase family proteins. It can be triggered
by infections, malignant tumors and other pathological factors.
The characteristic of pyroptosis is the rapid rupture of the
cell membrane and the release of pro-inflammatory substances
in the cell (8–10). The three pathways of pyroptosis are the
classic pathway that depends on caspase-1 (11, 12), the non-
classical pathway that depends on caspase-4/5/11 (13, 14), and
the special pathway that depends on caspase-3 (15). In addition,
the Gasdermin family proteins are known as the “executioners”
of pyroptosis. They are the most important proteins that affect
pyroptosis, especially Gasdermin D (GSDMD) and Gasdermin E
(GSMDE) (9, 10, 16).

The occurrence and development of malignant tumors is an
extremely complex biological process, and studies have shown
pyroptosis plays a certain role in it (17–19). On one hand,
promoting pyroptosis of tumor cells can effectively inhibit the
occurrence and progression of tumors and enhance the effect of
anti-tumor treatment (9, 20); on the other hand, pyroptosis can
form amicroenvironment suitable for tumor cell growth, thereby
promoting tumor growth (21, 22). Recent studies demonstrated
that pyroptosis is closely related to proliferation, invasion and
metastasis of tumor cells, and can affect the therapeutic effect
of chemotherapy (12, 15, 19, 23–25). A recent study found that
hydrogen inhibits the growth of EC through the pyroptosis
pathway mediated by ROS/NLRP3/caspase-1/GSDMD, revealing
the close relationship between pyroptosis and EC (12). However,
there is still no relevant research to clarify the prognostic value of
the gene signature related to pyroptosis in EC.

Accordingly, in this study, we aim to establish a novel gene
signature for predicting the prognosis of EC by mining data
from the Cancer Genome Atlas (TCGA). The overall design
and technical roadmap of the study are shown in Figure 1.
To this end, we intend to analyze the mRNA expression data
and clinical information of EC patients in TCGA, and identify
the prognostic differentially expressed genes (DEGs) related to
pyroptosis. Then, a pyroptosis-related gene signature will be
established through the least absolute shrinkage and selection
operator (LASSO) regression analysis from the training set, and
its prediction performance will be further verified through the
validation set. After that, we plan to perform enrichment analysis
and immune infiltration analysis on DEGs of the high- and low-
risk groups. In addition, we propose to verify mRNA and protein
expression of the pyroptosis-related prognostic DEGs in the gene
signature. All in all, we hope to successfully establish a gene
signature related to pyroptosis, which may help the diagnosis and
treatment of EC.

MATERIALS AND METHODS

Data Collection
The mRNA expression profiles and corresponding clinical
information of 23 normal samples and 552 EC samples were
downloaded from the TCGA database (https://portal.gdc.cancer.

gov/). After deleting deletions and duplications, the “sample”
function in R was used to randomly divide the remaining 539
EC patient samples into the TCGA training set (n = 287) and
the TCGA validation set (n = 252) in equal proportions. In
addition, 33 genes related to pyroptosis were collected from
previous studies and were listed in Supplementary Table S1 (26).

Identification of Pyroptosis-Related
Prognostic DEGs
Firstly, using the false discovery rate (FDR) < 0.05 as the
standard, we used the “limma” R package to perform mRNA
differential expression analysis on EC samples and normal
samples in the TCGA cohort to obtain pyroptosis-related DEGs.
Then, taking p < 0.05 as the critical value standard for genes
with prognostic value, we performed univariate Cox regression
analysis on the overall survival (OS) of these 33 genes to obtain
prognostic genes. Subsequently, the pyroptosis-related DEGs and
prognostic genes were intersected to acquire the pyroptosis-
related prognostic DEGs for further analysis. In order to show
the differential expression level of DEGs between tumor samples
and normal samples more intuitively, we adopted the “heatmap”
R package to draw a heatmap. Furthermore, we utilized the
STRING online tool (http://string-db.org/) to perform protein-
protein interaction (PPI) analysis to further understand the
relationship between pyroptosis-related prognostic DEGs.

Construction and Validation of
Pyroptosis-Related Gene Signature
After obtaining the prognostic genes related to pyroptosis, we
applied the “glmnet” R package to construct the prognosticmodel
of pyroptosis-related genes through LASSO regression analysis.
Then, the risk score was calculated through the following
formula: risk score =

∑n
i Xi× Yi (X: coefficient value of each

gene, Y: expression level of each gene). According to the median
value of the risk score, the patients were further divided into high-
and low-risk groups. Kaplan-Meier (KM) curve and receiver
operating characteristic (ROC) curve were drawn using the
“survival” and “timeROC” R packages to evaluate the predictive
efficiency of pyroptosis-associated gene signature. Further, we
employed the “Rtsne” R package to perform principal component
analysis (PCA) analysis on this model to visually demonstrate its
predictive performance. Separately, we also carried out univariate
and multivariate Cox regression analysis for further verification.

Enrichment Analysis and Immune
Infiltration Analysis
We divided the EC patients into high- and low-risk groups
based on the median value of the risk score. Then, with
|log2FC| ≥ 1 and FDR < 0.05 as the specific criteria, we
utilized the “limma” R package to filter out the DEGs between
the high- and low-risk groups. Then, we further applied the
“clusterProfiler” R package to perform Gene Ontology (GO)
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis on these genes. In addition, we
made use of the “gsva” package to perform single sample gene set
enrichment analysis (ssGSEA) to calculate the scores of immune
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FIGURE 1 | The overall design and technical roadmap of the study.
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FIGURE 2 | Identification of pyroptosis-related prognostic DEGs in EC and construction of the gene signature. (A) The heatmap of 25 pyroptosis-related DEGs.

(B) Venn diagram between pyroptosis-related DEGs and prognostic genes. (C) The heatmap of six pyroptosis-related prognostic DEGs. (D) The PPI network of

pyroptosis-related prognostic DEGs. (E) The correlation network between pyroptosis-related prognostic DEGs. (F) The minimum criteria and (G) coefficients were

calculated by LASSO Cox regression analysis to construct the gene signature.

infiltrating cells and immune function in the TCGA training set
and validation set. Hereafter, we utilized the “limma” package to
analyze the difference of the scores between the two groups.

Verification of mRNA and Protein
Expression of Six Genes in the Gene
Signature
The mRNA expression levels and partial representative protein
expression levels of various genes in tumor samples and normal

samples resourced from the UALCAN database (http://ualcan.
path.uab.edu/) (27) and The Human Protein Atlas database
(https:/ /www.proteinatlas.org/) (28, 29). Moreover, the genetic
alteration data of the six genes in the risk model was derived from
the cBioPortal database (https://www.cbioportal.org/) (30, 31).

Statistical Analysis
TheWilcoxon test was adopted to compare themRNA expression
levels between normal samples and EC samples. The KM curve
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of the two-sided log-rank test was used to compare the OS of
patients between the high- and low-risk groups. In order to
evaluate the predictive power of the risk model, we performed
univariate and multivariate Cox regression analysis with hazard
ratio (HR) and 95% confidence interval (95% CI). In addition,
the Mann-Whitney U test was utilized to compare the scores of
immune infiltrating cells and immune function in EC patients
between high- and low-risk groups. All statistical analysis in this
study were performed using R programming (v.1.4.1717). Unless
otherwise specified, p < 0.05 is considered to be a statistically
significant standard.

RESULTS

Identification of Pyroptosis-Related
Prognostic DEGs
Analyzing the expression levels of 33 genes related to pyroptosis
in 23 normal samples and 552 EC samples in the TCGA database,
we obtained 25 DEGs (p < 0.05, Supplementary Table S2). We
can speculate that pyroptosis is related to the occurrence and
development of EC, because the expression of most pyroptosis-
related genes between normal samples and EC samples had
statistically significant differences. The heatmap showed the
expression levels of these genes (Figure 2A). Simultaneously, we
performed univariate Cox regression analysis on 33 genes related
to pyroptosis, and obtained six prognostic genes correlated to
OS. By taking the intersection of DEGs and prognostic genes,
we identified six pyroptosis-related prognostic DEGs, namely
GPX4, GSDMD, GSDME, IL6, NOD2 and PYCARD (Figure 2B).
Through the heatmap, we clearly found that GSDME and
IL6 were downregulated in tumors while other four genes
were upregulated (Figure 2C). In order to further explore the
interaction of these prognostic DEGs related to pyroptosis, we
conducted PPI analysis and correlation analysis, and the results
were shown in Figures 2D,E, respectively.

Construction of Pyroptosis-Related Gene
Signature in the TCGA Training Set
In the TCGA train set, by performing LASSO regression analysis
on the above six DEGs, we constructed a pyroptosis-related
gene signature according to the optimal λ value (Figures 2F,G).
Their respective coefficient values in this model were listed in
Table 1, and the corresponding risk score formula was as follows:
Risk score = 0.592 × expression value of GSDME+0.150 ×

expression value of IL6-0.256 × expression value of GPX4-0.339
× expression value of GSDMD-0.556 × expression value of
NOD2-0.080 × expression value of PYCARD. We could result
from the KM curve that the survival probability of the high-risk
group was significantly lower than that of the low-risk group
(p < 0.001, Figure 3A). To assess the sensitivity and specificity
of the risk model, the ROC curve was carried out and the area
under the curve (AUC) for 3, 5, and 7 years was 0.704, 0.699,
and 0.752, respectively (Figure 3B). Based on the median value
of the risk score, 143 samples were assigned in the high-risk
group, while 144 cases were in the low-risk group (Figure 3C). As
the risk score increased, the survival time of patients decreased

TABLE 1 | Six pyroptosis-associated genes and their coefficient value.

Pyroptosis-related gene Coefficient

GPX4 −0.255997727

GSDMD −0.339115084

GSDME 0.592195278

IL6 0.150410938

NOD2 −0.555903226

PYCARD −0.080129248

and the number of deaths increased (Figure 3D). Separately,
PCA analysis demonstrated that the two groups of patients
with high and low risk could be well distributed in the two
clusters (Figure 3E). Univariate and multivariate Cox regression
analysis were employed to determine whether the risk score in the
gene signature could be adopted as an independent prognostic
factor. The results instructed that whether it is univariate or
multivariate Cox regression analysis, the risk score was a qualified
independent prognostic indicator (p < 0.001). The results of
univariate analysis were HR= 2.836 and 95% CI= 1.807∼4.450,
while the details of multivariate analysis were HR = 2.230 and
95% CI = 1.404∼3.543 (Figures 3F,G). Moreover, we found that
the risk score was significantly correlated with grade (p< 0.0001),
vital status (p= 0.0009) and survival time (p= 0.0151) (Table 2).

Validation of the Gene Signature in the
TCGA Validation Set
In the TCGA validation set, 134 patients were included in the
high-risk group, while the other 118 patients were assigned to
the low-risk group (Figure 4A). It is obviously that the higher
the risk score, the higher the patient’s probability of death
and the lower the patient’s survival time (Figure 4B). The KM
plot revealed significant statistical differences in the survival
probability of the high- and low-risk groups, and the high-risk
group had a lower survival probability (p < 0.01, Figure 4C).
ROC curves (AUC for 3, 5, and 7 years are 0.634, 0.648, and
0.706, respectively) further reflected the stable sensitivity and
specificity of the prognostic model (Figure 4D). Likewise, the
results of PCA analysis showed that the high- and low-risk groups
of patients could still be well distributed in the two clusters in
the TCGA validation set, reflecting the stability of the risk model
(Figure 4E). In addition, using correlation analysis, we found
that the risk score in the TCGA validation set was significantly
correlated with grade (p< 0.0001) and survival time (p= 0.0480)
(Table 2).

Enrichment Analysis of DEGs in Two Risk
Groups
We first divided the EC patients in the TCGA training set into
high- and low-risk group, and obtained 488 DEGs between
the two different risk groups through differential expression
analysis (Supplementary Table S3). Then, GO enrichment
analysis was performed to explore the biological functions
of DEGs in two risk groups. The results demonstrated that
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FIGURE 3 | Predictive ability of the gene signature in the TCGA training set. (A) KM plot for EC patients in the high- and low-risk groups. (B) The ROC curve of the

gene signature. (C) Distribution of risk scores for EC patients. (D) Distribution of survival time with different risk scores. (E) PCA analysis for EC patients. (F,G)

Univariate and multivariate Cox regression analysis of OS.

the top five significantly enriched biological progresses were
immunoglobulin complex, complementary activation (classical
pathway), humoral immune response mediated by circulating
immunoglobulin, complement activation and immunoglobulin
mediated immune response (Figure 5A). Besides, KEGG
pathway enrichment analysis indicated DEGs-related pathways
were mainly significantly enriched in cytokine-cytokine receptor
interaction, hematopoietic cell lineage and cell adhesion
molecules (Figure 5C). Hereafter, we performed the same
analysis on the TCGA validation set and got 463 DEGs
(Supplementary Table S4). The GO analysis results in the
validation set were similar to the training set (Figure 5B),
while the KEGG analysis of validation set showed that these

DEGs were mainly enriched in IL-17 signaling pathway,
pathogenic Escherichia coli infection, and protein digestion and
absorption (Figure 5D).

Comparison of Immune Cells and Immune
Function of EC Patients in High- and
Low-Risk Groups
Using ssGSEA, we further compared the enrichment scores
of immune cells and immune function of EC patients in
two groups on the basis of the above enrichment analysis.
Comprehensive analysis of the results in the TCGA training
set and the TCGA validation set, compared with the low-
risk group, the high-risk group generally has lower immune
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infiltrating cells, especially Dendritic cells (DCs), T helper
cells and tumor-infiltrating lymphocytes (TIL) (Figures 6A,C).
Similarly, patients in the high-risk group have less active

TABLE 2 | Correlation between risk score and clinical variables of patients

with EC.

Clinical TCGA training cohort p-value TCGA test cohort p-value

variables Total Risk score Total Risk score

(n=287) High Low (n=252) High Low

Age (years)

≤ 60 104 48 56 102 51 51

> 60 182 95 87 149 83 66

Unknown 1 0 1 0.3246 1 0 1 0.3125

Grade

Low (G1 & G2) 121 45 76 96 34 62

High (G3 & G4) 166 98 68 <0.0001**** 156 100 56 <0.0001****

Vital status

Alive 242 112 130 210 104 106

Dead 45 31 14 0.0009*** 42 30 12 0.0615

Survival time (years)

≤ 3 184 97 87 146 88 58

> 3 103 46 57 0.0151* 106 46 60 0.0480*

*p < 0.05.

***p < 0.001.

****p < 0.0001.

Bold values represent p < 0.05.

immune function than the low-risk group, particularly in
check-point, cytolytic activity, human leukocyte antigen
(HLA), T cells co-inhibition and T cells co-stimulation
(Figures 6B,D).

Verification of mRNA and Protein
Expression of Six Genes in the Gene
Signature
In order to further verify the expression levels of the six
genes in the risk model, we utilized the UALCAN online
website (http://ualcan.path.uab.edu/) to visualize their
mRNA expression levels and found the expression of
GPX4, GSDMD, NOD2 and PYCARD up-regulated, while
GSDME and IL6 expression down-regulated (Figure 7A).
Similarly, the representative immunohistochemical results
of these genes obtained from The Human Protein Atlas
illustrated that their protein expression levels have similar trends
(Figure 7B).

Mutation Analysis of Six Genes in the Gene
Signature
In order to deepen the understanding of the genetic
characteristics of these pyroptosis-related genes, the cBioPortal
online tool was utilized for mutation analysis. It turned out
that although they had significant different expression between
normal patients and EC patients in the TCGA database, their

FIGURE 4 | Predictive performance of the gene signature in the TCGA validation set. (A) KM curve for EC patients in the high- and low-risk groups. (B) Verification for

predictive value of the gene signature via ROC curve. (C) Distribution of risk scores for EC patients. (D) Distribution of survival time with different risk scores. (E) PCA

analysis for EC patients.
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FIGURE 5 | Enrichment analysis of DEGs between two risk groups. Bubble graphs of GO enrichment analysis of DEGs in the TCGA training set (A) and the TCGA

validation set (B). Bubble graphs of KEGG pathway enrichment analysis of DEGs in the TCGA training set (C) and the TCGA validation set (D).

mutation frequency was relatively low. Among them, the highest
mutation frequency was only 7% (GSDME and NOD2), while
frequency of other genes was even lower (Figure 7C).

DISCUSSION

EC is one of the most common gynecological malignancies
in women with a relatively high number of incidences and

deaths, and the age of onset has gradually become younger
in recent years [(1, 2)]. Currently, it is commonly used to
screen EC through clinical symptoms, cytology and transvaginal

ultrasound, but the specificity of thesemethods is not satisfactory.
With the rapid development of sequencing technology, a few

single genes had been unearthed as biomarkers for predicting
malignant tumors (32–34). However, since the expression of a
single gene is easily regulated by different signaling pathways,
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FIGURE 6 | Comparison of immune cells and immune functions of EC patients in high- and low-risk groups. Comparison of the ssGSEA scores of immune cells (A)

and immune functions (B) between high- and low-risk groups in the TCGA training set. Comparison of the ssGSEA scores of immune cells (C) and immune functions

(D) between high- and low-risk groups in the TCGA validation set. The statistical differences were shown as follow: ns, not significant; * P < 0.05; ** P < 0.01;

*** P < 0.001.

its predictive effect has greater uncertainty. Thence, screening
multiple key factors regulated by the same signal pathway to
construct amulti-gene predictionmodelmay be a way to improve
predictive performance.

In recent years, pyroptosis had attracted the attention of
researchers as a new form of programmed cell death, and
many studies had confirmed that it is closely related to the
proliferation, invasion, metastasis and chemotherapy effects of
tumor cells (12, 15, 19, 23–25). A recent study demonstrated that
hydrogen inhibited the growth of endometrial cancer through
the pyroptosis pathway mediated by ROS/NLRP3/caspase-
1/GSDMD, indicating there is a close relationship between
pyroptosis and EC (12). However, there is no relevant

reports about the connection between pyroptosis and
EC prognosis.

In our study, we successfully established and verified a gene
signature with six pyroptosis-related genes (GPX4, GSDMD,
GSDME, IL6, NOD2, and PYCARD) that could predict the
prognosis of EC.

Glutathione Peroxidase 4 (GPX4) is a member of the
glutathione peroxidase (GPX) family, which converts H2O2 to
H2O and oxidizes glutathione to its disulfide form (GSSG).
GPX4 has been proved to be a key regulator of non-
apoptotic forms of programmed cell death such as ferroptosis.
Inhibition of GPX4 can trigger uncontrolled oxidation of
polyunsaturated fatty acids (PUFAs) and the production of
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FIGURE 7 | Verification of mRNA and protein expression of six genes in the gene signature. (A) The mRNA expression levels of various genes in EC samples and

normal samples. Data was acquired from the UALCAN (http://ualcan.path.uab.edu/). (B) Representative protein expression levels of each gene in tumor tissues and

normal tissues. Data resourced from The Human Protein Atlas. (C) The genetic variation of six genes in the gene signature. The data was derived from the cBioPortal

database (https://www.cbioportal.org/).

fatty acid free radicals, which can lead to ferroptosis (35,
36). Additionally, some studies had clarified that GPX4
is closely related to the occurrence and development of
tumors (37–39).

Pyroptosis is also called Gasdermin (GSDM)-mediated
programmed cell death. Both GSDMD and GSDME belong to
the GSDM family, which are the most important proteins that
affect pyroptosis. Cleaved by activated cysteine aspartate-specific
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protease (caspase), GSDM family releases the N-terminal domain
to punch holes in cellular membranes and cause the cells to swell,
burst and die (40, 41).

Interleukin 6 (IL-6) is a soluble mediator that is rapidly
produced in the acute phase of infection or tissue damage,
and promotes host defense by stimulating hematopoiesis, acute
phase inflammation and immune response. IL-6 is a typical
inflammatory cytokine that plays an important role in host
defense. When infection, tissue damage or cancer occurs, IL-6
can be rapidly released from monocytes, macrophages and even
fat cells. IL6 plays an important regulatory role in the occurrence
and development of diseases (42, 43).

Nucleotide-binding oligomerization domain containing two
(NOD2) is a member of the NOD1/Apaf-1 family involved
in the regulation of apoptosis. The N-terminal encodes two
Caspase Recruitment (CARD) domains, and the C-terminal
consists of ten linked leucine-rich repeats (LRR). On one hand,
NOD2 promotes apoptosis mainly by inducing the expression of
Caspase-9. On the other hand, it can mediate the host immune
response by recognizing bacterial pathogenic components such
as lipopolysaccharide (LPS) in the cytoplasm, especially playing
an important role in gastrointestinal immunity (44–46).

Encoding apoptosis-associated speck-like protein containing
a CARD (ASC) protein, PYCARD gene acts as a key mediator
of inflammation and apoptosis, and promotes caspase-mediated
apoptosis (47). It mainly recruits and activates caspase-1,
participates in the process of cell inflammation and pyroptosis,
and plays an important role in inflammatory diseases and a
variety of cancers (48, 49).

In short, these genes are closely related to inflammation and
cell death. However, how they interact with each other in the
process of pyroptosis remains to be studied in depth.

Through functional enrichment analysis of DEGs between
high- and low-risk groups, we found that DEGs are mainly
involved in immune response, especially humoral immunity.
Moreover, the immune infiltration analysis of these DEGs
detected that the scores of immune cell infiltration and
immune function of the high-risk group were both lower
than the low-risk group. It can be speculated that the
poor prognosis of patients in the high-risk group may
be caused by the reduced immune level. Based on the
above gene composition of the risk model and results
of function analysis, we can reasonably speculate that
pyroptosis is involved in the regulation of tumor immune
microenvironment (TIME).

Despite our research deserves a certain degree of affirmation,
there are still some limitations. First, if the predictive ability of
the gene signature can be verified by RNA sequencing of tissue
samples from our institution, it will be better. Second, if we can

explore the regulation of these genes on the TIME through in vivo
and in vitro experiments, the research will be more in-depth.

In conclusion, we constructed and validated a pyroptosis-
related gene signature associating with immune infiltration to
predict the prognosis of EC. This gene signature provides a new
choice for the prognosis prediction of EC and is proposed to help
precise diagnosis and treatment of EC.
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Objectives: Delay in diagnosis and treatment, called total delay, could probably result in
lower survival rates in breast cancer patients. This study aimed to investigate the factors
associated with the comprehensive delay behaviors and to evaluate its effect on outcomes
in patients with breast cancer in Dalian, a northeast city of China.

Methods: A retrospective chart review was conducted using a cancer registry dataset
including 298 patients. The Kaplan–Meier survival analysis was used to identify the
threshold of total delay, dividing the patients into a group with significant uncertainty
and a group without substantial delay. The factors associated with the significant total
delay were investigated from the potential candidates, like income level and marital status,
by using the chi-squared test. The difference of the clinicopathologic characteristics
between the patients grouped by the significant total delay, like tumor size and lymph
node metastasis, was also investigated to find out the effect of the total delay.

Results: A total of 238 charts were used for analysis. The mean age was 57.3. The
median of total delays was 3.75 months. Thirty days was identified as a threshold, more
than which the total delay can lead to worse survival. Patients’ marital status (p = 0.010),
income levels (p = 0.003), smoking status (p = 0.031), initial visiting hospital level (p =
0.005), self-health care (p = 0.001), and self-concern about initial symptom (p ≈ 0.000)
were identified as the independent predictors of the total delay. Metastasis (p ≈ 0.000) was
identified as the significant result relating to the significant total delay.

Conclusions: A total delay of more than 30 days predicts worse survival in breast cancer
patients in Dalian. Several factors, like patients’ marital status and income levels, can be
considered to be relevant to the significant total delay. We recommend that these factors be
used to predict the potential patients with the significant total delay in the clinical practice.

Keywords: breast cancer, total delay, survival analysis, logistic regression, individual–environmental–social factors
INTRODUCTION

According to the National Central Cancer Registry of China, breast cancer is the dominant cause of
cancer death in women younger than 45 years (1). Longer delays of diagnosis and initial therapy
have been reported to result in cancer progression and poor survival (2, 3). This research
investigated the socioeconomic factors and the clinical consequences associated with the total
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delay of breast cancer in Chinese women. The total delay
includes two parts: 1) patient delay denotes the interval
between the patient’s self-discovery of symptoms and the
initial diagnosis; and 2) system delay denotes the interval
between the initial diagnosis and the standard medical
treatment. Patient delay always occurs in developing countries,
and studies have reported that poor outcomes induced by patient
delay are mainly due to low education and poor income status
(4). Whether patient delay or system delay, some questions are
pending, like the correct period of uncertainty and the possible
associated factors that we could use to predict the delay cohort.
Several works have investigated the associated delay factors for
breast cancer patients, which show that the factors were diverse.
Studies have shown that a lack of knowledge about breast cancer
symptoms and screening methods is an essential factor in
delaying diagnosis and seeking medical attention (5). The
individual–environmental–social factors , l ike lower
socioeconomic and recent immigration, were likely to delay
medical help (6, 7). A study in South Africa found that most
patients who delayed seeking help blamed poor transportation or
treatment that interfered with work, dating, or even marriage (8).
A cross-sectional study from China linked patient delay to
perceived health competence (9). As shown by Khakbazan
(10), some of the factors associated with the delay identified
previously could not be generalized for different regions and
races. For this reason, we collected the clinical data to infer the
length of the total delay associated with the mortality, and we
investigated the key factors influencing the total delay of breast
cancer for women in the northeast of China.
MATERIALS AND METHODS

This cross-sectional study was conducted by data of patients
diagnosed with breast cancers in the second hospital of Dalian
Medical University between January 1, 2012, and December 31,
2012. Pathologists confirmed the diagnosis of breast cancer after
surgery or core needle biopsy. Patients who did not complete
standard adjuvant therapy were excluded. Patients with breast
cancer were interviewed at the department of breast surgery after
obtaining the agreement from each patient. We collected the
information from the medical records of these patients. The
follow-up questionnaire was conducted by phone call following
the second year after patient diagnosis. All of the interviewers
were previously trained residents not involved in the clinical
management of the patients. We also excluded those patients
who had no complete follow-up information. The record
collection includes the following medical factors: initial
symptom, family history of cancer, tumor molecular subtype,
TNM stage, and metastasis. It also includes sociodemographic
factors: age at presentation, marital status, marriage bonds,
education level, residence, attitude to help-seeking, smoking
habit, alcohol drinking patterns, insurance types, level of first
visiting hospitals, occupation status, and self-health care. The
results were analyzed using SPSS (version 25.0) and R language
(version 3.5.1). We defined the significant total delay as the
Frontiers in Oncology | www.frontiersin.org 2124
minimum delay leading to poor survival. The Kaplan–Meier
survival analysis identifies the threshold for the significant total
delay. The hypothesis test was used to distinguish the factors
associated with the delay. Then, the label “1” was assigned to the
patients with significant total delay and “0” to the patients
without significant total delay. The multivariate logistic
regression model was constructed concerning these labels to
verify the factors identified using the hypothesis test.
RESULTS

Study Population
A total of 296 charts were reviewed for this study. Fifty-seven
charts did not meet inclusion criteria, and 238 charts were used
for analysis. The sociodemographic characteristics of patients are
illustrated in Table 1. In all patients, the mean age of patients was
57.3 ± 12.1 years. One hundred twenty-four (52.1%) patients
resided in urban areas. One hundred two (42.4%) patients were
single, where single included unmarried, divorced, and
windowed. One hundred four (43.5%) patients were part-time
employed, and 91 patients (38.1%) were full-time employed. One
hundred sixty-four (62.8%) patients’ education levels were higher
school or above. About the insurance status, 213 (89.1%) patients
were with Medicare or Medicaid. One hundred eighteen (49.4%)
patients were with no or low income. Fifty-five patients (22.2%)
initially visited small local clinics. Ninety (37.7%) patients were
self-concerned about the initial symptoms. Forty-six (19.2%)
patients were smoking. Only 2 (0.8%) patients have an alcohol
drinking habit. Forty-two (17.6%) patients conducted self-health
care after discovering symptoms, like breast massage and taking
traditional Chinese medicine. The medical history of patients is
listed in Table 2. In all patients, the median of total delay was 3
months (0.1–12). Thirty-one (13.0%) died. Two hundred seven
(87.0%) patients’ initial symptoms were lump, six (2.5%)
patients’ initial symptoms were nipple changes, and fifteen
(6.3%) patients’ initial symptoms were breast pain. Two
hundred four (85.7%) patients have no family history of
cancer. Metastasis happened in 75 (31.5%) patients. About the
pathological types, triple-negative, HER2-enrich, Luminal A, and
HR+HER2+ were diagnosed in 41 (17.2%), 12 (5.0%), 115
(48.1%), and 58 (24.3%), respectively. In all patients, the mean
tumor size is 2.7 ± 1.8 cm. The detailed population of TNM
classification can also be found in Table 2.

Total Delay of 30 Days Affecting Survival
We conducted the Kaplan–Meier survival analysis to investigate
how long the total delay can affect the survival of patients. To test
the significant difference in survival, we divided the patients into
two groups by a threshold value of total delay. The threshold
value was initially set as 10 days and was sequentially added by 10
days. We found that the total delay of 30 days can lead to
significantly different survival curves (Figure 1). Therefore, we
divided the patients into two groups: one group included the
patients with total delays less than 30 days, and one group
included the patients with total delays of more than 30 days.
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Significance Test for Grouped Patients
We also conducted the chi-squared test for the nominal variables
to identify the significantly different factors for the grouped
patients. Their marital status (p = 0.02), income levels (p =
0.003), smoking status (p = 0.03), insurance (p = 0.03), initial
visiting hospital levels (p = 0.005), self-health care (p = 0.01),
self-concern about initial symptom (p ≈ 0), and metastasis (p ≈
0) were significantly different.

We consequently constructed the binomial logistic regression
model by using the aforementioned significantly different
variables as the covariates. The model has a percentage
correction of 80.7%, which implies that significantly different
factors can be used as the features for the classification of
total delay.
DISCUSSION

Our study first found that the total delay of 30 days can lead to
significantly different survival rates. The studies conducted in
other countries and areas indicated that the diagnosis delay of
cancers ranged from 2 to 15.2 weeks (11–16). Primarily, Ramirez
evaluated 87 studies and suggested that the delay of 3 months
could impact the long-term survival of breast cancer patients
(11). Compared with this result, the delay in our investigated
area was more pressing for the patients.

Various factors can prompt breast cancer patients to ignore
their problems and delay medical treatment. The individual–
environmental–social factors have been associated with the delay
(17–19). According to the further application of the investigation
results, we used the individual–environmental–social factors,
including education level, occupation, income level, place of
residence, particular dietary habit, smoking habit, alcohol
drinking habit, insurance, marital status, insurance, first
visiting the hospital, first consulted person, and self-health care.

According to our results, marital status was identified as an
essential factor, not reported by other works. In our investigated
area, the patients with no life partner tended to delay the medical
diagnosis and treatment. Smoking was a relevant factor for 34 of
46 smoking patients who delayed seeking help. The smoking rate
in our investigated cohort was 19.5%, much higher than the
average level in China (the current smoking rate is 0.6%, and
the ever-smoked rate is 3.4% among Chinese women) (20). Thus,
the smoking status should be considered as an important factor
in our investigated area.

Our results also indicated that patients with a low-income
level were often associated with longer delays. This fact reflects
the same panorama of other developing countries; e.g., Maghous
and Fedewa confirmed that socioeconomic status appears to
have a negative impact (4, 21).

We found that self-health care was a novel factor. Of 42
patients, 35 consequently conducting self-health care, like having
a massage and acupuncture, have a longer delay. We suggested
that self-health care could strengthen the patients’ self-
confidence in their health status and become mindful of their
symptoms. Atypical presenting symptoms of breast cancer lead
TABLE 2 | Medical history of patients (n = 239).

N (%)

Total delay (months) Median [IQR] 3 [0.1, 12]
Vital status Alive 207 (87.0)

Dead 31 (13.0)
Initial symptom Lump 208 (87.0)

Nipple changes 7 (2.5)
Breast pain 12 (6.3)
Other 10 (4.2)

Family history of cancer Yes 35 (14.6)
No 203 (85.4)

Metastasis Yes 75 (31.5)
No 161 (67.6)
Unknown 2 (0.8)

Pathological type Triple-negative 41 (17.2)
HER2-enrich 12 (5.0)
Luminal A 115 (48.1)
HR+HER2+ 58 (24.3)

Tumor size Mean ( ± SD) 2.7 ( ± 1.8)
TNM classification
T T0 1 (0.4)

Tl 120 (50.4)
T2 105 (44.1)
T3 8 (3.3)
T4 1 (0.4)
Unknown 3 (1.3)

N N0 117 (49.2)
N1 112 (47.1)
N2 6 (2.5)
Unknown 3 (1.3)

M M0 235 (98.7)
M1 3 (1.3)
IQR, interquartile range.
TABLE 1 | Sociodemographic characteristics of patients (n = 238).

N (%)

Age at presentation (years) Mean ( ± SD) 57.3 ± 12.1
Area of residence Rural 114 (47.9)

Urban 124 (52.1)
Marital status Married 137 (57.6)

Single, divorced, or widowed 101 (42.4)
Occupation No occupation 44 (18.5)

Part-time employed 103 (43.3)
Full time employed 91 (38.2)

Education level Secondary or below 88 (37.0)
Higher or above 150 (63.0)

Insurance Self-pay 25 (10.5)
Rural cooperative medical care 46 (19.3)
Social insurance 167 (69.9)

Income level No or low income 117 (49.2)
Middle class or upper 121 (50.8)

Initial visiting hospital level Small local clinic 55 (22.2)
Large pandocheum 203 (77.8)

Self-concern about initial symptom Yes 90 (37.8)
No 148 (62.2)

Smoking Yes 46 (19.3)
No 192 (80.7)

Alcohol drinking habit Yes 2 (0.8)
No 236 (99.2)

Self-health care Yes 42 (17.6)
No 196 (82.4)
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to diagnostic intervals. To test this theory, we included the nature
of breast masses and symptoms of breast disease. Although the
results were not statistically significant, we believe that the
study’s emphasis on a higher likelihood of delayed treatment
for breast cancer patients without tumor symptoms is a
reference (22).

Understanding and attention to initial symptoms andmonitoring
andmanaging symptomshavebeen thefirst andmost crucial steps in
the help-seeking process after symptom discovery (23, 24). In our
study, the initial visiting hospital level and the patient’s self-concern
about initial symptomwere identified to be important factors, which
are considered to have effects on the initial symptom interpretation
andmonitoring.The initialvisitinghospital levelwasalso identifiedas
an essential factor associatedwith the delays. Forty of 52patientswho
initially visited the small local clinic havedelays.Women’s trust in the
physicians’ professionalism was identified to affect patients’ help-
seeking behavior (19, 25). This implied that the small clinics around
Daliancitycouldnotoftenofferproper initial symptominterpretation
and monitoring. A total of 122 of 148 patients without self-concern
about initial symptomswere identified tohavedelays.The reasons for
negative attitudes toward the symptoms could be diverse. Economic
status was the limiting factor for some patients. Some patients
obtained the wrong symptom interpretation. The embarrassment
of breast examination derived from traditional attitude could be the
barriers to receiving care in Chinese middle-aged women (10).

Khokher stated that some of the factors associated with the
delay identified previously could not be generalized for different
races and regions (2). For example, Bleicher and Polverini have
reported that the African American race was associated with
delays in diagnosis and treatment (26, 27). However, the African
American race often did not make up a higher percentage of
Medicaid beneficiaries (28). Thus, rather than the race itself, the
Frontiers in Oncology | www.frontiersin.org 4126
difference of economics between races can be considered a factor
for the delay. However, such difference was not significant in
Dalian, and as a result, ethics was not considered a potential factor.

To investigate what the delay will lead to, we also analyzed the
difference between the delay and non-delay patients for the
disease-associated factors, including the age of onset, initial
symptom, family history of tumor, TNM stage, and molecular
subtype. We found that 60 of 75 patients with metastasis have
delays. This fact proved that the identified delay of 30 days could
lead to advanced breast cancer.

As with other data analysis studies, this one has limitations.
The data used in this research were collected from one large
comprehensive hospital, which covered a quarter of patients in
Dalian city. Our samples were not nationally representative due
to its inclusion of patients seeking care at a single medical center.
We did not group the negative attitudes to the symptoms, which
could be directly related to other factors, like income level or self-
health care. However, a similar study in Guangzhou, China,
supports our research and shows that premenopausal patient
status, breast disease history, and delayed physical examination
affect the timing of patients’ visits (29).

Some studies show that the problem of delayed treatment is not
very serious and that there is an ultimate delay time within which
delayed treatment seems to be tolerated. Optimal times from
diagnosis are <90 days for surgery, <120 days for chemotherapy,
and, where chemotherapy is administered, <365 days for
radiotherapy (30). The worldwide panic caused by COVID-19,
the complication of medical procedures, and the difficulty of
medical treatment for middle-aged and elderly patients have
also primarily affected the enthusiasm of patients seeking
medical treatment. However, as the influence of this period was
not included in this study, no further details can be given (31).
FIGURE 1 | Kaplan–Meier survival analysis results.
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In the future, wewill also keep collecting data to testify and justify
the statistical inference. We will propose an efficient prediction
method for the patients’ delay status based on our identified
factors. With the prediction method, we finally want to optimize
the help-seeking behavior of the patients to shorten the delay.
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Objective: To study the safety and feasibility of transurethral bladder lesion mucosal en

bloc resection with 2µm laser for cystitis glandularis.

Methods: From July 2018 to July 2019, 58 patients with cystitis glandularis received

surgical treatment were selected. All patients in this study were randomly divided into

experimental group (transurethral 2µm laser bladder lesion mucosal en bloc resection)

and control group (traditional transurethral resection of bladder lesion mucosal). By

analyzing the perioperative and follow-up clinical data of these two operation procedures,

we discuss the efficacy and safety of transurethral 2µm laser bladder lesion mucosal en

bloc resection in the treatment of cystitis glandularis.

Results: Patients of two groups received operation successfully without serious

complications such as bladder perforation. Compared with the experimental group,

the laser treated group hadless bleeding in operation, shorter post-operative catheter

indwelling time. These differences were statistically significant. No significant difference

existed between two groups in terms of operative time, Bladder flushing time, irritation

symptoms of bladder.

Conclusion: Transurethral 2µm laser bladder lesion mucosal en bloc resection is

safe and effective for the treatment of cystitis glandularis, and it is worthy of further

clinical application.

Keywords: cystitis glandularis, 2µm laser, en bloc resection, transurethral, bladder

INTRODUCTION

Cystitis glandularis is characterized by abnormal proliferation of bladder mucosa caused by
multiple factors. In recent years, the incidence of glandular cystitis is gradually increased. The
etiology and pathogenesis of glandular cystitis is currently not entirely clear. And related studies
have shown that there is a certain association between glandular cystitis and bladder cancer
(1, 2). For the treatment of glandular cystitis, some people advocate conservative treatment such
as the use of quinolone antibiotics and cyclooxygenase-2 inhibitors (3). There is a view that
CG precancerous lesions should be actively treated surgically. There are open surgery methods
such as resection of the bladder mucosa after incision of the bladder, partial or total bladder
resection, and transurethral surgery for bladder lesions such as transurethral plasma excision or
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FIGURE 1 | (A) Cystoscopy revealed multiple follicular masses in the trigone of the bladder. (B) Pathological examination: the submucosa can be seen with

adenoid-shaped cell clusters, and the surface of the glandular lumen is covered with normal urothelial cells (H.E × 40).

laser resection, etc. Due to minimally invasion of body,
transurethral bladder lesion mucosal resection has become
the main surgical treatment at present, but it has a high
recurrence rate. With the development of scientific and
technological progress and renewal of a variety of surgical
devices, the clinical treatment way of glandular cystitis has
varied nowadays. In this study we explored the new surgical
method, transurethral 2µm laser bladder lesion mucosal en
bloc resection, and assessed its efficacy and safety for glandular
cystitis treatment (4).

MATERIALS AND METHODS

Clinical Data
The patients who were diagnosed with cystitis glandularis from
2018.7 to 2019.7 and received surgical treatment were collected.
Inclusion criteria: Patients diagnosed with glandular cystitis by
pre-operative cystoscopy and pathological (Figure 1). Exclusion
criteria: (1) Patients with bladder neck opening obstruction and
urethral stricture. (2) Patients who do not want surgery. (3)
Patients with contraindications for surgery. Display the results
calculated by SPSS, a sample size of 60 patients will give us a
power of 0.8 with a α of 0.05. The sample size also takes into
account a pre-determined 10% drop rate. Finally, 58 patients
with cystitis glandularis received surgical treatment were selected.
The enrolled patients were randomly divided into two groups by
statistical software: laser group (transurethral 2µm laser bladder
lesion mucosal en bloc resection, 28 cases, 8 males, 20 females,)
and TUR group (traditional transurethral resection of bladder
lesion mucosal, 30 cases, 6 males, 24 females) (Figure 2). Both
groups of patients underwent intravesical instillation therapy
received epirubicin once a week for 4 consecutive weeks.
The average age was 55.46 ± 6.58 (range 30–67) years old
in laser group and 55.67 ± 6.8 (range 28–71) years old in
TUR group.

General Condition of the Patient
The incidence of glandular cystitis in male patients was lower
than female patients in this study (Table 1).

Clinical Manifestations
Patients with glandular bladder inflammation mainly suffered
bladder irritation such as dysuria, urgency, and frequency, and
some patients may have hematuria.

Related Inspections
General Inspection
All patients received complete routine examinations of blood,
urine, liver and kidney function, electrolytes, coagulation
function, and infectious diseases. Patients need to complete the
chest X-ray and ECG examination before the operation. Due to
the patient’s past medical history, personal medical history, age
and other related factors, some patients need to complete other
related examinations to exclude surgical contraindications.

Imaging Examination

Urinary System Color Doppler Ultrasound
All patients included in this experiment underwent urinary
system color Doppler ultrasound examination before surgery.
For male patients, the prostate should also be examined to find
out whether the patient has prostate-related lesions.

Abdominal CT
CT examination should be executed to check the degree of
lesions of the patient’s bladder mucosa, and the relationship
between diseased mucosa and different layers of tissues
of the bladder, and to determine whether there is extra-
bladder invasion and the condition of lymph nodes in
the pelvis.

Intravenous Pyelography
For patients with clinical symptoms such as hematuria or
hydronephrosis, intravenous pyelography should be executed to
exclude upper urinary tract disease.

Cystoscopy Biopsy
All patients included in this experiment underwent cystoscopy
before operation and biopsy was proceeded to confirm
the diagnosis.
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FIGURE 2 | CONSORT flow diagram.

TABLE 1 | Baseline characteristics.

Group Sex Age

Male Female

Laser group 8 (28.57%) 20 (71.43%) 55.46 ± 6.58

TUR group 6 (25%) 24 (75%) 54.67 ± 6.8

14 (26.92%) 44 (73.08%)

Surgical Instruments
• Plasma cutting system (SM10).
• Medical RevoLix 2µm continuous wave laser surgery system

(LISA laser products).

Surgical Method
• Patients of two groups were performed by the same surgeon.

If there are no contraindications to anesthesia, intraspinal
anesthesia was used. No obturator nerve block was performed,
and normal saline was used as the rinse fluid during
the operation.

FIGURE 3 | Mark the pre-resection area.

• Laser group (transurethral 2µm laser bladder lesion mucosal
en bloc resection).

The patient adopted the lithotomy position, fully exposed
the perineum, and disinfected the surgical area. To determine a
general case such as the position of the lesion, the lesion number,
size, range, and clarify the relationship between the diseased
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FIGURE 4 | Operation procedure.

mucosa and the ureteral orifice to avoid injury to the ureter
during the operation, bladder overall situation was observed with
2µm laser mirror into the bladder through the urethra. Then
a 2µm laser fiber was inserted and was adjust to be about 1–
2 cm beyond the lens of the laser mirror. Use a 2µm laser to
mark the pre-resection area in the normal mucosa at a distance
of 0.5–1.0 cm from the edge of the lesion (Figure 3). To reduce
intraoperative bleeding, the blood vessels around the lesion could
be cauterized with laser. A 2µm laser fiber was inserted under
the bladder mucosa, and bladder mucosa was lifted to maintain
a certain tension with the bladder muscle layer, and then the
bladder mucosa was cut and separated partly from muscle layer
with a certain gap. Blunt peeling was performed along this gap
with laser fiber and laser mirror. If the muscle fibers between
the diseased mucosa and the bladder wall cannot be broken,
using a laser to cut it (Figure 4). En bloc resection bladder
mucosa with this method. After flushing out the diseased tissue
with an irrigator, laser was used to stop bleeding on the wound
(Figure 5). All patients underwent continuous bladder irrigation
and catheterization after confirming that there was no bleeding.

• TUR group (traditional transurethral resection of bladder
lesion mucosal).

The patient adopts the lithotomy position, fully exposes the
perineum, and disinfects the surgical area. Use plasma electrodes
to excise the diseased mucosa from front to back, with the depth
of excision reaching the superficial muscle layer.

Data Collection
The perioperative and post-operative follow-up indicators of all
patients were recorded. And the patient’s operation time, the

FIGURE 5 | En bloc resection bladder mucosa.

amount of bleeding during the operation, and the difference in
hemoglobin (HGB) values before and after the operation were
collected. The occurrence of bladder perforation and obturator
reflex during the operation was recorded. And the duration
of continuous bladder irrigation, catheter indwelling time and
hospitalization days of all patients after surgery were collected
and recorded in detail. Regular follow-up after operation was
executed to determine whether the patient’s various clinical
symptoms before operation have improved.

Treatment Effect Evaluation
① Cured: clinical symptoms disappear completely, no obvious
abnormalities after reexamination. ② Symptom relief: the
patient’s symptoms are better than before, and occasionally
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TABLE 2 | Perioperative indicators.

Group Operation time (min) Post-operative

irrigation (day)

Catheter time

(day)

Post-operative

hospital (day)

Post-operative

bleeding (ml)

HGB (ml)

Laser group 23.82 ± 5.19 1 4.07 ± 0.77 5.07 ± 0.77 11.89 ± 1.64ml 4.61 ± 1.10 g/L

TUR group 23.77 ± 5.15 1 4.00 ± 0.64 5.00 ± 0.64 23.47 ± 1.85ml 8.30 ± 1.26 g/L

T 0.04 0.385 0.385 −25.12 −11.83

P 0.968 0.701 0.701 <0.001 <0.001

TABLE 3 | Comparison of the effectiveness.

Group Effective Relapse Sum Effective rate (%)

Laser group 25 3 28 89.29

TUR group 27 3 30 90

Sum 52 6 58 89.66

symptoms mentioned above appear. ③ Invalid or recurrence:
symptoms are not significantly improved or symptoms reappear
after a period of time after improvement. Cystoscopy revealed
abnormal mucosal changes at the original lesion site again, and
the pathology results after biopsy showed glandular cystitis again.
④ Effective: Cured and symptom relief mentioned above.

Statistical Methods
All data were presented as mean ± SD. Student’s t-test was used.
The data were analyzed statistically using the SPSS 21.0. And
P-value < 0.05 was considered statistically significant.

RESULTS

General Data
Laser group: 28, 8 males, 20 females, male to female ratio: 1:2.5.
The average age was 55.46 ± 6.58 (range 30–67) years old. TUR
group: 30, 6 males, 24 females, male to female ratio: 1:4. The
average age was 55.67 ± 6.8 (range 28–71) years old. There were
no significant differences between laser group and TUR group in
average age and gender (P > 0.05; Table 1).

Perioperative Indicators
The average operation time of laser group was 23.82 ± 5.19
(range 15–35) min. The post-operative consecutive irrigation
times was 1 day, and the mean catheter duration was 4.07 ±

0.77 days in laser group. The average of post-operative hospital
stays of laser treated patients was 5.07 ± 0.77 days. As for TUR
group, the average operation time was 23.77 ± 5.15 (range 15–
35) min. The post-operative irrigation times was 1 day, and the
mean catheter duration was 4.00 ± 0.64 days, and the mean
post-operative hospital stays was 5.00 ± 0.64 days. There was no
significant difference of these indicators between laser group and
TUR group (P > 0.05).

In experimental group, intraoperative blood loss was 11.89
± 1.64ml, and the difference value of hemoglobin drop before
and after operation was 4.61 ± 1.10 g/L. As for TUR group,
intraoperative blood loss was 23.47 ± 1.85ml, and the difference
value of hemoglobin drop before and after operation was 8.30

± 1.26 g/L. There was significant difference of these indicators
between laser group and TUR group (P < 0.05; Table 2).

Post-operative Follow-Up
With 3 cases in each group having symptoms of cystitis
glandularis such as irritation symptoms of bladder after the
operation, there was no significant difference between the two
groups (P = 0.631). Follow-up time ranges from 3 to 12 months.
During this period, in laser group, 15 cases were cured, 10 cases
improved, 3 cases relapsed, and the effective rate and recurrence
rate was 89.29 and 10.71%, respectively. As for TUR group, 20
cases were cured, 7 cases improved, 3 cases relapsed, with the
effective rate and recurrence rate being 90 and 10%, respectively.
There was no statistically significant difference in the recurrence
rate using the Fisher exact probability method of the four grid
table (p= 0.631 > 0.05; Table 3).

DISCUSSION

In 1761, Morgagni et al. first proposed glandular cystitis a
bladder mucosa dysplasia caused by a variety of factors (5).
Glandular cystitis usually affects more women than men (6).
The bladder triangle and bladder neck are regarded as the
focal points of urodynamics, and their positions are relatively
fixed. In addition, the bladder wall has no submucosa and lacks
stretchability. Therefore, glandular cystitis is more likely to occur
in the bladder triangle. Clinically, cystitis glandularis usually
manifests as frequent urination, urgency, dysuria, hematuria,
dysuria, pain in the suprapubic area and perineum, etc. And
these symptoms are prone to recurring. In severe cases, acute
urinary retention mayoccur (7). For the treatment of glandular
cystitis, some people advocate conservative treatment such as the
use of quinolone antibiotics and cyclooxygenase-2 inhibitors (3).
Clinically, many patients with glandular cystitis have symptoms
of overactive bladder. For such patients, measures can be taken to
improve those symptoms. Highly selective M3 receptor blockers
inhibit involuntary detrusor contractions to delayurination,
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having obvious effect in the treatment of symptoms of bladder
over-activity (8–10).

There is a view that CG precancerous lesions, should
be actively treated surgically. Currently, main treatment for
glandular cystitis is transurethral resection. Among ways of it,
transurethral electrocision of bladder lesion is the earliest surgical
approach, and has been adopted as the most commononedue
toits good results in the treatment of glandular cystitis, such
as fewer traumas, shorter operation time, and faster patient
recovery. However, this type of surgery has some shortcomings.
During the treatment process, complications are more likely
to occur, such as relatively more bleeding and post-operative
bleeding, resulting in clot packing in the bladder, following too
much hypertonic flushing fluid leading to dilution hyponatremia.
Furthermore, it is easy to cause obturator nerve reflex during
this operation process and cause bladder perforation (11, 12).
The output center wavelength of the 2µm laser ranges from
1,900 to 2,040 nm, and the maximum absorption peak of water
to the laser is 1,940 nm. The process of absorption to 2µm
laser in the human tissue can produce a strong thermal effect,
so as to achieve the effect of vaporization and cutting of the
tissue (13, 14). Advantages of the use of 2µm laser during
operation areas follows: firstly, the combination process of 2µm
laser with water can produce efficient thermal effect for tissue
cutting, vaporization and coagulation during surgery; next, the
penetration depth of the 2µm laser to tissue is only 0.2mm,
achieving precise operation during the operation and thus
reduces surgical complications; finally, the use of 2µm laser
will not generate an electric field, avoiding the occurrence of
obturator nerve reflex, moreover, it is also a suitable choice for
high-risk patients carrying with cardiac pacemakers or cardiac
stents to treat glandular cystitis surgically (13, 15).

It is these advantages mentioned above, that makes 2µm
laser in urology been widely used. We have summarized the
following characteristics of clinical application of 2µm laser
to treat bladder mucosal: firstly, due to 2µm laser performing
precise cutting, the application of 2µm laser can perform fine
layered vaporization resection of the bladder mucosa and muscle
layer; besides, due to its effective and rapid tissue cutting,
vaporization and coagulation effects, the intraoperative operation
is easy to control with clear layers of tissue and small amount
of intraoperative blood loss, and the bladder blood clot packing

has never occurred after the operation; next, given that the 2µm
laser penetration depth in the tissue is only 0.2mm, bladder
perforation has never occurred in the case of surgeon accurately
distinguishing the bladder mucosa with muscle layer of the
bladder; finally, because the 2µm laser does not generate an
electric field like an electric resection, all the transurethral 2µm
laser bladder lesion mucosal en bloc resection performed in our
hospital have never caused obdurate nerve reflexes, which greatly
improves the safety of the operation.

CONCLUSION

In summary, transurethral 2µm laser bladder lesion mucosal
en bloc resection in the treatment of glandular cystitis has the
advantages of precise cutting, clear layers of tissue structure, less
bleeding, fewer complications, shorter operation time, and faster
patient recovery. Therefore, transurethral 2µm laser bladder
lesion mucosal en bloc resection for the treatment of glandular
cystitis is worthy of further clinical application. It needs to
be further improved and developed in the future extensive
clinical practice.
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Objective: Current advances in immunotherapy requires accurate tumor sub-

classification due to the heterogeneity of lung adenocarcinoma (LUAD). This study aimed

to develop a LUAD sub-classification system based on immune cell signatures and

identified prognostic gene markers.

Methods: Signatures related to the prognosis of TCGA-LUAD and 4

GSE cohorts were screened and intersected from 184 previously published

immune cell signatures. The LUAD samples in the TCGA were clustered by

ConsensusClusterPlus. Molecular characteristics, immune characteristics and sensitivity

to immunotherapies/chemotherapies were compared. LDA score was established

through Linear Discriminant Analysis (LDA). Co-expression module was constructed by

Weighted Gene Co-Expression Network Analysis (WGCNA).

Results: Four LUAD subtypes with different molecular and immune characteristics were

identified. Significant differences in prognosis among the four subtypes were observed.

The IS1 subtype with the worst prognosis showed the highest number of TMB, mutant

genes, IFN γ score, angiogenesis score and immune score. Twenty co-expression

modules were generated by WGCNA. Blue module, sky blue module and light yellow

module were significantly correlated with LUAD prognosis. The hub genes (CCDC90B,

ARNTL2, RIPK2, SMCO2 and ADA andNBN) showing great prognostic significancewere

identified from the blue module. A total of 8 hub genes (NLRC3, CLEC2D, GIMAP5,

CXorf65, PARP15, AKNA, ZC3H12D, and ARRDC5) were found in the light yellow

module. Except for CXorf65, the expression of the other seven genes were significantly

correlated with LUAD prognosis.

Conclusion: This study determined four LUAD subtypes with different molecular and

immune characteristics and 13 genes closely related to the prognosis of LUAD. The

current findings could help understand the heterogeneity of LUAD immune classes.

Keywords: lung adenocarcinoma, immune cell signatures, immune subtypes, molecular characteristics, weighted

gene correlation network analysis (WGCNA), prognosis
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INTRODUCTION

Lung cancer was estimated to account for about 1/4 of all
cancer deaths in 2021 (1). As the most common type of
lung histology, lung adenocarcinoma (LUAD) is characterized
by a high heterogeneity at behavioral, cellular and molecular
levels, with an overall survival time shorter than 5 years (2).
Late diagnosis, limited treatment, recurrence and development
of drug resistance are the main challenges for a successful
treatment of LUAD (3). Early diagnosis, introduction of new
treatments, and overcoming drug resistance are effective in
reducing LUADmortality.

Immunotherapy has greatly changed the direction of LUAD
treatment (4). Immunotherapy encourages the host immune
system to recognize cancer as a foreign body, stimulating
immune system to inhibit cancer cell growth and spread (5).
The study of LUAD immunotherapy has many advantages,
such as evaluation of pathological responses and anti-tumor
immune responses in combination with translational science
analysis (6). Immunotherapies include immune modulators,
for example, currently interleukin-2 and muramyl tripeptide,
dendritic cells, immune checkpoint inhibitors, and engineered T
cells have already been used in cancer treatment (7). However,
immunotherapy benefits only a small number of patients. The
current progress in immunotherapy requires a more accurate
sub classification of tumor morphology. LUAD consists of a
group of heterogeneous tumors, which can pose a diagnostic
challenge, especially when using a small number of biopsy
specimens. Clinically, most LUAD can be subclassified using
hematoxylin & eosin (H&E) staining to assess histological
characteristics. However, in some small biopsy specimens, in
addition to morphological evaluation and immunohistochemical
features of tumors, the subclassification of tumors is still difficult
(8). Growing evidence showed that the subtype classification
of LUAD based on gene expression array can provide much
information for the molecular characterization and prognosis
prediction of LUAD (9). Over the past 20 years, an increasing
number of immune cell signatures have been identified,
providing a more comprehensive knowledge for various aspects
of cancer immunology (10, 11). However, so far, we still
lack the study of tumor subtype classification and molecular
characterization based on immune cell signatures.

At present, there are many systems biology methods to
identify biomarkers related to the prognosis of LUAD and
construct gene features. Zhang et al. (12) identified a 7-
gene signature in the whole genome using multiomics data
set. Guo et al. (13) used genomic instability to identify key
lncRNAs for predicting clinical outcomes in patients with lung
adenocarcinoma. Lane et al. (14) identified 28 gene markers in
the hypoxia related gene expression profile to predict the clinical
outcome of non-small cell lung cancer. All the three groups of
authors tested their signatures in internal data sets, but they
were not used clinically, which means that identifying robust
molecular signatures remains a challenge.

In this study, we clustered LUAD samples based on immune
cell signatures and identified four different immune subtypes
(ISs). We assessed the prognostic differences, transcriptome

characteristics, somatic mutation characteristics, immune
characteristics, tumor microenvironment characteristics,
immunotherapy and drug sensitivity of different among the
four ISs, and compared them with the previously established
classification. Furthermore, a scoring system was constructed
based on Linear Discriminant Analysis (LDA), the modules
related to LDA score were screened by WGCNA, and the
modules related to the prognosis of LUAD were identified by
univariate Cox analysis. Finally, LUAD prognosis-related genes
were determined. The ISs we obtained contribute to better
understand the heterogeneity of LUAD and the complexity of the
immune microenvironment, and highlight the reference value
of IS classification for clinical prognosis and treatment decision
making. Also, this study identified genes associated with LUAD
prognosis that may predict individualized prognosis.

MATERIALS AND METHODS

LUAD Samples Datasets
RNA-Seq data and clinicopathological characteristics of 504
samples of LUAD patients were collected from the TCGA
database (https://portal.gdc.cancer.gov/). Microarray profiling
dataset GSE37745 (15), GSE19188 (16), GSE50081 (17),
GSE30219 (18), and GSE31210 (19) were downloaded from
Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/gds/), and all the five GSE datasets were combined
with batch effects removed using the removeBatchEffect
of the Limma package (20). After the removal of batch
effect, there was no difference in the samples among the
GSE datasets through Principal Component Analysis (PCA)
(Supplementary Figure 1). The clinical statistics of the samples
from TCGA and GEO can be found in Table 1. In addition, we
also obtained the exon data set of each sample from TCGA, and
calculated the TMB of each patient using R software package
maftools (21). Supplementary Figure 2 shows all the workflow
of this study.

Immune Cell Signatures
According to Wang et al. (10), we selected previously published
184 cancer-related immune cell signatures to calculate the
enrichment scores of samples from different datasets. Survival
analysis was performed to screen and intersect the immune cell
signatures related to LUAD prognosis in each cohort.

Consensus Clustering of LUAD Samples
ConsensusClusterPlus (22) was used to cluster 504 LUAD
samples in the TCGA cohort. According to the cumulative
distribution function (CDF), the optimal number of clusters was
determined. The overall survival (OS) of different subtypes was
analyzed by Kaplan-Meier Plotter (KM-plotter).

Molecular Characteristics and Tumor
Immune Analyses Between Subgroups
To identify the molecular characteristics of different subtypes,
the mutation datasets processed by mutect2 software in TCGA
were acquired to analyze the differences in tumor mutation load
(TMB) and the number of mutated genes among subgroups.
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TABLE 1 | Sample clinical statistics for LUAD patients from TCGA and GEO

database.

Clinical Features TCGA-LUAD GEO

OS 0 321 352

1 183 230

T Stage T1 168

T2 269

T3 45

T4 19

TX 3

N Stage N0 325

N1 94

N2 71

N3 2

NX 12

M Stage M0 335

M1 25

MX 144

Stage I 270

II 119

III 81

IV 26

X 8

Gender Male 234

Female 270

Age ≤65 247

>65 257

Then the differences in immune checkpoint gene expression
among different subgroups were compared. IFN γ scores among
subgroups were recorded using Th1/IFN γ gene signatures (23).
Mean expression of GZMA and PRF1 (24) were used to assess the
intratumoral T cell lytic activity among subgroups. Angiogenesis-
associated gene sets (25) were applied to evaluate angiogenesis
scores in each subgroup. The scores and degree of immune
infiltration of 22 types of immune cells in different subtypes of
patients were assessed by CIBERSORT (26). TIDE (http://tide.
dfci.harvard.edu/) (27) software also predicted the response of
different subgroups to immunotherapy and chemotherapy.

Construction of Linear Discriminant
Analysis (LDA) Model
To better understand the molecular characteristics of LUAD
patients, we performed LDA using immune cell signatures with
intersected genes to establish a model for evaluating the scores of
different subtypes. ROC analysis was performed to determine the
specificity and sensitivity of the model.

Co-expression Module Detection
Weighted Gene Co-Expression Network Analysis (WGCNA)
is a biological algorithm for constructing scale-free networks
based on gene expression profiles (28). Here, transcripts with
discrete value of 50% expression or higher were retained. The soft
threshold power was selected by the soft Connectivity function.

Based on the expression matrix of LUAD, the adjacency matrix
was calculated and converted to topological overlap matrix.
Average-linkage hierarchical clustering method was used to
cluster genes, and themodules were shown together by a tree with
color assignment.

Pathway Enrichment Analysis for the
Modules
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses were performed using the
ClusterProfiler package (29). When there were more than 10 GO
terms and pathway enrichments, only the top 10 terms with a
p < 0.05 were shown.

RESULTS

Identification of Four Immune Subgroups
Based on Immune Cell Signatures
We found that 60 out of 184 immune cell signatures were
significantly correlated with the OS of LUAD by performing
univariate Cox analysis. The overlaps in the Venn diagram
were immune cell signatures existing in both TCGA and GEO
databases and were correlated with LUADprognosis (Figure 1A).
The 504 LUAD samples of TCGA were clustered according
to the overlapping prognostic immune cell signatures of the
two databases, and the CDF delta area curve showed that
CDF plot was relatively stable when the consensus index was
4 (Figures 1B,C). For this reason, LUAD was divided into
four immune subgroups (Figure 1D, Supplementary Table 1).
Significant differences in prognosis were detected among the
four subgroups of ISs whether in TCGA or GEO database
(Figures 1E,F, Supplementary Figures 3A,B).

Molecular Characteristics Analysis
Between Four ISs
The molecular mutations among the ISs were analyzed to reveal
the differences in molecular characteristics of the four ISs, which
showed different TMBs and mutant gene numbers. Specifically,
IS1 had the highest number of TMB and mutant genes, while IS3
patients with the best prognosis had the lowest number of TMB
and mutant genes (Figures 2A,B). Chi-square test identified 10
genes with high frequency of mutation in all ISs, and TP53
mutations were the most common (Figure 2C). Furthermore,
the expression of chemokines and chemokine receptors were
analyzed in four ISs. More than 90% of the 41 chemokines
showed differential expression in the four ISs, and the levels of
most chemokines were the lowest in IS1 samples (Figure 3A).
The same was also shown in the expression of chemokine
receptors (Figure 3B). After examining the differences of IFN
γ, CYT and angiogenesis scores in different ISs patients, we
found that there were significant differences in IFN γ, CYT
and angiogenesis scores in the four types of ISs patients. IS1
showed the lowest IFN γ score and angiogenesis scores, IS4
had the highest CYT score, and IS2 demonstrated the highest
angiogenesis scores among the four ISs (Figures 3C–E).
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FIGURE 1 | The immune subtypes and survival analysis. (A) The Venn diagram showed the intersection of immune cell signatures related to LUAD prognosis in TCGA

and GEO databases. (B) Heat map of the consensus matrix when the total samples are clustered into four ISs. (C) Relationship between the relative changes in the

area under the CDF curve and consensus index. (D) Heat map of the consensus matrix when the LUAD was clustered into four immune subgroups. (E) Kaplan-Meier

survival curve showed the OS of four types of ISs patients in TCGA. (F) Kaplan-Meier survival curves of four types of ISs patients in GEO.
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FIGURE 2 | Molecular mutation analysis of four ISs patients in LUAD. (A) Four kinds of ISs of LUAD have different TMB. (B) Comparison of the number of mutant

genes in four kinds of ISs. (C) Significant somatic gene mutations in LUAD.

Cellular Characteristics of Four ISs
As immune system functions critically in tumors, we
also explored the relationship between ISs and immune
microenvironment. Among the 22 immune cell types examined
by the ESTIMATE, except naive CD4T cells, gamma delta T
cells, activated dendritic cells and neutrophils, 18 immune cell
displayed notably different scores in IS1-IS4 (Figures 4A,B).

Four kinds of ISs also showed different immune scores
(Figure 4C). It should be noted that the molecular characteristics
of LUAD could be affected by the activation of specific pathways,
here four types of ISs patients had significantly different
enrichment scores in the 10 typical pathways (cell cycle, Hippo,
Myc, Notch, Nrf2, PI3-Kinase/Akt, RTK-RAS, TGF β signaling,
p53 and β-catenin/Wnt) (Figure 4D). Distribution of available
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FIGURE 3 | Four LUAD subtypes showing different phenotype. (A) Expression of chemokine in four LUAD subtypes. (B) Expression of chemokine receptors in LUAD

subtypes. The difference of (C) IFN γ score, (D) CYT score, and (E) angiogenesis scores among four ISs.

immune infiltrating subtypes molecular subtypes (30) in our
molecular subtypes was analyzed, we found that C1, C2, C3,
C4, and C6 subtypes all existed in TCGA data sets but were in
different proportion in the four subgroups. C3 subtype has the
highest proportion in IS2 and IS3, and the prognosis of these
two kinds of ISs patients was better, which, to a certain extent,
also confirmed the rationality of the classification of this study
(Figure 4E).

Sensitivity of Different ISs to
Immunotherapies/Chemotherapies
To explore the response of different LUAD subtypes to
immunotherapy, the relationship of this immune-related
classification of LUAD and immune checkpoint therapy was
first analyzed, vast majority of immune checkpoint related
genes showed different expression patterns in the four ISs
(Figure 5A). As the expression of immune checkpoint is
positively correlated with the effect of immunotherapy, it
was speculated that the four ISs may response differently to
immunotherapy. For further verification, the tumor response
to immune checkpoint inhibitors (ICIs) was evaluated by the
Tumor Immune Dysfunction and Exclusion (TIDE) score
system (27), and the TIDE score of IS3 patients was found to

be the lowest among the four ISs (Figure 5B), suggesting that
this LUAD subtype may have a better response to ICIs and
also explained the most favorable prognosis of IS3 among the
four ISs. In addition, the four subtypes were also significantly
correlated with T cell dysfunction score and exclusion score
(Figures 5C,D). Considering the fact that chemotherapy is
commonly used in cancer treatment, the response of four ISs to
commonly used drugs were evaluated. On the basis of predictive
model of the four chemo drugs (cisplatin, erlotinib, sorafenib
and vinorelbine), the IC50 value of each subtype in the TCGA
data set was analyzed. Significant differences in the IC50 values
of all ISs were found in the four chemotherapeutic drugs, and the
IS1 with the worst prognosis was more sensitive to four chemo
drugs (Figures 5E–H).

Construction of Immune Cell
Signatures-Based Scoring System Through
LDA
LDA based on nine immune cell signatures could distinguish
different subtypes of LUAD in TCGA (Figure 6A). LDA score of
each subtype of LUAD patients in TCGA and GEO database was
calculated and differences were analyzed. The results showed that
there were significant differences in LAD score among the four
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FIGURE 4 | Cellular characteristics of the ISs. (A) The distribution of 22 kinds of immune cells in ISs tissue. (B) The score of immune cell types with significant

differences in two subgroups. (C) Distribution of immune scores in the four ISs. (D) Enrichment scores of four LUAD subgroups in 10 cancer signaling pathways. (E)

Distribution of available immunoinfiltrating subtypes molecular subtypes in our subtypes.

subtypes of LUAD patients both in TCGA and GEO databases
(Figures 6B,C). According to the results of receiver operating
characteristic (ROC) curve analysis, combined area under curve
(AUC) of LDA in TCGA was 0.83, similarly combined AUC of
LDA in GEO was 0.83 (Figures 6D,E). Therefore, The LDA score
model was verified to have a high accuracy in predicting immune
characteristics of LUAD.

The Correlation Between LDA Score and
LUAD Immunotherapy Response Was
Assessed
The correlation between LDA score and immunotherapy
response was examined according to the correlation between
LDA score and immune checkpoints. We screened 28 immune

checkpoints from 47 immune checkpoints, and their expression
and LDA score was found to be significantly correlated
(Figure 7A). Immune checkpoint blocking of PD-1, PD-L1,
and CTLA-4 has emerged as a promising immunotherapy (31).

Therefore, correlation analysis was conducted between LDA

score and the three immune checkpoint inhibitors, and LDA

score was significantly negatively correlated with the expression

of PD1 (Figure 7B), PD-L1 (CD274) (Figure 7C), and CTLA-
4 (Figure 7D), respectively. In addition, LDA scores under
the states of complete response (CR), partial response (PR),
stable disease (SD) and progressive disease (PD) were examined
based on the expression profile data before anti-PDL1 treatment
(32), and no differences were detected (Figure 7E). However, in
another anti-PD1 pre-treatment expression profile data (33), the
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FIGURE 5 | Differential chemotherapeutic and immunotherapeutic responses of ISs. (A) Expression of 47 immune checkpoints in different LUAD subtypes. (B) The

TIDE score of different subtypes. (C) T cell dysfunction score of four ISs. (D) T cell exclusion score in four subgroups. (E–H) All the four ISs had significant differences

in the estimated cisplatin, erlotinib, sorafenib and vinorelbine IC50 values.

LDA score of CR/PR target lesions was significantly higher than
that of PD target lesions (Figure 7F).

Construction of LUAD Co-expression
Module and Identification of Key Modules
To identify the modules related to LDA score, firstly, the LUAD
samples in TCGA were clustered. The optimal β value in the
co-expression network was three, because it was the lowest
power with a scale-free topology fitting index greater than 0.90
(Figures 8A,B). Twenty co-expression modules were generated
by dynamic tree cutting method (Figure 8C). The transcripts for
each module were counted (note that the gray module was a
gene module that cannot be assigned) (Figure 8D). To identify
ISs-related modules, correlation heatmap between a module and
sample traits (age, gender, T stage, N stage, M stage, AJCC stage,
IS1, IS2, IS3, IS4) was generated. From the heatmap, it could
be observed that the positive correlation between IS1 and blue

module was the highest (r = 0.44, p < 0.05) and the negative
correlation with pink module was the strongest (r = 0.46, p
< 0.05), with a significant difference. IS2 showed the highest
positive correlation with gray module (r = 0.35, p < 0.05), and
the most significant negative correlation with blue module (r =
0.33, p < 0.05). Among the 20 modules, IS3 was also the most
significantly negatively correlated with blue (r = 0.54, p < 0.05);
IS4 showed the most significant positive correlation with dark
orange module (r = 0.39, p < 0.05) and blue module (r = 0.37, p
< 0.05) (Figure 8E).

Identification of LUAD Prognostic-Related
Modules and Hub Genes
Correlation analysis determined 12 modules significantly related
to LDA score (Figure 9A). Univariate analysis showed that blue
module, sky blue module and light yellow were significantly
correlated with the prognosis of LUAD (Figure 9B). As the
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FIGURE 6 | LDA was used to construct a scoring system based on immune cell signatures. (A) LDA diagram of four ISs patients in TCGA cohort. (B) The violin

diagram showed the different LDA score between IS1, IS2, IS3, and IS4 in TCGA. (C) Difference analysis of LDA score of four ISs patients in GEO database. (D)

Receiver operating characteristic (ROC) curves of LDA score in the TCGA. (E) Receiver operating characteristic (ROC) curves of LDA score in the GEO.

number of genes in the sky blue module was too small,
we then focused on the analysis of blue and light yellow
modules. In the blue module, hub genes with great prognostic
significance were determined to be CCDC90B, ARNTL2, RIPK2,
SMCO2, and ADA and NBN (Supplementary Figure 4). A
total of 8 hub genes, namely, NLRC3, CLEC2D, GIMAP5,
CXorf65, PARP15, AKNA, ZC3H12D, and ARRDC5, were in
the light yellow module. Except for CXorf65, the expression
of the other seven genes were significantly associated with
the prognosis of LUAD (Supplementary Figure 5). To further
understand the biological characteristics of each module,
we performed functional enrichment analysis on the genes
in the blue and the light yellow modules. Figures 9C,D

exhibited the top 10 GO terms and the top 10 KEGG
pathways with blue module annotation, and genes in the
light yellow module were mainly enriched in immune-related
pathways (Figures 9E,F).

DISCUSSION

LUAD is the most common type of lung cancer, accounting for
about 40% of all lung cancer cases. According to morphological
characteristics, LUAD can be divided into several histological
subtypes (34, 35). Among all LUAD, the most general subtype
develops via tumorigenesis and progression from atypical
adenomatous hyperplasia (AAH) to adenocarcinoma in situ
(AIS), to minimally invasive adenocarcinoma (MIA), to overt
invasive adenocarcinoma with a lepidic pattern (36). Amassed
researchers suggested that the WHO LUAD classification should
be modified for various patterns to more accurately predict
LUAD prognosis (37). At present, histological features are the
basis for further subdivision of LUAD into molecular subclasses,
and the latest advances in sequencing technology allow LUAD
to be classified according to the markers that regulate or
influence certain characteristics of the cancer (34). Here, we
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FIGURE 7 | The correlation between LDA score and LUAD immunotherapy response was assessed. (A) The immune checkpoints significantly related to LDA score

were screened from 47 immune checkpoints. (B) Correlation analysis of LDA score and PD1 expression. (C) Analysis of correlation between LDA score and CD274

expression. (D) Correlation analysis of LDA score and CTLA4 expression. (E) LDA score evaluation between CR, PR, SD, and PD before anti-PDL1 treatment. (F) The

difference of LDA score between CR/PR target lesions and PD target lesions was analyzed.

subdivided LUAD into four molecular subclasses based on
9 immune cell signatures of LUAD, and the results showed
significant prognostic differences among the four kinds of
ISs patients.

The four types of ISs presented different molecular
characteristics, which were reflected in the differences in
the number of TMB, mutant genes, chemokines and chemokine
receptors. We observed that TP53 mutations were the most
common, which was consistent with previous studies (38).
A growing body of findings supported the correlation of
differential existence of components of the immune system in
deciding the evolution of cancer (39). We found that naive B
cells, memory B cells, plasma cells, CD8T cells, memory resting

T cells CD4, activated memory T cells CD4 memory, helper
follicular T cells, regulatory T cells, resting NK cells, activated
NK cells, Monocytes, M0 Macrophages, M1 Macrophages, M2
Macrophages, resting dendritic cells, resting mast cells, activated
mast cells and eosinophils displayed notably different scores in
the four IS type. To some extent, these findings also reflected
the heterogeneity of LUAD. Since the density of most T cells
decreases with the progression of the tumor, B cells were related
to the prolongation of survival and increase in the late stage,
which had a dual effect on tumor recurrence and progression
(40). Different immune cell infiltration of the four kinds of ISs
may accordingly lead to variations in recurrence and survival of
LUAD patients.
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FIGURE 8 | Construction of LUAD co-expression module and identification of key modules. Analysis of (A) the scale-free fit index and (B) the mean connectivity for

various soft-thresholding powers. (C) Clustering dendrogram of genes based on topological overlapping. (D) A transcript of each module. (E) Analysis of

module-clinical trait relationships of LUAD.
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FIGURE 9 | Identification of LUAD prognostic-related modules and hub genes. (A) Correlation analysis between modules and LDA score. (B) Modules associated

with LUAD prognosis were analyzed by univariate Cox screening. (C) The top 10 GO terms annotated by blue module annotations. (D) The top 10 KEGG pathways

annotated by blue module annotations. (E) The top 10 GO terms enriched by the light yellow module. (F) The top 10 KEGG pathways enriched by the light yellow

module.
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Previous studies have found that LUAD subtypes with
different molecular and immune characteristics appear different
degrees of sensitivity to immunotherapies/chemotherapies
(41). Consistently, the current findings showed that the four
subtypes responded differently to immune/chemotherapy.
It was mainly manifested in the differences in molecular
expression of immune checkpoint molecules, TIDE scores, T
cell dysfunction scores and exclusion scores among the four
kinds of ISs, and the sensitivity to common chemotherapeutic
drugs. Although the immune microenvironment of LUAD
was comprehensively analyzed, these results may not correctly
reflect the inherent characteristics of the tumor, which, however,
is also important in regulating the function of immune
cells (11). Therefore, we also characterized LUAD by the
LDA score of each IS. LDA score was negatively related to
the expression of immune checkpoint inhibitors, and also
showed differences between CR/PR target lesions and PD
target lesions.

More importantly, from 12 modules significantly associated
with LDA score, we determined three modules closely associated
with the prognosis of LUAD. Hub genes in blue module and
light yellow module were screened. A high expression of 6
hub genes in blue module was associated with favorable LUAD
prognosis, and they were mainly enriched in cell division-
related pathways. In the light yellow module, seven hub genes
mainly related to immunity were found to be protective of
the survival of LUAD. Notably, most of these hub genes have
been identified as prognostic biomarkers or regulators of cancer
and were associated with pathologic progression of multiple
tumor types. ARNTL2 was a prognostic biomarker of LUAD
by promoting multiple organ metastasis and cell proliferation.
In addition, high ARNTL2 was a poor prognostic marker for
low-grade glioma, renal clear cell carcinoma and pancreatic
cancer (42). RIPK2 acts as a tumor marker by regulating NF-
κB signaling (43). ADA level in serum may be a biomarker
for diagnosis and prognosis of oral squamous cell carcinoma
(44). The variant of C. 657DEL5 in the NBN gene increases
the risk of pancreatic cancer (45). NLRC3 mediates protection
against colorectal cancer by inhibiting the activation of the
mTOR signaling pathway (46). CLEC2D expression in lung
cancer is linked to better clinical outcomes (47). AKNA is an
effective target for diagnosis and treatment since it can regulate
EMT-related pathways in gastric cancer (48). The expression
of ZC3H12D is closely related to LUAD stage, lymph node
metastasis and immune invasion (49). These findings highlight
the importance of hub genes in the two modules, which are
not independent but represent an important set of LUAD
influencing factors for our study. In addition, we also obtained
the interaction relationship of these 14 hub genes from the
string database. It can be observed that there is less interaction
between these genes (Supplementary Figure 6A), suggesting
that they may play a role in their respective regulatory pathways.
The R software package ClusterProfiler was used to analyze
the functional enrichment of 14 hub genes. These genes were
mainly enriched in biological processes such as lymphocyte
activation involved in immune response, interference alpha

production and so on (Supplementary Figure 6B). These hub
genes were mainly divided into two parts, and each part of
them had several high positive correlations with each other
(Supplementary Figure 6C).

Although our study preliminarily explored the immune
heterogeneity of different ISs in LUAD through bioinformatics
analysis, there were still some limitations. The current sample
size was small and came from public database, the population
race wasmainly limited to whites and blacks, therefore our results
should be verified in other races. Moreover, the current research
was limited to bioinformatics analysis, and further clinical studies
are needed.

CONCLUSION

In this study, we identified four LUAD immune subtypes
with different molecular characteristics, immune characteristics
and prognostic outcomes based on immune cell signatures.
In addition, ISs related modules were identified by WGCNA,
and LUAD prognostic related modules and 14 hub genes
was screened, of which 13 hub genes can be used as
potential biomarkers to predict the prognosis of LUAD
patients. Our research may provide a potential perspective
for immunotherapy.
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Objective: To evaluate the clinical efficacy and safety of hydrogen inhalation in

improving hearing loss in patients with long-term survival of nasopharyngeal carcinoma

after radiotherapy.

Methods: The eustachian tube dysfunction score, pure tone air conduction threshold,

bone conduction threshold, the score of tympanogram and otoscope were prospectively

observed in patients with deafness after radiotherapy only or combined radiotherapy

and chemotherapy for nasopharyngeal carcinoma. Paired t test and one-way analysis of

variance were used to analyze the data before and after treatment.

Results: A total of 17 patients were observed. The median time from radiotherapy to

nowwas 228months, and themedian time from the diagnose of deafness to nowwas 92

months. After 4 weeks of hydrogen inhalation, the score of eustachian tube dysfunction,

air conduction and bone conduction hearing thresholds were significantly reduced, P

values were 0.0293, 0.0027, 0.0404, respectively. The mean air-bone gap, the score

of otoendoscopy and tympanogram were also decreased, but the differences were not

significant (P = 0.2079, P = 0.0536, P = 0.1056). Patients with radiotherapy alone and

concurrent chemo-radiotherapy had significantly lower air conduction hearing threshold

after hydrogen absorption (P = 0.0142, P = 0.0495). The results of air and bone hearing

thresholds before, 4 and 12 weeks after hydrogen inhalation showed a descending trend.

The air and bone hearing thresholds before hydrogen inhalation were 74.69 ± 27.03 dB

and 45.70 ± 21.58 dB, respectively. At the 12th week, the mean values of air and bone

hearing thresholds were the lowest, which were 66.88 ± 20.88 dB and 40.94 ± 18.93

dB, respectively, but there was no significant difference in air and bone hearing thresholds

among all groups (P = 0.6755, P = 0.7712). After hydrogen inhalation treatment, no

adverse reactions such as nosebleed, chest pain, dyspnea, nausea, vomiting, dizziness,

earache and allergic reaction were observed.

Conclusion: This is the first prospective study on the effect of hydrogen inhalation

on hearing improvement in patients with deafness after radiotherapy/chemotherapy for
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nasopharyngeal carcinoma, suggesting that continuous hydrogen inhalation may be an

alternative rehabilitation therapy for these patients.

Keywords: hydrogen inhalation, hydrogen oxygen inhalation, nasopharyngeal carcinoma, radiotherapy,

chemotherapy, hearing loss, hearing impairment

INTRODUCTION

As one of the most common malignant tumors in the
head and neck, nasopharyngeal carcinoma (NPC) is primarily
treated with radiotherapy alone or radiotherapy combined
with chemotherapy. Patients’ 5-year survival rate can be
77.9–87.4% (1–4). Due to the fact that the entire auditory
system including the middle ear, cochlea, auditory nerves,
brainstem and auditory cortex are all located at or close
to the irradiation area for nasopharyngeal cancer treatment,
the radiation from radiotherapy inevitably implicates the
aforementioned anatomical structure of the nasopharynx.
Radiotherapy is usually followed by such complications as
secretory otitis media, ossicular chain necrosis, and cochlea
& auditory nerve damage. Hearing impairment is the most
common late-stage adverse reaction after nasopharyngeal
carcinoma radiotherapy (5, 6). As patients survive longer,
this complication becomes progressively worse and seriously
compromises the quality of life. So far, there has been no
special treatment, making tumor rehabilitation a major challenge
(7, 8).

Hydrogen (H2) is the lightest and smallest gas in nature.
Dole et al. (9) first reported the therapeutic effect of high-
pressure and high-concentration hydrogen on mouse models
with squamous cell carcinoma in 1975. In 2001, Gharib et al.
(10) proved that inhalation of high-pressure hydrogen alleviates
the inflammatory response caused by liver parasite infection. In
2007, Ohsawa et al. (11) found that low-concentration hydrogen
selectively neutralizes hydroxyl radicals (OH) and peroxynitrite
(ONOO-); and possesses antioxidant properties. In recent years,
a large number of preclinical studies and a few clinical studies
have observed the preventive and therapeutic effects of this
gas on different system diseases (12), including the effects on
inhibiting cancer cell growth, invasion and metastasis; and in
reducing adverse reactions of radiotherapy/chemotherapy (12–
15). In respect of the hearing system, some studies have revealed
that molecular hydrogen protects hair cells of the hearing
system through antioxidant effects, and ameliorates hearing
(16–19).

This study observes the changes of hearing-related
indexes before and after hydrogen inhalation by 17
patients with 5-year-long or longer hearing impairment
after nasopharyngeal carcinoma treatment, with a focus
on assessing the effectiveness and safety of hydrogen
in improving hearing. As far as we know, this is the
first report of research findings in this domain. With
the hope to reduce hearing loss after radiotherapy or
chemotherapy, we wish to provide a new, safe and effective
treatment and rehabilitation option for patients with
nasopharyngeal carcinoma.

SUBJECTS AND METHODS

Subjects
From May 2019 to October 2020, a total of 34 nasopharyngeal
carcinoma patients with post-radiotherapy hearing loss from
the Nasopharyngeal Carcinoma Group of the Light of Life
Cancer Rehabilitation Association of Guangdong Province
were enrolled in this study after signing informed consent.
According to the registered clinical trial (ClinicalTrials.gov,
ID: NCT03818347; Registration Date: January 24, 2019),
all the enrolled patients met the following conditions: (1)
Diagnosed with Stage I to IVb nasopharyngeal carcinoma
after pathological examinations; (2) Received conventional
radiotherapy (radiotherapy) or radiotherapy combined with
chemotherapy (chemoradiotherapy) 5 years ago; (3) Hearing and
hearing test results before anti-tumor treatment were normal; (4)
Experienced hearing loss at the age of 60 or lower, which excluded
the probability of presbycusis; (5) Having inhaled hydrogen
for at least 4 weeks. Patients with the following conditions
were excluded from this study: (1) Severe hypertension, diabetic
autoimmune disease, history of head trauma, and experience
of long-time working in noisy environment; (2) Recurrence or
metastasis of existing tumor(s); (3) Middle ear disease or hearing
impairment developed before anti-tumor treatment; (4) Head
and neck radiotherapy due to other reasons; (5) Middle ear
effusion as evidenced by otoscopy.

The three patients who did not keep inhaling hydrogen
daily and 14 patients who failed to complete regular relevant
examinations were excluded from analysis. A total of 17 patients
(34 ears) completed the study eventually.

The 17 patients, including seven males and 10 females, aged
from 47 to 67 years old, with a median of 58 years old. According
to AJCC (American Joint Committee on Cancer) tumor staging
(7th edition), 10 cases were in Stage I, 4 cases in Stage II, 1 case in
Stage III, and 2 cases in Stage IV. Eleven of the cases had received
radical radiotherapy alone; and 6 cases radiotherapy combined
with chemotherapy. During radiotherapy, the radiation dose of
68–72Gy was applied to nasopharyngeal carcinoma and draining
lymph node areas; 70.0Gy to positive cervical lymph nodes;
and 50.0–60.0Gy to negative cervical lymph nodes. The patients
were exposed to radiation 34 to 38 times in total once a day
for five times a week, with dose fractionation set at 1.8–2.0Gy
each time. Concurrent chemotherapy was performed with the
regimen 40 mg/m2 cisplatin (DDP) given through intravenous
drips once a week. It has been 100 to 355 months (a median of
259 months) since the aforementioned treatment was completed.
Hearing loss occurred 24 to 289 months after the completion
of radiotherapy or chemoradiotherapy, with a median of 117
months. It persisted for 30–186 months, with a median of 90
months (Table 1). The patients received hearing loss treatments
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including: glucocorticoid treatment in 12 cases, acupuncture
in seven cases, Chinese medicine treatment in 16 cases, and
hyperbaric oxygen treatment in one case. None of the patients
showed improvement from the treatments.

Hydrogen Inhalation Method
The subjects inhaled hydrogen-oxygen mixture, which contained
2.0 L/min hydrogen and 1.0 L/min oxygen (produced by
hydrogen-oxygen nebulizer AMS-H-03, Shanghai Asclepius
Meditec Co., Ltd.), through nasal tubes in quite conditions. Daily
inhalation lasted 3–6 h for 4–12 weeks, with eight cases for 12
weeks, six cases for 8 weeks and three cases for 4 weeks. The
test period was divided into three periods for assessment: before
hydrogen treatment, after 4 weeks of hydrogen treatment, and
after 12 weeks of hydrogen treatment.

Eustachian Tube Dysfunction
Questionnaire-7 (ETDQ-7) Survey
Eustachian tube dysfunction questionnaire-7 (ETDQ-7) survey
(20, 21) was adopted. The scale included seven items,
representing seven levels (from 1 to 7 scores) according to the
severity of symptoms. The higher the score, the more severe
the symptoms. Patients were given face-to-face questionnaire
surveys 1–3 days before hydrogen inhalation and 1–3 days after 4
weeks of hydrogen inhalation.

Tympanic Membrane Detection
Scoring was performed according to otoscope-based
examination: 1 score: tympanic membrane turbidity and
thickening; 2 scores: tympanic membrane congestion
and indentation as well as disappearance of light cone; 3
scores: tympanic membrane effusion; and 4 scores: tympanic
membrane perforation.

Tympanogram Changes
Acoustic impedance tester was used to assess the changes in calm
breathing tympanogram (17, 18). Tympanogram scoring rules
were: 3 scores for type Ad; 2 scores for type A or As; 1 score for
type C; and 0 score for type B.

Pure-Tone Hearing Threshold Testing
Pure-tone hearing threshold testing (with AT235 from a Danish
international hearing health care company) was carried out in
a standard sound-proof chamber. With acoustic standard set at
GB/T16296 and reverberation time at 0.3 ± 0.15 s, pure-tone
hearing thresholds in conditions of 0.5, 1, 2, 4, and 8 kHz were
tested in sequence. The average air-conduction threshold, bone-
conduction threshold, and air-bone gap under 0.5–4 kHz were
calculated. The average pure tone hearing threshold (PTA) of four
frequencies divides hearing loss into the following levels: normal
hearing is defined as the mean of pure tone hearing threshold
≤ 25 dB; 26–40 dB HL was mild hearing loss, 41–55 dB HL
was moderate hearing loss, 56–70 dB HL was moderately severe
hearing loss, 71–90 dB HL was severe hearing loss, and ≥91 dB
HL was very severe hearing loss. Pure tone hearing threshold test
by hearing detection professional testing.

Safety Assessment
According to Common Terminology Criteria for Adverse Events
(CTCAE-4.0 version) defined by the National Cancer Institute of
U.S. Department of Health and Human Services (22), symptoms
or side effects are graded from Grade 1–5. Safety evaluation
was conducted once every 4 weeks after hydrogen inhalation,
covering symptoms of nose bleeding, cough, chest pain, dyspnea,
nausea, vomiting, dizziness, earache and allergic reaction.

Statistical Analysis
Measurement data were expressed as x ± s. The data before
and after hydrogen inhalation were compared by paired t test.
Different hydrogen uptake durations were compared using one-
way analysis of variance. P≤0.05 indicated that the difference is
statistically significant. All analyses and figures were produced
using GraphPad Prism 5.0 (GraphPad software, San Diego,
CA, USA).

RESULTS

Eustachian Tube Function
A total of 17 cases received the survey using 7-item
questionnaires about eustachian tube dysfunction. 34
questionnaires were returned back, with 100% effective response
rate. The score before hydrogen inhalation was 3.25 ± 2.00, and
that after 4 weeks of hydrogen inhalation was 2.59 ± 1.65. The
difference between the two groups was statistically significant (P
< 0.05) (Table 2).

Scoring of Tympanic Membrane Under
Otoscope and Tympanogram
Tympanic membrane perforation occurred in five ears before
hydrogen inhalation and persisted after treatment. After 4 weeks
of hydrogen inhalation, the tympanic membrane score based
on otoscopy stabilized in 10 cases, improved in 6 cases, and
worsened in one case. However, the difference compared to
before hydrogen inhalation was not statistically significant (P >

0.05). Tympanogram scores before and after hydrogen inhalation
showed no statistically significant difference (P > 0.05) (Table 2).

Hearing Changes
Hearing Changes After 4 Weeks of Hydrogen

Inhalation
The average air conduction, bone conduction and air-bone gap
before hydrogen inhalation in 17 patients (34 ears) were 77.46 ±
28.12, 46.76 ± 20.73, and 30.70 ± 11.12 dB, respectively. After
4 weeks of hydrogen inhalation treatment, both air conduction
threshold and bone conduction threshold were significantly
lower than those before hydrogen inhalation, being 73.35± 28.20
dB (P = 0.0027) and 44.56 ± 19.50dB (P = 0.0404), respectively
(Figures 1A,B). Among them, the threshold of air conductivity
was significantly improved, with a decrease in 64.71% of the
patients (Table 3). The mean air bone gap(ABG) decreased from
that before treatment (28.78 ± 13.44 dB), but the difference was
not statistically significant (P= 0.2079) (Figure 1C).
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TABLE 1 | Basic information of the 17 patients with hearing loss after nasopharyngeal carcinoma radiotherapy/chemoradiotherapy.

Case

no.

Age (Y) Gender Staging at

time of

treatment

Tumor treatment End of

treatment till

now (month)

End of

treatment to

discovery of

hearing loss

(month)

End of

treatment to

receiving

hydrogen

treatment

(month)

Hydrogen

inhalation

duration

(week)

1 66 Female I Radiotherapy 300 246 54 12

2 47 Male III Chemoradiotherapy 173 83 90 12

3 63 Female I Chemoradiotherapy 220 114 106 12

4 62 Male II Radiotherapy 271 115 156 8

5 47 Female I Radiotherapy 120 54 66 12

6 67 Female I Radiotherapy 147 117 30 8

7 64 Female IV Chemoradiotherapy 259 114 145 12

8 63 Female II Chemoradiotherapy 113 54 59 12

9 60 Male II Radiotherapy 275 149 126 4

10 53 Male I Radiotherapy 354 168 186 8

11 53 Female I Radiotherapy 355 289 66 4

12 60 Female II Chemoradiotherapy 183 117 66 8

13 56 Male I Radiotherapy 268 130 138 4

14 67 Female I Radiotherapy 310 196 114 8

15 48 Female IV Chemoradiotherapy 100 56 44 12

16 54 Male I Radiotherapy 114 24 90 12

17 60 Male I Radiotherapy 228 144 84 8

TABLE 2 | Eustachian tube dysfunction 7-item score, otoscopy score and tympanogram score.

Number of ears Before hydrogen-

oxygen inhalation

x ± s

4 weeks after

hydrogen- oxygen

inhalation x ± s

P value

Eustachian tube disfunction 7-item score 3.25 ± 2.00 2.59 ± 1.65 0.0293*

Otoscopy score 34 1.76 ± 1.26 1.44 ± 1.24 0.0536

Tympanogrom score 34 0.68 ± 0.98 0.97 ± 1.06 0.1056

*P < 0.05.

FIGURE 1 | Pure tone hearing threshold tests result before and after hydrogen-oxygen mixed gas inhalation on hearing loss patients with long-term survival after

combined modality treatment of nasopharyngeal carcinoma. (A) Test results of the air conduction hearing threshold. (B) Test results of the bone conduction hearing

threshold. (C) Test results of the air bone gap (ABG) hearing threshold. The parallel red long lines in the figure represent the normal range,the black short lines

represent the average value at each time point. Data are analyzed by paired t test. *P < 0.05, **P < 0.01.
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TABLE 3 | Air conductance threshold improvement before and 4 weeks after

hydrogen and oxygen inhalation therapy.

Air-conduction

hearing threshold

improvement decibel

(dB)

Number of ears Percentage (%)

≤0 12 35.29%

0–10 18 52.94%

11–20 3 8.82%

21–30 1 2.94%

Hearing Improvement in Patients With Different Initial

Treatment Regimens for Tumors
According to the initial methods of tumor treatment, 17 patients
(34 ears) were separated to radiotherapy group (22 ears) and
concurrent chemoradiotherapy group (12 ears). The average
air-conduction threshold, bone-conduction threshold and air-
bone gap of the radiotherapy group before hydrogen inhalation
were 76.70 ± 28.25, 47.05 ± 22.30, and 29.66 ± 9.86 dB,
respectively. After 4 weeks of hydrogen inhalation, the air-
conduction threshold showed decline with significant difference
(73.98± 30.29 dB, P= 0.0142, Figure 2A); and bone-conduction
and air-bone gap hearing thresholds showed decrease without
significant difference (P = 0.6137 and P = 0.1699, respectively.
Figures 2C,E). Before hydrogen inhalation, the average air-
conduction threshold, bone-conduction threshold and air-bone
gap of patients with concurrent chemoradiotherapy were 78.85
± 28.55, 47.05 ± 17.72, and 31.81 ± 14.63 dB, respectively.
After hydrogen inhalation, the thresholds of air conduction
and bone conduction were significantly reduced, being 72.19
± 25.13 dB and 39.04 ± 12.61 dB, respectively. P values were
0.0495 and 0.0134, respectively (Figures 2B,D). The average air-
bone gap between the two groups was increased (33.15 ± 18.48
dB) compared to before treatment, but the difference was not
statistically significant (P= 0.7283, Figure 2F).

Hearing Threshold Changes in Patients With Different

Hydrogen Inhalation Durations
Eight of the deaf patients (16 ears) were treated with hydrogen
inhalation for 12 weeks. The results of air conduction threshold
and bone conduction threshold were compared before, 4 weeks
and 12 weeks after hydrogen inhalation treatment, showing
a downward trend. Before hydrogen inhalation, air and bone
hearing thresholds were 74.69 ± 27.03 dB and 45.70 ± 21.58
dB, respectively. At 12 weeks of treatment, the mean values of
air conduction threshold and bone conduction threshold were
the lowest, which were 66.88 ± 20.88 dB and 40.94 ± 18.93 dB,
respectively. However, there was no significant difference in air
and bone hearing threshold among all groups (P = 0.6755,P =

0.7712, Figures 3A,B).

Patients’ Hearing Changes After Suspension of

Hydrogen-Oxygen Inhalation
Five patients (10 ears) were given hearing checkups 6–9
months after they stopped hydrogen-oxygen gas inhalation.

According to the checkup results, the bone- and air-conduction
hearing thresholds of three ears were stable or showed
continuous improvement; and the hearing thresholds of seven
ears increased in decibels. Average decibels of both air-
and bone-conduction hearing thresholds for the affected ears
were higher than before, but no significant difference was
observed with P value of 0.0596 and 0.3473 respectively (see
Figures 4A,B).

Adverse Reactions Related to
Hydrogen-Oxygen Inhalation
No such common adverse reaction as nose bleeding, chest pain,
dyspnea, nausea, vomiting, dizziness, earache or skin allergy was
observed after hydrogen-oxygen inhalation. Ten patients (58.8%)
complained of mild cough before hydrogen inhalation, and 11
patients (64.7%) complained of cough 4 weeks after hydrogen
inhalation. Earache occurred before hydrogen inhalation in one
of the cases and no change of earache after the treatment.
As time passed, the aforementioned symptoms did not worsen
(Table 4).

DISCUSSION

Hearing Impairment After Radiotherapy
Nasopharyngeal carcinoma (NPC) is the most common
malignant tumor of the head and neck, with more than half of
the world’s cases found in China. And such cases are mostly
seen in southern and southeastern coastal areas of China.
Currently, radiotherapy is the most effective treatment for
NPC. As radiotherapy technology advances, the efficacy has
improved gradually. Early-stage NPC patients’5-year survival
rate may reach as high as 95% (23). As the most common
adverse reaction after radiotherapy, hearing impairment
takes place in the following three circumstances: (1) Hearing
impairment occurs directly after radiotherapy and is usually
temporary. Patients recover from it after several weeks or
months (24). (2) Sudden deafness or sudden hearing loss
occurs without any apparent cause at a certain time point
after the end of radiotherapy (25). (3) Hearing loss occurs
gradually after radiotherapy or chemoradiotherapy after a
“latency period” of varying lengths (26). This is the case with
the group of patients included in this study. The median
interval (shortest at 100 months) from the completion of
radiotherapy or chemoradiotherapy till now is 259 months.
Hearing loss occurred at the median time of 117 months
(ranging from 24 months to 285 month) after the completion
of radiotherapy or chemoradiotherapy. It persisted for a median
time of 90 months (shortest at 30 months). In these cases,
there is neither evidence of the existence or recurrence of
any primary tumor, nor other factor that could have caused
hearing impairment.

Hearing loss is a major late complication for long-term
surviving patients after radiotherapy or radiotherapy combined
with chemotherapy. As a patient survives longer, the incidence
of hearing loss increases, and hearing loss becomes more serious
(27). The hearing loss rate of patients who survive more than
5 years can reach 60.5–94% (6, 28–30). Due to the lack of
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FIGURE 2 | Pure tone hearing threshold tests result before and after hydrogen-oxygen mixed gas inhalation on hearing loss patients with long-term survival after

radiotherapy only and concurrent chemoradiotherapy of nasopharyngeal carcinoma. (A) Test results of the air conduction hearing threshold in RT patients. (B) Test

results of the air conduction hearing threshold in CCRT patients. (C) Test results of the bone conduction hearing threshold in RT patients. (D) Test results of the bone

conduction hearing threshold in CCRT patients. (E) Test results of the air bone gap (ABG) hearing threshold in RT patients. (F) Test results of the air bone gap(ABG)

hearing threshold in CCRT patients. The parallel red long lines rep in the figure represent the normal range. Data are analyzed by paired t test. *P < 0.05.

FIGURE 3 | Patients’ hearing changes at different time points of hydrogen-oxygen inhalation. (A) Diagram of changes of air conduction hearing threshold at different

time point after hydrogen-oxygen gas inhalation; (B) Diagram of changes of bone conduction hearing threshold at different time point after hydrogen-oxygen gas

inhalation. One-way analysis of variance was used for data analysis.

targeted treatments, existing treatments are usually based on
symptomatic treatments, with limited effects (31). It has been
reported that hearing improved after sudden deafness was
treated with Intratympanic steroids (32). All the patients in
this study group received a variety of treatments, including
oral steroids or ear drops, acupuncture and hyperbaric oxygen.
But the treatments failed to relieve hearing damage or prevent
the aggravation.

Observation on Hydrogen-Based
Treatment of Hearing Loss
In 2020, we (33) reported about three cases of NPC patients
with hearing loss after radiotherapy. The patients had significant
improvement in hearing after hydrogen inhalation. In a
real-world evidence survey of cancer patients who took
hydrogen inhalation voluntarily as a means of rehabilitation,
a 63-year-old male patient with nasopharyngeal carcinoma
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FIGURE 4 | Hearing changes in patients after hydrogen and oxygen inhalation therapy was discontinued. (A) Diagram of changes in air conduction hearing threshold

after stopping hydrogen-oxygen inhalation therapy for 24 weeks; (B) Figure of changes in bone conduction hearing threshold after stopping hydrogen-oxygen

inhalation therapy for 24 weeks. Paired t test was used for data analysis.

radiotherapy 19 years ago was observed. After radiotherapy, the
patient experienced hearing loss, which showed no substantial
improvement in spite of symptomatic treatments, and had
to use hearing aid for smooth communication. On January
17, 2019, he started to inhale hydrogen on a daily basis.
After March 2019, his hearing improved tremendously, ridding
him of the hearing aid. The patient’s experience led us to
the unexpected discovery that hydrogen might be effective in
treating hearing loss. Therefore, with a request and support
from the Nasopharyngeal Cancer Group of Light of Life
Cancer Rehabilitation Association in the patient’s place of
living, we conducted this prospective study. The 17 patients in
the study had clear history of nasopharyngeal carcinoma and
radiotherapy or chemoradiotherapy. In quiet environment, the
patients inhaled hydrogen (mixture of hydrogen and oxygen)
through nasal tubes at least 3 h a day for more than 4
weeks. Results indicated that hearing was improved in most
cases. After 4 weeks of hydrogen inhalation, the patients’
eustachian tube function scale scores were significantly lower

than before treatment; and both their air- and bone-conduction
hearing thresholds of the affected ears declined notably. As
the treatment continued, the patients’ hearing decibels of the

affected ears decreased more than before. After hydrogen
inhalation was stopped, hearing in some of the cases continued to
improve. For subgroups with different initial treatments, the air-

conduction hearing thresholds of ears affected by radiotherapy

alone and air- and bone-conduction hearing thresholds of ears
affected by concurrent radiotherapy and chemotherapy were
significantly improved.

It is worth noting that the hydrogen inhalation is very
safe. Few patients in the study experienced hydrogen-specific
adverse reactions.

Hydrogen inhalation by the 17 patients in this study
group was carried out under strict medical supervision and
was not given any other medical intervention during the
entire period. Therefore, it can be concluded that the hearing
improvement found in these patients is undoubtedly attributable
to hydrogen inhalation.

Mechanism of Hydrogen in Improving
Hearing Loss
The mechanism by which hydrogen improves hearing
loss in patients with nasopharyngeal carcinoma after
radiotherapy or chemoradiotherapy remains unclear.
However, if we connect the biological effect of radiation
(or chemotherapy drugs) with the mechanism of action of
hydrogen, it is not difficult to note that hydrogen represents
a “tit-to-tat” “pathogenesis treatment” for post-radiation
hearing loss.

First of all, hydrogen has anti-oxidant and anti-inflammatory
effects that resist oxidative stress and inflammation caused
by radiotherapy. In the process of radiotherapy, reactive
oxygen species (ROS), especially hydroxyl radicals (OH-) and
peroxy-nitrosamine, are generated in large volume. Excessive
levels of ROS destroy the composition of mitochondrial
electron transport chains; trigger imbalance of intracellular
redox systems (34); and cause lipid peroxidation, protein
misfolding and DNA strand breakage. In the meantime, they
activate the JNK signaling system; up-regulate pro-oxidant
genes; and inhibit antioxidants related to nuclear factor-e2
related factor (Nrf2) (35), thereby causing oxidative stress
and meanwhile inducing matrix metalloproteinases (MMP);
triggering secretion of inflammatory chemokines including
tumor necrosis factors (TNFs), interleukin (IL)−1, IL-6 and IL-8;
and precipitating inflammation. Peroxidation and inflammation
promote cell apoptosis. Subsequently, pro-fibrotic cytokines
such as platelet-derived growth factors (PDGFs), insulin-like
growth factors (IGFs) and basic fibroblast growth factors
(FGFs) are released, promoting differentiation of monocytes
into M2 macrophages; strengthening fibroblasts to proliferate
and differentiate into myofibroblasts; and then amplifying
inflammation and fibrosis formation. Radiation can also induce
the expression of several miRNAs including miRNA-1 and
miRNA-21. And the up-regulation of miRNA-21 expression is
related to fibrosis.

The dose of radical radiotherapy for nasopharyngeal
carcinoma is far higher than the normal tissue tolerance
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dose. Therefore, oxidative stress, inflammation and fibrosis
that accompany radiotherapy inevitably damage the auditory
system in the radiation field (36–39), leading to middle
ear, inner ear and auditory nerve cell damages. Eventually,
conductive, sensorineural or mixed hearing loss occurs.
Although intensity-modulated radiotherapy helps reduce
the dose to surrounding normal tissues (6, 40, 41), ear
symptoms are still unavoidable for nasopharyngeal cancer
survivors (42–44). The hearing loss of patients receiving
radiotherapy combined with chemotherapy is usually more
severe than that of patients with radiotherapy alone (39).
This might be attributed to the fact that cisplatin, which
is commonly used in chemotherapy, has a strong effect on
inducing ROS generation.

Hydrogen molecule is a weak reducing agent with very
low molecular weight. It can quickly diffuse and pass through
cell membranes and lipid bilayers; reach cell nuclei and
mitochondria where abundant invasive ROS gather; and
selectively neutralize highly reactive toxic ROS (such as •OH)
directly (11). Further studies have revealed that hydrogen
regulates the Nrf2 pathway (45). Nrf2 is considered to be an
important regulator of electrophilic/antioxidant homeostasis,
and is especially capable of maintaining the functional integrity
of cells under oxidative stress conditions. Hydrogen helps
activate the Nrf2-Keap1 system; induce activation of antioxidant
response elements (AREs); and promote expression of multiple
cytoprotective proteins such as glutathione, catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase and heme-
1 oxygenase; activate transcription factor FoxO1; reduce damage
of OH to mitochondria; and inhibit overproduction of ROS.
Moreover, hydrogen inhibits infiltration of phagocytes to sites
of inflammation and subsequent release of reactive substances;
and down-regulates various pro-inflammatory and inflammatory
cytokines including interleukin (IL)-1β, IL-6, TNF-α and
intracellular adhesion molecules (ICAM)-1, thereby achieving
anti-inflammatory effect (46, 47). Hydrogen also weakens
abnormal expression ofmiRNA induced by radiation and reduces
fibrotic damage (45).

According to the findings of existing studies, hydrogen
treatment helps significantly mitigate hearing loss caused by
cisplatin; reduce Organ of Corti hair cell damage from cisplatin;
improve levels of malondialdehyde (MDA) and isoprostanes F2α
(8-iso-PGF2α) in serum and cochlea tissues (48); significantly
increase the number of residual acoustic hair cells in the cochlea;
and reduce formation of hydroxyl radicals in the cochlea (49).
These facts support the aforementioned mechanism.

Second, hydrogen has cytoprotective activity that improves
cell apoptosis induced by radiotherapy. Apoptosis plays an
important role in progression of radiation injury. Hydrogen
significantly inhibits ectopic expression of death promoter Bcl-
2 related X protein (bax) and expression of caspase-3, and
meanwhile, promotes expression of the anti-apoptotic protein
Bcl-2, thereby achieving cytoprotective activity (50, 51).

Third, hydrogen improves blood perfusion and alleviates
vascular damage as a result of radiotherapy. Vascular injury
and endothelial dysfunction play key roles in development
of radiation injury (52). Within a few minutes of exposure
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to ionization radiation (IR) and as ROS is generated in
excessive amount, vascular protectant nitric oxide (NO) is
eliminated, triggering nitrosylation of protein tyrosine residues
and lipid peroxidation. Ultimately, vasomotor response is
weakened, and vascular stenosis appears (53, 54). After
radiation, NADPH oxidases (NOXs), especially NOX2 and
NOX4 that are abundantly expressed in vascular endothelial
cells, are up-regulated. This promotes excessive production of
ROS; changes calcium homeostasis and calcium metabolism
disorders; and triggers antifibrinolysis-coagulation cascade
action, leading to blood clotting and vascular occlusion (55–
57). Radiation facilitates migration of monocytes to inner
membranes, induces expression of inflammatory adhesion
molecules, enhances adhesive capacity of monocytes, recruits
monocyte chemotactic protein-1 into inner membranes, absorbs
low-density lipoproteins, and promotes arteriosclerosis (58),
which eventually leads to arterial stenosis and lower blood
perfusion. Since the neck is usually included in the irradiation
scope of radiotherapy for patients with nasopharyngeal cancer,
carotid artery damage (59) and cochlear vascular damage are
inevitable, causing blood supply disorders. This may also directly
incur damage to outer hair cells and spiral ganglion cells of the
cochlea (60).

Evidence suggests that hydrogen protects damaged blood
vessels and improves blood perfusion, including inhibiting
degradation of cyclic guanosine monophosphate (cGMP)
through phosphodiesterase, increasing cGMP levels and
promoting protein kinase activation. It can also increase
intracellular calcium levels and stimulate vascular endothelial
growth factors, thereby increasing production of nitric oxide.
Moreover, hydrogen functions to open the potassium channel
sensitive to adenosine triphosphate and activate downstream
mitogen-activated protein kinase pathways, thus promoting
angiogenesis (61). Further experimental studies indicate
that hydrogen prevents arterial intimal hyperplasia and
atherosclerosis by inhibiting ROS and TNF-α/NF-κB pathways
(62, 63); inhibits macrophage-derived foam cell apoptosis;
stabilizes atherosclerotic plaques (64); reduces vascular stenosis;
and promotes formation of vascular collaterals using the FIk1-
Notch signal stimulated by paracrine VEGFs, thereby improving
local microcirculation (61).

Discussion on Hydrogen Therapy
There are multiple ways to introduce hydrogen into the body,
including oral and intravenous injection of hydrogen water.
However, since hydrogen has short half-life in the body and
cannot be retained in the body’s tissues for a long time, non-
inhalation methods may not deliver satisfactory results. The
therapeutic effects of this study group appeared at least 2
weeks after hydrogen inhalation in all the cases. From patients
with long-term hydrogen inhalation, it has been observed
that as hydrogen inhalation was continued for longer time,
the patients’ air- and bone-conduction hearing thresholds
decreased more significantly. Fransson AE and his team also
found repeated administration of H2 inhalation may further
improve the therapeutic effect (65). After hydrogen inhalation

was stopped, the patients’ bone- and air-conduction hearing
thresholds rose. Given that hearing loss in this study group
lasted for months or even years, it is speculated that the disease
had “aged”. The effect of hydrogen depends on sufficient dose
and time. It seems that only inhalation of hydrogen can meet
these requirements.

The concentration level and flow rate of inhaled hydrogen
are also important. The hydrogen inhaled by this study group
has a flow rate of 3L/min and concentration level at 67%.
These are the maximum levels that can be provided by
the only hydrogen inhalation equipment approved by the
Chinese authority.

So far, there has been no evidence as to whether inhalation
of pure hydrogen is better or inhalation of hydrogen-oxygen
mixture is. If high-concentration pure hydrogen is to be inhaled,
oxygen intake is inevitably affected. Inhaling a mixture of
hydrogen and oxygen helps at least prevent hypoxia. Studies have
revealed that during inhalation of hydrogen-oxygen mixture,
hydrogen molecules, which are extremely small and permeable,
can “carry” larger molecules of oxygen to the deep areas of tissues
and improve oxygen supply (66). The mixture inhaled by this
study group contains 33% oxygen, which exceeds the oxygen level
in normal air.

CONCLUSION

Hearing loss is a common and persisting adverse reaction
for nasopharyngeal carcinoma patients with radiotherapy. The
hearing loss of such patients is usually long-lasting, chronical
and gradual, thus affecting the quality of life in a serious
manner. Unfortunately, there has been no special treatment
available so far. Hydrogen inhalation can improve the hearing
of long-term surviving patients with nasopharyngeal carcinoma
after radiotherapy, and achieves more significant efficacy as the
duration of treatment is extended. Its mechanism of action might
be associated with hydrogen’s functions in controlling oxidative
stress and inflammation; protecting cells; and improving blood
perfusion. This study represents the first effort to adopt hydrogen
inhalation as an independent measure for improving hearing loss
in the patients with long-term survival of nasopharyngeal cancer.
If this study would be supported by more experiments and
verification in the future, hydrogen inhalation would be proven
a safe and effective means of rehabilitation for the challenge in
the medical world.
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Traumatic brain injury (TBI) is a major global burden of health. As an accepted

inflammatory mediator, high mobility group box 1 (HMGB1) is found to be effective in

facilitating neurogenesis and axonal regeneration. SH3RF2 (also known as POSHER),

an E3 ligase SH3 domain-containing ring finger 2, belongs to the SH3RF family

of proteins. Here, we aimed to investigate the role of redox states of HMGB1 on

neurite outgrowth and regeneration both in vitro and in vivo. In this study, distinct

recombinant HMGB1 redox isoforms were used. Sequencing for RNA-seq and data

analysis were performed to find the potential downstream target of nonoxid-HMGB1

(3S-HMGB1). Protein changes and distribution of SH3RF2 were evaluated by western

blot assays and immunofluorescence. Lentivirus and adeno-associated virus were

used to regulate the expression of genes. Nonoxid-HMGB1-enriched exosomes were

constructed and used to treat TBI rats. Neurological function was evaluated by OF

test and NOR test. Results demonstrated that nonoxid-HMGB1 and fr-HMGB1, but not

ds-HMGB1, promoted neurite outgrowth and axon elongation. RNA-seq and western

blot assay indicated a significant increase of SH3RF2 in neurons after treated with

nonoxid-HMGB1 or fr-HMGB1. Notably, the beneficial effects of nonoxid-HMGB1 were

attenuated by downregulation of SH3RF2. Furthermore, nonoxid-HMGB1 ameliorated

cognitive impairment in rats post-TBI via SH3RF2. Altogether, our experimental results

suggest that one of the promoting neurite outgrowth and regeneration mechanisms

of nonoxid-HMGB1 is mediated through the upregulated expression of SH3RF2.

Nonoxid-HMGB1 is an attractive therapeutic candidate for the treatment of TBI.

Keywords: cognitive impairment, redox state, HMGB1, traumatic brain injury, SH3RF2

INTRODUCTION

Traumatic brain injury (TBI) is a major cause of death and disability around the world (1, 2).
Survivors often suffer from a variety of neurological symptoms, such as cognitive dysfunction,
disorders of balance, paresthesia, memory problems, etc. (3, 4). The mechanism of brain damage
after TBI has been proved to involve both direct mechanical damage and indirect damage
(5, 6). Direct mechanical damage results from initial impact and is considered irreversible.
Secondary damage is mainly caused by the delayed neurochemical process such as excitotoxicity,
mitochondrial dysfunction, oxidative stress, and inflammation, which is reversible (7). However,
despite extensive research into the process of TBI disease, there is, still, a lack of effective treatments
to promote neurological recovery, and the prognosis remains unfavorable.
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HMGB1 (high mobility group box 1) is a nuclear protein, but
extracellular HMGB1 works as a damage-associated molecular
pattern (DAMP) to stimulate the innate immune system (8, 9).
HMGB1 exerts varying biological activities according to the
redox states of cysteines, which are at positions C23, C45, and
C106 within a protein (10–12). Three isoforms of HMGB1 have
been identified, namely, fully reduced HMGB1 (fr-HMGB1),
disulfide HMGB1 (ds-HMGB1), and fully oxidized HMGB1 (ox-
HMGB1) (13). They interact with different pathogen recognition
receptors to participate in different pathophysiological processes.
Fr-HMGB1 exhibits that the three cysteines are in the thiol state
(reducing status). It elicits intracellular actions via binding to
RAGE and/or CXCR4 (14). In contrast, in ds-HMGB1, a disulfide
bond is formed between C23 and C45 residues due to the
oxidation, while C106 remains unchanged. It induces cytokine
production via binding to TLR4 (15). The final variant, namely,
ox-HMGB1, is reportedly non-active, with all three cysteines
terminally oxidized (16).

In TBI, HMGB1 has been shown to enhance
neuroinflammation and subsequently exacerbate neurocognitive
impairment (17, 18). Extracellular HMGB1 is released by
necrotic neurons and other immune cells recruited to the injury
site (19). It can act both as a chemoattractant for leukocytes
and as a proinflammatory mediator to induce the release of
proinflammatory cytokines (12). However, the critical role of
HMGB1 in facilitating neurogenesis and neural regeneration
is neglected. It has been reported that HMGB1 stimulates
hippocampal and cortical neurogenesis post-TBI (20). HMGB1
is upregulated in axons of injury-conditioned neurons and
enhances axon outgrowth (21). Furthermore, a previous study
shows that the overexpression of HMGB1 in motoneurons
promotes neuroregeneration in SCI (spinal cord injury) (22).
Together, these observations suggest that HMGB1 plays dual and
antagonistic roles during neurogenesis and neuroregeneration
after CNS (central nervous system) injury.

In this study, to investigate the effects of HMGB1 redox
isoforms on neurite outgrowth and regeneration in vitro, fr-
HMGB1, ds-HMGB1, and nonoxid-HMGB1 (3S-HMGB1) were
selected. Nonoxid-HMGB1 is a mutant to mimic fr-HMGB1
functions in which all cysteines are replaced with serines
and maintains structural stability in oxidizing milieu (23). In
addition, we assessed the effects of nonoxid-HMGB1 in TBI rats
and tried to explore the potential molecular mechanism.

MATERIALS AND METHODS

Animals
The post-natal day 1–3 Sprague-Dawley (SD) rats were provided
by Southern Medical University SPF Animal Experimental
Center (Guangzhou, China). Male adult SD rats were purchased
from the Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China), weighing 190–210 g (8–10 weeks old). The
animals were fed in a standard environment with a light-dark
cycle (12/12-h day/night, 25◦C) and had 1 week to adapt to the
new environment before surgery. All the animal studies were
approved by the Review Committee for the Use of Human or
Animal Subjects of Sun Yat-Sen University.

Primary Culture of Cortical Neurons
Cortical neurons were isolated from the neonatal rats under a
microscope. In brief, cerebral cortices were isolated carefully.
The separated cortical tissue was shredded and dissociated with
a papaya enzyme (Sigma-Aldrich, USA). In the first 2 h, cells
were cultured in a high-glucose DMEM-F12 (Gibco, USA)
medium. After that, the medium was changed into a neurobasal
medium (Gibco, USA). The neurons were cultured in a 5%
CO2 incubator for 7 days, and then treated with three different
forms of recombinant HMGB1 (ds-HMGB1, fr-HMGB1, and
nonoxid-HMGB1; 100 ng/ml, respectively; HMGBiotech, Italy).
The dosage of HMGB1 referred to a previous research (24).

Immunofluorescence
Cortical neurons were fixed with paraformaldehyde for 15min,
and then permeabilized with 0.3% Triton X-100 for 30min.
After washing with PBS, the cells were blocked with 5% BSA for
1 h at room temperature, followed by incubation with a MAP2
antibody (1:100; Abcam, UK), a NeuN antibody (1:100;Millipore,
USA), and an SH3RF2 antibody (1:100; Novus, USA) overnight at
4◦C. The day after, neurons were incubated with Alexa Fluor 488-
conjugated (1:500; Abcam, UK) and Alexa Fluor 555-conjugated
(1:500; Abcam, UK) for 1 h at room temperature. Finally, nuclei
were visualized with DAPI (1:1,000; Abcam, UK). Images were
acquired with a confocal laser scanning microscope (LSM 780;
Zeiss, Germany) and analyzed by Image J software.

Bioinformatics Analyses
Total RNA was isolated from cultured cortical neurons.
Sequencing for RNA-seq and data analysis were performed
at JinWeiZhi (Suzhou) BIOTECHNOLOGY LLC (https://www.
genewiz.com.cn/). In the present analysis, an FDR below 0.05
was identified as the criterion for differentially expressed genes
(DEGs). Differences in the mRNA expressions were displayed
on heatmaps. GO pathway enrichment analyses were performed
to find possible biological processes and signaling pathways
associated with the correlated target genes of neurite outgrowth
and regeneration.

Western Blotting Analysis
As previously described (25), 30 µg protein samples were
separated by 10% SDS-PAGE gel, and then transferred to
polyvinylidene fluoride (PVDF, pore size, 0.45 um) membranes
(Millipore Billerica, USA). The membranes were blocked with
5% non-fat dry milk for 1 h, followed by incubation overnight
at 4◦C with the following primary antibodies: rabbit anti-
SH3RF2 (1:1,000), rabbit anti-HMGB1 (1:1,000), mice anti-EGFP
(1:1,000, mice anti-GAPDH (1:1,000), and mice anti-β-actin
(1:1,000). The day after, the membranes were incubated with
secondary antibody HRP-conjugated goat anti-rabbit (1:3,000)
or an HRP-conjugated goat anti-mouse (1:3,000) at room
temperature for 1 h. The secondary antibody was diluted with 1%
non-fat dry milk. Specific bands were detected with a GE AI600
system. ImageJ software was used to quantify the expression
of protein.

Frontiers in Medicine | www.frontiersin.org 2 April 2022 | Volume 9 | Article 827585163

https://www.genewiz.com.cn/
https://www.genewiz.com.cn/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chen et al. The Role of Nonoxid-HMGB1 in TBI

Lentiviral Transfection
The lentivirus targeting SH3RF2, pLKD-CMV-mcherry-2A-
puro-U6-shSH3RF2, was purchased from Obio Technology
Corp., Ltd (Shanghai, China). pLKD-CMV-mcherry-2A-puro-
U6 served as negative control. Multiplicity of infection (MOI)
was 20. Neurons were transfected at day in Culture 7, and the
effect of gene interference was verified after 72 h using western
blot assays.

Stereotaxic Injection
Gene overexpression in vivo was achieved by ScAAV vectors.
ScAAV vectors carrying Nonoxid-HMGB1 (3S-HMGB1),
ScAAV-hSyn-HMGB1 (C23S C45S C106S)-EGFP-WPREs, were
purchased from BrainVTA Co., Ltd (Wuhan, China). ScAAV-
hSyn-EGFP-WPREs served as negative control. After being
anesthetized, rats were placed in a stereotaxic apparatus (RWD,
CN). The hole was drilled above the right hippocampus, and
viruses were microinfused via a 10-µl Hamilton microsyringe.
The stereotactic coordinates were as follows: bregma −3. mm,
midline 3. mm, 2.5mm below dura.

Establishment of the TBI Rat Model
The controlled cortex injury (CCI) device (RWD68099II, China)
was used to establish the TBI model. A diameter craniotomy of
5. mm on the right parietal (centered 3. mm posterior and 3. mm
lateral from the Bregma) was performed to expose the dura. The
CCI was delivered to a depth of 1. mm at a velocity of 5 m/s with a
duration of 500ms. Sham rats received the same craniotomy but
not brain injury.

Isolation, Culture, and Transfection of
BMSCs
As previously described, BMSCs were harvested from the
femurs and tibias of neonatal rat femurs (26). The adherent
cells were passaged when they reached 80∼90% confluency,
and P3 BMSCs were used for subsequent experiments. The
nonoxid-HMGB overexpression plasmids carrying EGFP were
purchased from BrainVTA Co., Ltd (Wuhan, China). All
plasmids were transfected into BMSCs using Lipofectamine 2000
(Invitrogen, USA).

Isolation and Identification of
BMSC-Derived Exosomes
When BMSCs reached 70∼80% confluence, a medium was
replaced. After 48 h, the medium was collected. The exosomes
were extracted through traditional ultracentrifugation and
preserved in a freezer at −80◦C. The morphology of exosomes
was observed under a transmission electron microscope (FEI,
CZ). A BCA protein quantification kit (Beyotime, China) was
used to detect protein content. Western blot was used to identify
the expression of Exo-specific markers TSG101 (Abcam, USA)
and Flotillin-1 (Abcam, USA). Exosomes (5 ug) were injected
into the caudal vein after TBI (27).

Behavioral Procedures
Before testing, rats were transferred to the testing room and
adapted to the surroundings for at least 1 h.

Open Field Test (OF)
OF test was used to measure locomotor activity of rats post-
TBI. The rats were individually placed in an open-field chamber
(120 cm × 120 cm × 40 cm) and allowed to explore for 5min
freely. The total distance traveled was used to evaluate motor
function, which was recorded by SMART 3.0 software.

Novel Object Recognition Test (NOR)
NOR test is widely used to evaluate object recognition memory
(28). The discrimination of recognition novelty was assessed by
preference index (PI) (time exploring the new object)/(total time
spent exploring both objects) (29).

Statistical Analysis
In this study, data were expressed as mean ± SEM and
analyzed by employing the GraphPad 8.0 software (San
Diego, USA). The differences between any given two groups
throughout this study were analyzed by unpaired Student’s
T-tests, unless otherwise specified. In different treatment
groups, one-way ANOVA followed by Fisher’s LSD test was
employed. Multiple comparisons involving more than one
variable were analyzed by two-way ANOVA followed by
Tukey’s post-hoc test. Two-tailed p < 0.05 was considered as
statistically significant.

RESULTS

Nonoxid-HMGB1 and fr-HMGB1 Promote
Growth of Primary Cortical Neurons
Extracellular HMGB1 has been evaluated to be a DAMP.
Interestingly, HMGB1 has also been found to promote
neurite outgrowth and regeneration. Different redox isoforms
of HMGB1 may play different roles. We first characterized
the cultured cortical neurons with two specific markers
(MAP2 and NeuN), and the cells were confirmed as neurons
(Supplementary Figure 1).

The biological activity of extracellular HMGB1 is determined
by the redox state (30). We tested the role of the nonoxid-
HMGB1 and fr-HMGB1 as well as ds-HMGB1 in neuron growth.
Compare with the control group, a significantly increased
number of neurites were detected in the nonoxid-HMGB1 group
and the fr-HMGB1 group (Figures 1A,B). Furthermore, average
axon length was measured in the nonoxid-HMGB1 group and
the fr-HMGB1 group, and both were significantly increased than
the control group (Figure 1C). The average number of neurites
was not affected by ds-HMGB1 (Figure 1B). However, the axon
length was decreased after ds-HMGB1 treatment (Figure 1C).
Thus, these results confirmed that HMGB1-mediated neurite
outgrowth and axon elongation of neurons require the reduced
state of the protein.

Differential Gene Expression and
Functional Enrichment Analysis
To identify genes and pathways involved in the promotion
of neurite outgrowth and regeneration, we performed
RNA-seq analysis. Heatmap showed clear clusters of up-
and downregulated genes (Supplementary Figure 2A).

Frontiers in Medicine | www.frontiersin.org 3 April 2022 | Volume 9 | Article 827585164

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chen et al. The Role of Nonoxid-HMGB1 in TBI

FIGURE 1 | Effects of HMGB1 in different redox forms on neurite outgrowth and axon elongation of cortical neurons. (A) Immunocytochemistry was used to label

neurites and axons after 24 h of treatment with HMGB1. (B) Nonoxid-HMGB1 and fr-HMGB1 significantly increased the average number of neurites compared to the

control group. Ds-HMGB1 failed to significantly affect neurite outgrowth. (C) Nonoxid-HMGB1 and fr-HMGB1 significantly increased the average axon length

compared to control; however, the average axon length was decreased after ds-HMGB1 treatment. Mean + SEM. *p < 0.05.

Through differential expression analysis of RNA-Seq data,
we identified top 50 DEGs (differential expressed genes)
(Figures 2A,B). Gene ontology (GO) analysis revealed
that the majority of biological processes had correlations

with neurodevelopment and nerve regeneration, such as
nervous system development, axon extension, neuroblast

proliferation, neurotransmitter secretion, myelination, cortical

cytoskeleton organization, and so on (Figures 2C,D). In

addition, we also found that four accepted pathways for
nerve regeneration were activated to varying degrees by
nonoxid-HMGB1 (Supplementary Figures 2B–E). As nonoxid-
HMGB1 and fr-HMGB1 have the similar activity, they may
regulate neurite outgrowth and regeneration by the same
mechanism. To identify the potential downstream target
of nonoxid-HMGB1 and fr-HMGB1, we compared two
sets of DEGs data, and a co-upregulated gene SH3RF2 was
detected (Figures 2A,B).

Expression and Distribution of SH3RF2 in
Cortical Neurons
To validate the expression of SH3RF2 in neurons, we performed
immunostaining of SH3RF2. The results showed that green
fluorescence intensity of SH3RF2 was significantly increased
in the nonoxid-HMGB1 group and the fr-HMGB1 group as
compared with the control (Figures 3A,B). Interestingly, we
found that SH3RF2 was widely distributed in the cell bodies
and neurites (Figure 3A). To further evaluate the effect of
extracellular HMGB1 on the expression of SH3RF2 and HMGB1
in neurons, western blot analysis was performed. As expected, we
detected the relative protein level of SH3RF2 was significantly
increased in the nonoxid-HMGB1 group and the fr-HMGB1
group. In addition, we found that extracellular nonoxid-HMGB1
and fr-HMGB1 did not influence the expression of HMGB1 in
neurons (Figures 3C–F). These results confirmed the expression
change of SH3RF2, which were consistent with the bioinformatic
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FIGURE 2 | The transcriptome sequence and bioinformatics analysis. (A) The heat map of top 50 DEGs in the nonoxid-HMGB1 group vs. the control group. (B) The

heat map of top 50 DEGs in the fr-HMGB1 group vs. the control group. (C) GO analysis for DEGs in the nonoxid-HMGB1 group compared with the control group. (D)

GO analysis for DEGs in the fr-HMGB1 group compared with the control group.

analysis result. SH3RF2 could be the potential downstream target
of nonoxid-HMGB1 and fr-HMGB1 to participate in neurite
outgrowth and axon elongation.

Nonoxid-HMGB1 Enhances Axon Growth
by SH3RF2
To validate the potential downstream target gene SH3RF2,
we designed this experiment. Because of the instability of fr-
HMGB1 in the oxidizing environment, a mutant of fr-HMGB1,
nonoxid-HMGB1 (3S-HMGB1), was adopted in this experiment.
LV-shSH3RF2 was designed to silence SH3RF2, and empty
vectors (LV-vector) were used as control lentivirus. Neurons were
transfected with lentivirus at day in Culture 7. After transfection
for 72 h, a great number of neurons with strong red fluorescence
were observed (Figure 4A), and the SH3RF2 level decreased
significantly in the LV-shSH3RF2 group (Figures 4B,C). After
infection, nonoxid-HMGB1 was added to the cultured neurons
and remained present until fixation after 24 h. Compared with
the LV-vector group, the average length of axons was increased
in LV-vector + 3S-HMGB1 group. Moreover, no differences

were observed between the LV-vector controls and the LV-
shSH3RF2 group in axon length. As expected, there was also
no diversity between the LV-vector group and the LV-shSH3RF2
+ 3S-HMGB1 group (Figures 4D,E). The number of neurites
per neuron was no change in different groups (Figure 4F).
Taken together, these results demonstrate that silence SH3RF2
antagonizes nonoxid-HMGB1-induced axon growth.

Nonoxid-HMGB1 Attenuates Object
Recognition Memory Deficits in CCI Rats
To further investigate in vivo effects of nonoxid-HMGB1, the
CCI model was employed; we injected an ScAAV-3S-HMGB1
expressing vector to increase levels of nonoxid-HMGB1 after
TBI, using injections of an empty vehicle as the matched group
(ScAAV-Vehicle). The experimental CCI was established at 10
days after ScAAV injection. OF test and novel NOR test were
conducted at 3 weeks after CCI (Figure 5A). After virus injection
for 10 days, strong green fluorescence was observed in the
cortex and hippocampus, and nonoxid-HMGB1 was strongly
expressed (Figure 5B, Supplementary Figure 3). We examined
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FIGURE 3 | Validation and expression analysis of SH3RF2 in neurons after being treated with nonoxid-HMGB1 or fr-HMGB1. (A) Representative fluorescence images

of neurons. Scale bars, 50 um. (B) Relative quantification of the fluorescence signal. (C–F) Western blot for SH3RF2 and HMGB1. Mean ± SEM, *p < 0.05.

the locomotor activity of rats with the OF test, and all three
experimental groups displayed similar locomotor activity post-
TBI (Figure 5C). For the NOR test, as presented in Figure 5D,
the new object reference index in the CCI + ScAAV-Vehicle
group was lower than Sham + ScAAV-Vehicle group, indicating
that CCI results in an impairment in memory behavior. In the
ScAAV-3S-HMGB1 group, the new object preference index was
higher than CCI + ScAAV-Vehicle group, but lower than Sham
+ ScAAV-Vehicle group (Figure 5D). Taken together, these
results indicate that nonoxid-HMGB1 improved rats’ learning
and memory function to a certain extent.

SH3RF2 Is Required for Nonoxid-HMGB1
Improving CCI-Induced Learning and
Memory Damage
To further disclose whether SH3RF2 is required for nonoxid-
HMGB1 improving CCI-induced learning and memory

impairments, we knocked down the expression of SH3RF2
in hippocampus by lentivirus (LV-shSH3RF2). Nonoxid-
HMGB1-enriched exosomes (Exo-3S-HMGB1) were employed
to increase levels of nonoxid-HMGB1 in brain after CCI.
The schematic timeline of experiments was presented
in Figure 6A.

Exo-3S-HMGB1 was first constructed, and then was
administrated into rats after the establishment of CCI. To
construct Exo-3S-HMGB1, the BMSCs with high expression
of nonoxid-HMGB1 were generated by plasmid transfection,
and the green fluorescence was obviously observed in BMSCs
after transfection (Supplementary Figures 4A,B). Then,
exosomes were identified by analyzing their shape and size
(Supplementary Figure 4C) and detecting the specific protein
TSG101 and Flotillin-1 (Supplementary Figure 4D). In addition,
nonoxid-HMGB1 was detected in exosomes of the transfected
BMSCs (Supplementary Figure 4E). All of these results suggest
that the Exo-3S-HMGB1 was successfully constructed.
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FIGURE 4 | Nonoxid-HMGB1 promotes axon growth by SH3RF2. (A) Representative images of neurons after transfection for 72 h. Scale bars, 50 um. (B,C)

Assessment of silencing efficiency by relative quantification of SH3RF2. (D,E) Representative electron microscopy images show that nonoxid-HMGB1 promotes axon

growth in control (LV-vector) primary neurons, and it does not cause marked changes of axon growth in shSH3RF2 primary neurons. Scale bars, 50 um. (F) Treatment

with nonoxid-HMGB1 did not alter the neurites number in control (LV-vector) primary neurons and in shSH3RF2 primary neurons. Mean ± SEM, *p < 0.05, **p <

0.01, ns: no significance.

The subsequent study was aimed to explore whether
knockdown of SH3RF2 could eliminate the recovery of memory
function induced by nonoxid-HMGB1 in CCI. We injected
LV-shSH3RF2 to knocked-down SH3RF2 in hippocampus, and
decreased SH3RF2 expression was observed after 2 weeks
(Figure 6B). Next, we constructed the TBI model of rats and
injected exosomes into rats. The OF test results showed that there
were no significant differences in total distance traveled among
all five groups, suggesting that motor abilities did not interfere
with NOR training and test (Figure 6C). For the NOR test, the
preference index of a new object in the CCI-PBS group and
the CCI-Exo-control group was both significantly lower than a

familiar object, indicating that Exo-control could not improve
the memory impairment caused by CCI. Rats injected with
Exo-3S-HMGB1 showed an improvement in memory function.
However, SH3RF2 silencing attenuated the improvement of
memory defect induced by Exo-3S-HMGB1 (Figure 6D). All of
these data indicated that SH3RF2 silencing could partly eliminate
the recovery of memory function induced by nonoxid-HMGB1.

DISCUSSION

As mentioned before, extracellular HMGB1 exists in three
different redox states, and different forms of HMGB1 interact

Frontiers in Medicine | www.frontiersin.org 7 April 2022 | Volume 9 | Article 827585168

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chen et al. The Role of Nonoxid-HMGB1 in TBI

FIGURE 5 | Nonoxid-HMGB1 attenuates learning and memory impairments in CCI rats. (A) The experimental timeline for the neurobehavioral testing. (B)

Representative electron microscopy images of brain sections from rats intervened with ScAAV-3S-HMGB1 or ScAAV-Vehicle for 10 days. (C) In the open field test, no

differences were observed among three experimental groups. (D) Exploration times and discrimination indices were calculated in NOR test. Mean ± SEM; NS: no

significance.

with different receptors (13). Several lines of evidence support
that ds-HMGB1 serves as a proinflammatory cytokine via
interactions with TLR4 (14, 15), whereas fr-HMGB1 mediates
tissue regeneration by binding to RAGE (12). Interestingly
enough, RAGE signaling has been demonstrated to promote
neurite outgrowth and nerve regeneration (31–36). In addition,
HMGB1-RAGE axis has been turned out to mediate cell
migration and tissue regeneration (37, 38). However, few studies
have investigated the potential relationship between different
redox states of HMGB1 and nerve growth or regeneration.
Against this background, we sought to further confirm if HMGB1
would enhance neurite outgrowth of neurons and, if so, by
which kind of redox state. We found that nonoxid-HMGB1 (3S-
HMGB1) and fr-HMGB1 promote neurite outgrowth and axon
elongation, which is consistent with prior reports that HMGB1

contributes to facilitate neurogenesis and neural regeneration
(20–22). However, the neurite outgrowth and axon elongation of
neuron were inhibited by ds-HMGB1. Frank et al. reported that
ds-HMGB1, but not fr-HMGB1, contributes to inflammatory
responses (39). This phenomenon might be caused by activating
TLR4 and evoking the production of proinflammatory cytokines
subsequently (14, 15).

In order to understand the molecular mechanism through
which nonoxid-HMGB1 and/or fr-HMGB1 acts in neurons, we
have performed RNA-seq analysis. We noted that nonoxid-
HMGB1 shows stronger effects than fr-HMGB1 in genes related
to neurogenesis, axon extension, and myelination, but weaker
influences on neuroblast proliferation, neuroblast differentiation,
and neurotransmitter transport. The divergent results may be
due to the inability of nonoxid-HMGB1 to be oxidized to
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FIGURE 6 | LV-shSH3RF2 attenuated the effect of Exo-3S-HMGB1 to improve the recovery of memory function in CCI. (A) The experimental timeline for the

neurobehavioral testing. (B) Representative electron microscopy images of brain sections from rats intervened with LV-shSH3RF2. (C) No differences were observed

in the open field test. (D) Exploration times and discrimination indices were calculated in NOR test. Mean ± SEM, NS: no significance.

other forms of HMGB1. Notably, we found that SH3RF2 is a
co-upregulated DEG in the nonoxid-HMGB1 group and the
fr-HMGB1 group. SH3RF2 is a multidomain scaffold protein
participated in promoting cell survival, and the knockdown
of SH3RF2 promoted apoptosis of cultured cortical neurons
(40, 41). Besides, mice with SH3RF2 haploinsufficiency exhibit
synaptic plasticity deficits and synaptic dysfunction (42). In
this study, we revealed that nonoxid-HMGB1 promotes neurite
outgrowth and axon elongation in neurons by increasing SH3RF2
expression. Combined with previous pieces of research, we
speculated that SH3RF2 might be a target gene in HMGB1-
RAGE axis.

Prior pieces of evidence have indicated that HMGB1 is
implicated in neuroinflammation in TBI and exacerbates
neurocognitive impairments (17, 18). The release of HMGB1
from damaged tissues has been reported to enhance cerebral

edema and neurological deficits (43, 44). In addition,
some studies declared that the use of HMGB1 antagonists
could reduce cerebral edema, suppress pro-inflammatory
cytokine release and microglial activation, and improve
neurological outcomes (45–47). As the cysteines of HMGB1
are easily oxidized in oxidizing milieu (13), few studies
have further investigated the role of different redox states
of HMGB1 in TBI. Interestingly, we found that nonoxid-
HMGB1 effectively ameliorates cognitive function, and the
inhibition of SH3RF2 attenuated the beneficial effects of
nonoxid-HMGB1 on cognitive function. The behavioral
improvement induced by nonoxid-HMGB1 post-TBI might
result from the neurite outgrowth and axon regeneration
of neurons.

Notably, this study has certain limitations. HMGB1 is
released from injured cells or death cells (13). Extracellular
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HMGB1 mainly exists in the form of Disulfide HMGB1 (ds-
HMGB1). To avoid these destabilizing factors, we choose
a normal cell model in an in vitro experiment, but not
the neuronal injury model. Further studies are needed to
explore the effects of nonoxid-HMGB1 on injured neurons.
In addition, the in vivo findings indicated that nonoxid-
HMGB1 ameliorated cognitive function in rats post-TBI via
SH3RF2. Further studies will be required to clarify the detailed
molecular biological mechanisms in the recovery of cognitive
function post-TBI.

Taken together, our findings indicate that nonoxid-HMGB1
reduces TBI-mediated cognitive impairment. This beneficial
effect might be through two mechanisms: (i) SH3RF2-induced
modulation of neurite outgrowth and regeneration and
(ii) SH3RF2-induced modulation of neuronal survival and
apoptosis (40, 41). Our experimental results suggest that
nonoxid-HMGB1 is an attractive therapeutic candidate for
the treatment of TBI, and regulating the redox state of
extracellular HMGB1 may be a novel therapeutic approach to
treat TBI.
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the intensity of signals about transcription for each sample. (B–E) Four classical

pathways for nerve regeneration were activated to varying degrees by

non-oxidized HMGB1.

Supplementary Figure 3 | The expression of nonoxid-HMGB1 in neurons. (A)

Representative images of neurons after ScAAV transfection. (B) Western blot for

nonoxid-HMGB1.

Supplementary Figure 4 | The construction and identification of

Exo-3S-HMGB1. (A) Representative electron microscopy image of ordinary

BMSCs. (B) BMSCs transfected with plasmid. Scale bars, 100 um. (C)

Representative electron microscope image of exosomes. Scale bars, 200 nm. (D)

Western blot for the markers of exosome TSG101 and Flotin. (E)

Nonoxid-HMGB1 was detected in the modified exosomes derived from BMSCs.
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Heterotopic ossification (HO) occurs when bone forms within non-ossifying tissues,

such as in muscle. Palovarotene, an activator of retinoic acid receptor γ (RAR-γ), has

been shown to inhibit the formation of ectopic bone in HO model mice, but its specific

mechanism of action remains unclear. This study will explore the target and molecular

mechanism of Palovarotene’s action on HO by network pharmacology study. We

collected the relevant targets of Palovarotene and HO from the database, obtained the

potential targets of Palovarotene acting on HO through Venn analysis, and constructed

the protein-protein interaction (PPI) network. Then, Gene Ontology (GO) and KEGG

(Kyoto Encyclopedia of Genes and Genomes) enrichment Analysis and Module-based

Network Analysis were performed for potential targets, and in addition, PPI Network

Topology Analysis andGene-Phenotype Correlation Analysis were performed. The results

suggested that MAPK1, MDM2, and other targets as well as P53 signaling pathway

and PI3K–Akt signaling pathway may be closely related to Palovarotene treatment of

HO. We carried out verification experiments to confirm our finding, alkaline phosphatase

and alizarin red staining in vitro and Micro-CT as well as hematoxylin-eosin staining in

vivo were performed to verify treatment for HO of Palovarotene, reverse transcription

polymerase chain reaction was also used to explore the transcription changes of

MAPK1, MDM2, and osteogenic genes. This study systematically elucidated the possible

mechanism of Palovarotene in the treatment of HO through network pharmacology study,

revealing a new direction for the further application of Palovarotene in the treatment

of HO.

Keywords: Palovarotene, heterotopic ossification, network pharmacology, module-based network analysis,

topological analysis, Gene-Phenotype Correlation Analysis

INTRODUCTION

Heterotopic ossification (HO) refers to bone formation in tissues that do not have ossification
properties under normal conditions (1). Heterotopic ossification can be either congenital or
acquired. The latter is usually related to trauma (2). Patients with early heterotopic ossification
have obvious local swelling and pain, the range of motion of the joints gradually narrows, and
movement is restricted; in the late stage, due to the loss of more soft tissue and the formation of
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bone tissue, the joints may even lose the ability to move (3).
Because heterotopic ossification brings serious consequences
to patients. Therefore, the search for drugs to prevent and
treat heterotopic ossification has become a contemporary
research hotspot.

Palovarotene is a retinoic acid receptor-gamma (RAR-
γ) agonist that inactivates activin receptor-like kinase 2
(Alk2) receptors. This receptor usually interacts with bone
morphogenetic protein (BMP), which can inhibit the formation
of new bone tissue outside the bone (4). According to research,
the combined use of corticosteroids and retinoic acid receptor
gamma agonist Palovarotene can significantly inhibit heterotopic
ossification (5). It has broad prospects in the treatment of
heterotopic ossification.

As the requirements for drug research and development
continue to increase, innovative drug research and development
are facing huge difficulties. The development of highly selective
single-target drugs has shown obvious limitations. In order to
change this deep-rooted concept of “one gene, one drug, one
disease,” network pharmacology was proposed by Hopkins (6, 7).
Since the human body is a dynamic and interactive complex
environment, if any organ’s homeostasis is disrupted, it will cause
the change in the body environment, and this dynamic network
will be destroyed (8). Network pharmacology emphasizes the
analysis of the molecular association rules between drugs and
treatment targets from the perspective of biological networks,
providing new scientific and technological support for clinical
rational drug use and new drug research and development.

Currently, various studies have been conducted on the
mechanism of Palovarotene in treating HO, but these views are
one-sided and static. The mechanism of Palovarotene’s action on
HO should be multi-signal pathway and multi-target. Therefore,
in order to explore as much and comprehensive mechanisms
by which Palovarotene acts on HO as possible, we used the
method of network pharmacology. In addition, we also carry out
conceptual verification by a series of experiments (Figure 1).

TABLE 1 | The database and related analysis platform used in this study.

Names URL Purpose

PubChem https://pubchem.ncbi.nlm.nih.

gov

Get the Palovarotene structure

ChEMBL http://www.ebi.ac.uk/chembl/ Obtain the Palovarotene target

SwissTarget

Prediction

http://www.

swisstargetprediction.ch

Obtain the Palovarotene target

UniProt http://www.uniprot.org/ Target name standardization

DisGeNET http://www.disgenet.org/ Obtain related genes of HO

Comparative

Toxicogenomics

Database

http://ctdbase.org/ Obtain related genes of HO

STRING https://www.string-db.org/ Construction of PPI network

Metascape www.metascape.org/ Perform module-based

network analysis

VarElect http://ve.genecards.org Analyze the relationship

between hub genes and

disease

METHODS

Software and Database
The database and related analysis platform used in this study are
shown in Table 1.

Target Gene Screening of Palovarotene
PubChem can provide structural information and bioactivity
information about chemical substances. We collected potential
protein targets of Palovarotene through PubChem. Using
Palovarotene as the search term, the 3D molecular structure of
Palovarotene can be obtained through the PubChem database.
The obtained information was input into ChEMBL and
SWisStar prediction database to predict palovarotene-related
targets. Finally, the English names of the screened target
proteins were input into Uniprot database for standardization
(Supplementary Table 1).

Acquisition of Palovarotene and HO
Intersection Targets
Search DisGeNET Database and Comparative Genomics
Database by search terms for heterotopic ossification (9).
The disease target of HO was obtained by integration after
elimination of repetitions, detailed information of genes was
shown in Supplementary Table 2. Then we performed Venny
analysis on HO disease targets and Palovarotene-related targets.
Intersection targets of Palovarotene and HO in Venn diagram
were regarded as potential targets.

PPI Network Construction
In order to clarify the interaction between intersection targets,
drug-disease intersection target data was imported into STRING
database (10). Homo sapiens was set as species, a PPI (protein-
protein interaction) network of intersection targets was obtained.
The network analysis function of Cytoscape 3.7.2 was utilized to
analyze the obtained protein interaction information. It uses a
confidence range to define PPI (Low confidence: Score < 0.4;
Moderate: 0.4–0.7; Height:> 0.7). Take into account these scores,
this study retained a PPI with a comprehensive score > 0.4.
Visualize the PPI network by using Cytoscape 3.7.2.

GO and KEGG Enrichment Analysis
R software package WebGestaltR (V0.4.4) was used for KEGG
pathway analysis and GO functional enrichment analysis of
differential genes (11), P < 0.05. The biological process (BP), cell
component (MF), molecular function (MF), and pathways were
screened in descending order according to the enrichment degree
of the target. Finally, the data was visualized.

Module-Based Network Analysis
Metascape was used for modular network analysis (12). Mature
MCODE algorithm was used to find a few closely connected
protein groups in a large and complex target network, and the
biological functions of each protein group were also labeled.

Topological Analysis of PPI Network
We used the Network Analyzer function in CytoScape3.7.2
to conduct topological analysis on PPI Network (13), its
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Node degree distribution, Betweenness centrality and Closeness
centrality were calculated, the node with the highest ranking
among the three parameters can be identified as the core target.

Gene–Phenotype Correlation Analysis
To further defined the relationship between genes and
phenotypes, we used the VarElec tool (10). VarElect’s algorithm
can verify the direct or indirect relationship between genes
and phenotypes, and it can select the genes with the highest
correlation with phenotypes from a group of genes. We were
input genes screened from Palovarotene’s potential therapeutic
targets against HO and phenotype of HO into VarElect to obtain
the results.

Preparation of Bone Mesenchymal Stem
Cells
Bone marrow mesenchymal stromal cells (BMSCs) were selected
as our validation cells in subsequent experiments. BMSCs have
been found to have osteogenic potential, which is one of
HO progenitor cells (14), BMSCs (Procell, #CP-M131) were
purchased from Wuhan Procell. The cells were cultured in
an incubator at 37◦C and 5% CO2. BMSCs were cultured in
osteogenic induction medium for 14 to 21 days to induce
osteogenic differentiation. The osteogenic induction medium
used in this study consisted of 10 nM Dexamethasone, 50µg/mL
ascorbic acid, 10mM B-GP disodium, 10% fetal bovine serum,
and high-glucose Dulbecco’s Modified Eagle Medium DMEM
(Gibco, MA, USA). We used IL-1β to mimic inflammatory
stimuli. The dosage of IL-1 β is 10 ng/mL in vitro. And the dosage
of Palovarotene is 0.25µM in vitro. These above concentrations
were supported by our preliminary experimental verification.
In in vitro experiments, we are grouped into: Control group
(Control), IL-1β group (IL-1β), IL-1β group plus Palovarotene
group (Palo).

Alizarin Red and Alkaline Phosphatase
Staining
After 14 days of osteogenesis, alkaline phosphatase (ALP)
staining was performed; 40 uL of reagent A was added to 1mL of
reaction buffer, and 40 uL of reagent B was added to the mix, that
is, the reactionworking solution (ready for use) was prepared (the
reagents were purchased from Beyotime, #C3206). Subsequently,
1mL of PBS was added to each well and was removed after 1min,
and the cells were washed twice. Subsequently, 500 µL of fixing
solution was added to each well, and the cells were fixed at 37◦C
(or room temperature) for 30min. Add the prepared reaction
solution into each well, and the cells were dyed at 37◦C (or room
temperature) for 30min. Lastly, 1mL of washing solution was
added to each well; the cells were washed twice, The cells were
washed twice and examined under a microscope.

Then, after 21 days of osteogenesis, alizarin red staining (ARS)
was performed as follows: 1mL of PBS was added to each well
and was removed after 1min. Furthermore, 1mL of 70% ethanol
or 10% neutral formaldehyde was added to each well, and the
cells were fixed at 37◦C (or room temperature) for 30min. After
discarding the fixed solution in the well, 1mL washing solution
was added to each well. The cells were washed thrice, and 3mL of

TABLE 2 | Primer sequences.

Gene Primers

OCN-mouse-F CTGACCTCACAGATCCCAAGC

OCN-mouse-R TGGTCTGATAGCTCGTCACAAG

Runx2-mouse-F CCAACTTCCTGTGCTCCGTG

Runx2-mouse-R TCTTGCCTCGTCCGCTCC

MAPK1-mouse-F ATGGTTTGCTCTGCTTAT

MAPK1-mouse-R TGATGCCAATGATGTTCT

MDM2-mouse-F GGTCTATCGGGTCACAGT

MDM2-mouse-R TTATCTTTCCCCTTATCGT

ACE-mouse-F CGTTACCCGACAACTATC

ACE-mouse-R CGTTACCCGACAACTATC

Actin-mouse-F GTCCCTCACCCTCCCAAAAG

Actin-mouse-R GCTGCCTCAACACCTCAACCC

TABLE 3 | Topological parameters of hub genes in the PPI network.

Number Genes Degree Betweenness

centrality

Closeness

centrality

1 PPARG 26 0.25539816 0.60784314

2 CASP3 23 0.15038421 0.58490566

3 PPARA 20 0.15050133 0.56363636

4 HSP90AA1 18 0.08021818 0.52542373

5 MAPK1 17 0.10085056 0.52542373

6 STAT3 16 0.06892525 0.51666667

7 GSK3B 13 0.02914279 0.496

8 CNR1 12 0.13782789 0.48062016

9 CASP8 12 0.00986503 0.484375

10 REN 11 0.06854053 0.48062016

11 RXRA 11 0.04907326 0.45588235

12 MDM2 11 0.02154882 0.47328244

13 PBRM1 3 0.06345849 0.41610738

alizarin red S staining solution (purchased from Sigma, #A5533)
was added to each well; the stained cells were incubated for 15–
20min at 37◦C. The cells were washed twice with the washing
solution and were observed under a microscope.

RT-PCR
After 14 days of osteogenesis, the transcription level of osteogenic
genes was detected by reverse transcription PCR (RT-PCR).
We added an additional group of BMSCs that were cultured
without osteogenic induction medium but with normal medium.
The reaction system used was SYBR Green Mix (Takara,
RR420A), and the fluorescence signal was obtained by a detecting
instrument (Roche, Light Cycler 480). The primer sequences used
in this study shown in Table 2.

Construction of HO Animal Model
The experimental rats were 24 males SD rats (4 weeks, weight
200 ± 5 grams), eight in each group and three groups in
total according to our experimental requirements. Rats are
purchased from Shanghai Jiesjie Experimental Animal Co.,
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LTD. In our animal experiments, we are grouped into: sham-
operated group (Sham), HO model group (Vehicle), HO model
and administered Palovarotene group (Palo). Anesthesia was
performed by intraperitoneal injection of 10% chloral hydration,
control drug flow per minute. After fixation, hair removal and
disinfection, a 0.5–1 cm longitudinal incision was made along the
lateral superficial skin groove between tibiofibular bone and the
Achilles tendon according to the marking point of the Achilles
tendon. Cut the skin and subcutaneous tissue, step by step
after exposure of the Achilles tendon tissue fully, to identify
the middle point of the Achilles tendon, The Achilles tendon
was clamped repeatedly with vascular forceps five times, once at
the midpoint of the Achilles tendon, and then twice above and
below the midpoint caused considerable trauma, in Model group
and Palov group, we pricked the outer sheath membrane, to the
middle point of tendon and surrounding tissues thoroughly after
separation, use eye or knife cut transverse form completely cut
off the Achilles tendon, then on both sides of the Achilles tendon
end in normal tissue, in the sham operation group, only the
Achilles tendon was exposed and then sutured. Penicillin was
injected intramuscularly for 3 consecutive days after surgery at
a dose of 800,000 IU/ days to prevent infection in the surgical
field. Palovarotene was dissolved in DMSO solvent, and 100

ul oral solution was obtained by mixing 30 ul drug solution
and 70 ul corn oil during administration. The Sham group
and HO Model group were given DMSO+ corn oil solution in
the same proportion, Palovarotene concentration was 1 mg/kg/
day, and Palovarotene was orally administered by no. 20 gavage
needle. Throughout the 21-day period, the Palovarotene was
administered continuously.

Micro-CT
Micro-CT analysis was performed after 12 weeks of feeding.
Achilles tendons with lower tibia and calcaneus from mice were
fixed in 10 % formalin overnight. The X-ray tube settings were
50 kV and 60 uA and images were acquired at 50-um resolution.
A 0.5 rotation step through a 360 angular range with a 50ms
exposure per step was used. The images were reconstructed and
analyzed with Skysan 1275 software.

Hematoxylin-Eosin Staining
The rats were sacrificed by excessive intraperitoneal injection
of 10% chloral hydrate, and then the tissues below the
bilateral knee joints of rats were immediately severed with a
scalpel. Residual blood stains were washed with physiological
saline for several time, then fixed in a 50mL centrifuge tube

FIGURE 1 | Workflow diagram of method.
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FIGURE 2 | (A) Intersection of Palovarotene-related genes and heterotopic ossification related genes; (B) PPI network of potential targets of Palovarotene to treat

heterotopic ossification.

containing 4% paraformaldehyde solution. After being fixed in
4% paraformaldehyde for 24–48 h, the Achilles tendon tissue
were decalcified, dehydrated and embedded. The tissue sections
required by the experiment were dewaxed and hydrated. The
original hematoxylin solution and alcohol-soluble eosin solution
were successively covered on the tissue surface for staining.
After staining, the slices were sealed. Observed them under a
microscope 24 h later.

Statistical Analysis
Statistical analysis was performed using SPSS 25.0 software.
Results are presented as mean ± standard deviation (x ±

s). The comparison of multiple groups of independent data
was performed by one-way analysis of variance. Pairwise
comparisons between multiple groups were performed using
the LSD-t test. P < 0.05 indicated that the difference was
statistically significant.

RESULTS

Intersection Target of Palovarotene and HO
We obtained 226 Palovarotene-related genes from ChEMBL and
SwissTargetPrediction databases. 4733 HO related genes were
obtained from DisGeNET and Comparative Toxicogenomics
Database. Then, their intersection was taken to obtain 71
common targets of Palovarotene and HO, and this set is the
possible target of Palovarotene for HO (Figure 2A).

Construction of Palovarotene and HO
Intersection Target Network and Target
Protein-Protein Interaction Analysis
Intersection targets of Palovarotene-HO were imported into
Cytoscape software to construct the compound-target interaction
network diagram of Palovarotene’s direct or indirect action

against HO, and then the intersection targets were imported into
String database (15). Seventy-one targets were reserved with a
confidence score > 0.4 out of all the intersection targets. Acquire
protein-protein interaction (PPI) relationships. Then Cytoscap
was utilized to draw the network diagram of the relationship
between targets. After deleting the nodes with fewer edges in PPI
network, 63 targets were finally reserved for follow-up studies
(Figure 2B and Supplementary Table 3).

GO and KEGG Enrichment Analysis of
Potential Targets
Analysis of GO and KEGG enrichment analysis on 63 targets
was performed using WebGestaltR After systematic analysis,
it was found that in the biological process of Palovarotene
treatment of HO, the top 10 correlation of biological process
GO entries (p < 0.05), including arachidonic acid metabolic
process, unsaturated fatty acid metabolic process, icosanoid
metabolic process, monocarboxylic acid metabolic process.
Molecular function GO entries (p < 0.05), concluding cysteine-
type endopeptidase activity involved in apoptotic signaling
pathway, retinoid binding, fatty acid binding, peptidase activity,
acting on L-amino acid peptides and cellular components GO
entries (p < 0.05), including nuclear envelope lumen, death–
inducing signaling complex, endolysosome, lytic vacuole. KEGG
pathway enrichment found that P53 signaling pathway, PI3K-
Akt signaling pathway, PPAR signaling pathway, VEGF signaling
pathway, and AGE-RAGE and other signaling pathways were
significantly enriched (Figure 3, original data can be found in
Supplementary Material 1).

Module-Based Network Analysis
In order to screen out the 63 intersection targets highly associated
targets of Palovarotene against HO, we performed a module-
based network analysis using Metascape, and used the MCODE
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FIGURE 3 | (A) Annotation diagram of biological process; (B) Annotation diagram of cellular component; (C) Annotation diagram of molecular function; (D) Annotation

diagram of KEGG.

algorithm to screen these 63 intersecting targets with their
respective mutual. The linked targets are called protein groups
(Supplementary Material 2). These screened protein groups
often have their own biological functions. GO andKEGG analysis
of these protein groups found that these protein groups are
related to p53 signaling pathway, PI3K-Akt signaling pathway,
PPAR signaling pathway, cGMP-PKG signaling pathway, FoxO
signaling pathway, etc. are significantly related (Figure 4, original
data can be found in Supplementary Material 3).

Topological Analysis of PPI Network
We have constructed a PPI network, and 63 targets were initially
screened, and the 63 key targets were used to communicate
with Cytoscape and visualized. Sort by topological parameters
of degree, betweenness central, and closeness central, the highest
number of nodes as Hub Genes (Figure 5). The more important
of the rank ismore important in the PPI network. In this network,
PPARG, CASP3, PPARA, HSP90AA1, MAPK1, STAT3, GSK3B,

CNR1, CASP8, REN, RXRA, MDM2, and PBRM and other genes
were HUB Gene (Table 3).

Gene-Phenotype Correlation Analysis of
Anti-heterotopic Ossification Targets of
Palovarotene
After performing Topological Analysis on the PPI network,
we screened out the most relevant hub genes. For identifying
the most core genes, we employed VarElect to perform Gene-
Phenotype Correlation Analysis. The VarElect algorithm can
verify the relationship between genes and phenotypes. The direct
or indirect relationship can be used to screen out the genes
with the highest phenotype correlation in a group of genes. The
results showed that, of the 63 potential targets, three were directly
related to the HO phenotype and 60 were indirectly related
(Table 4). Directly related targets are Angiotensin I Converting
Enzyme (ACE), Mitogen-Activated Protein Kinase 1 (MAPK1),
and MDM2 Proto-Oncogene (MDM2) (Figure 6).
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FIGURE 4 | Module-based network analysis of potential targets of Palovarotene against heterotopic ossification. (A–D) Different functional modules in targets of

Palovarotene against heterotopic ossification.

After Administration of Palovarotene, the
Osteogenic Differentiation of BMSCs Was
Inhibited and the Volume of Heterotopic
Bone Was Significantly Reduced in Animal
Models
In in vitro experiments, we are grouped into: Control group
(Control), IL-1β group (IL-1β), IL-1β group plus Palovarotene
group (Palo), in the PCR experiments performed in vitro,
we added an additional group of BMSCs that were cultured

without osteogenic induction medium but with normal medium.
In animal experiments, we are grouped into: sham-operated

group (Sham), HO model group (Vehicle), HO model, and

administered Palovarotene group (Palo). In vitro, after culturing
BMSCs for 14–21 days after osteogenic induction, we performed
ARS, ALP staining, and RT-PCR experiments in vitro. The
results showed that under the osteogenic induction and the
stimulation of IL-1β, the calcium deposition and alkaline

phosphatase content of BMSCs were significantly increased,
and the calcium deposition and alkaline phosphatase are classic
markers of osteogenic differentiation, and the expression and
transcription levels of osteogenic-related molecules OCN and
RUNX2 were significantly up-regulated. This indicated that
BMSCs differentiated into osteoblasts in the context of osteogenic
induction. The PCR results also showed that the transcription
levels of the key molecules MAPK1 andMDM2we screened were
significantly regulated, MAPK1 is a positive regulator of PI3K–
Akt signaling pathway, while MDM2 is a key negative regulator
of p53 signaling pathway. The results showed that MAPK1 was
significantly up-regulated, while MDM2 was significantly down-
regulated. After administration of Palovarotene, the above trend
was reversed, the calcium deposition and alkaline phosphatase
contents were significantly reduced, and the osteogenesis-related
molecules and the screened key molecules transcriptions were
down-regulated. In our animal model, Micro-CT showed that
the model group produced obvious ectopic bone, while the
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TABLE 4 | Top 20 targets directly or indirectly associated with the HO phenotype.

Number Symbol Description Direct/indirect Score Average disease

causing likelihood

1 ACE Angiotensin I Converting Enzyme Direct 2.38 15.8

2 STAT3 Signal Transducer And Activator Of Transcription 3 Indirect 1.97 78.9

3 PTGIR Prostaglandin I2 Receptor Indirect 1.36 43.3

4 MAPK1 Mitogen-Activated Protein Kinase 1 Direct 1.31 73.8

5 THRA Thyroid Hormone Receptor Alpha Indirect 1.17 89.8

6 ADORA2B Adenosine A2b Receptor Indirect 1.16 58.2

7 CASP8 Caspase 8 Indirect 1.13 68.6

8 BCL2 BCL2 Apoptosis Regulator Indirect 1.1 48.6

9 MDM2 MDM2 Proto-Oncogene Direct 1.03 86.2

10 FGFR1 Fibroblast Growth Factor Receptor 1 Indirect 1.01 76.3

11 ROS1 ROS Proto-Oncogene 1, Receptor Tyrosine Kinase Indirect 0.89 22.3

12 PDE4A Phosphodiesterase 4A Indirect 0.82 57.4

13 CA2 Carbonic Anhydrase 2 Indirect 0.8 60.1

14 KEAP1 Kelch Like ECH Associated Protein 1 Indirect 0.8 86.2

15 PPARG Peroxisome Proliferator Activated Receptor Gamma Indirect 0.73 58.4

16 CNR1 Cannabinoid Receptor 1 Indirect 0.7 87.5

17 HTR2B 5-Hydroxytryptamine Receptor 2B Indirect 0.7 20.5

18 PTK2 Protein Tyrosine Kinase 2 Indirect 0.68 83

19 ADRA2A Adrenoceptor Alpha 2A Indirect 0.65 43.2

20 CASP3 Caspase 3 Indirect 0.63 64.2

ectopic bone formation in the sham-operated group and the
Palovarotene-administered group was significantly inhibited. A
large number of disorganized ectopic bones were generated
between tissues, while in the sham-operated group and the
Palovarotene-administered group, the trend of the model
group was suppressed, and there was no obvious abnormality
except for the partial tissue destruction caused by modeling.
Immunohistochemical results showed that the positive rate of
MAPK1, a positive regulator of PI3K-Akt signaling pathway, was
higher in Vehicle group, but lower in Sham group and Palo
Group. The above results suggest that the PI3K-Akt signaling
pathway is activated when HO occurs, and the administration
of Palovarotene can effectively inhibit the activation of PI3K-
Akt signaling pathway, which is consistent with our cell
validation experiment (Figure 7).

DISCUSSION

Clinically, heterotopic ossification is currently mainly divided
into two types: one is hereditary heterotopic ossification, with
low incidence but severe symptoms and high mortality; the
other is acquired heterotopic ossification, with mild symptoms
and death. The incidence is low, but the morbidity is high.
The severity of symptoms in patients is often proportional to
the severity of the trauma, and is closely related to the site
of the trauma and the source of the trauma (3). Because the
pathogenesis of heterotopic ossification is complex, it involves
heredity and gene mutation, the participation of osteogenic
precursor cells, the up-regulation of BMP signal transduction
pathway, and the overexpression of BMP (16). At present,

the treatment methods of heterotopic ossification include drug
therapy, radiotherapy, surgery, rehabilitation therapy, etc. (17).
Since the exact mechanism of the formation of heterotopic
ossification is still unclear, there is no clear drug for the treatment
of heterotopic ossification (18). The reason is that the targets of
the currently isolated and purified drugs are various, and it is
impossible to truly screen a drug against heterotopic ossification
through clinical practice. Palovarotene is a retinoic acid receptor
agonist. Studies have shown that this receptor interacts with
bone morphogenetic protein (BMP), which is shown to prevent
ectopic bone and blood vessel formation, and inhibit osteogenic
gene expression (19), it can also be used in combination with
corticosteroids to treat heterotopic ossification (20). Through the
above studies, it can be found that Palovarotene can improve
disease progression through multiple pathways and targets,
which is a feature of drugs for complex diseases.

Network pharmacology explains the occurrence and
development of diseases from the perspective of systems biology
and biological network balance, understands the interaction
between drugs and the body from the overall perspective of
improving or restoring biological network balance, and guides
the discovery of new drugs (21). It emphasizes the analysis
of molecular associations between drugs and treatment of
diseases from the perspective of the system level and the overall
biological network (22). Considering that Palovarotene has
the characteristics of being multi-target, and multi-pathways
for treating diseases, it shows great promise for treating
HO. Compared with traditional pharmacology, network
pharmacology can comprehensively explain the potential
mechanism of drug action by scientific analysis methods. The
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FIGURE 5 | Topological analysis of PPI network. Red nodes on the inner circle indicate hub genes.

potential mechanism of action in the treatment of heterotopic
ossification provides new scientific and technological support for
clinical rational drug use, interpretation of the overall mechanism
of action, and analysis of the law of drug combination (23).

To evaluate the efficacy of Palovarotene in the treatment
of heterotopic ossification, a network pharmacology analysis
was performed. First, 71 potential targets of Palovarotene
for the treatment of heterotopic ossification were obtained
through Venn analysis by searching different databases. After
constructing PPI, edge nodes were removed, and 63 targets
were obtained for follow-up research. Afterwards, to elucidate
the multiple mechanisms by which Palovarotene treats HO,
we performed GO and KEGG enrichment analysis on these

targets. The GO results indicated that the potential targets of
Palovarotene in the treatment of heterotopic ossification are
closely related to the following molecular functions: cysteine-
type endopeptidase activity involved in apoptotic signaling
pathway, retinoid binding, fatty acid binding, peptidase activity,
acting on L-amino acid peptides; closely related to the following
biological processes: arachidonic acid metabolic process,
unsaturated fatty acid metabolic process, icosanoid metabolic
process, monocarboxylic acid metabolic process. It is closely
related to the following cellular components: nuclear envelope
lumen, death-inducing signaling complex, endolysosome, and
lytic vacuole. The results suggest that many molecules, cellular
components, and biological processes may play a role in the
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FIGURE 6 | Gene–phenotype correlation analysis of anti- heterotopic ossification targets of Palovarotene. Intersection genes were categorized as directly (the

diamond in the middle) or indirectly (outer ellipse) associated with the HO phenotype. The darker the color, the larger the score value, the lighter the color, the smaller

the score value.

signal transduction and metabolism of Palovarotene-treated
HO, and these molecules, cellular components, and biological
processes are highly correlated with the results of our screening
of core targets. In addition, the results of KEGG enrichment
analysis showed that the signaling pathways involving these
targets in heterotopic ossification diseases mainly include PI3K-
Akt signaling pathway, PPAR signaling pathway, P53 signaling
pathway, and VEGF signaling pathway. Dong et al. demonstrated
that the PTEN/PI3K/AKT signaling pathway plays a key role in
the development of ectopic bone formation (24). Targeting the

PI3K/AKT pathway with inhibitors may be a potential molecular
therapy for HO (25). Chen et al. confirmed that the activation of
PI3K-Akt signaling pathway by leptin combined withmechanical
stress stimulation plays an important role in the ossification of
the posterior longitudinal ligament (26). Hwang et al. found that
mesenchymal-derived VEGFA is an important expression signal
in the occurrence of heterotopic ossification, and the treatment
of VEGF pathway may reduce the occurrence of heterotopic
ossification (27). AGE/RAGE signaling heavily influences both
cellular and systemic responses to increase bone matrix proteins
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FIGURE 7 | Screening target validation and Palovarotene against HO validation experiments. (A) ALP and ARS staining in BMSCs after culture with osteogenesis

induction. Data are means ± SD (n = 3) *P < 0.05, **P < 0.01, * compared with the Control group. #P < 0.05, ##P < 0.01, and # compared with the IL-1β group.

Scale bar: 100µm; (B) The mRNA expression and relevant quantitative analysis of MAPK1, MDM2, ACE, Runx2, and OCN. Data are means ± SD (n = 3) *P < 0.05,

**p < 0.01, ***P < 0.001, and ****P < 0.0001; (C) images of Micro-CT, HE staining and IHC. Data are means ± SD (n = 8) *P < 0.05, **p < 0.01, and * compared

with the Sham group. #P < 0.05, ##P < 0.01, and # compared with the Vehicle group. Scale bar =50µm.
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through PKC, p38 MAPK, fetuin-A, TGF-β, NFκB, and ERK1/2
signaling pathways in both hyperglycemic and calcification
conditions (28) and researcher found that the Advanced
Glycation End-Products (AGE)/Receptor for AGEs (RAGE)
signaling pathway exacerbates diabetes-mediated vascular
calcification (VC) in vascular smooth muscle cells (VSMCs),
so the relationship between age-rage signaling pathway and
osteogenesis was confirmed (29). In recent years, more and more
experimental studies have shown that retinoic acid receptors
play a negative regulatory role in the process of osteogenesis
and chondrogenesis, and chondrogenic differentiation under
physiological conditions requires a low concentration of
endogenous retinoic acid (30). The researchers used a
retinoic acid receptor agonist to effectively prevent heterotopic
ossification in mice and found that the effect continued even after
the mice were no longer taking the agonist (31). In additions, the
nuclear transcription factor peroxisome-proliferator-activated
receptor-gamma (PPAR-γ) has been found expressed in both
osteoblasts and adipocytes, as well as in mesenchymal stem cells,
suggesting its crucial role in regulating adipocyte formation
and osteoblast development. In addition, Ju et al. found that
in models of heterotopic ossification such as traumatic brain
injury/burn/tenotomy, the NF-kB/p53 signaling pathway
plays an important role in the occurrence and development
of heterotopic ossification, and ammonium pyrrolidine
dithiocarbamate Pharmacological inhibition of NF-kB signaling
pathway (PDTC) can significantly reduce the expression level of
p53 and the size of heterotopic ossification (32).

Further targeting of Palovarotene in the treatment of
heterotopic ossification, we performed a modular network
analysis of parovatine’s anti-heterotopic ossification targets. The
result of the modular network analysis is likely to be a protein
group that plays a role in the treatment of HO with Palovarotene,
so we propose a modular network analysis method to highlight
the protein group of parovarotene in the treatment of heterotopic
ossification. The results show that these protein groups are closely
related to p53 signaling pathway, PI3K-Akt signaling pathway,
PPAR signaling pathway, cGMP-PKG signaling pathway, FoxO
signaling pathway, etc., which are very similar to our KEGG
results. Next, we further conducted topological analysis of the
PPI network, and we screened out PPARG, PPARA, MDM2,
MAPK1, and other genes as hub genes that are highly related to
the HO process of Palovarotene treatment, which is consistent
with the above GO and KEGG enrichment analysis results and
Module-Based. The results of Network Analysis are consistent,
both PPARG and PPARA are related to PPAR signaling pathway;
MDM2 is a key negative regulator of p53 signaling pathway;
MAPK1 is an important component of PI3K-Akt signaling
pathway. Finally, in order to confirm the relationship between the
screened key genes and the HO phenotype, we carried out Gene–
Phenotype Correlation Analysis, the results showed that PPARG,
MAPK1, MDM2, and other targets are directly related to the HO
phenotype, among which the role of MAPK1 and MDM2 most
closely, our research has gradually confirmed that MAPK1 and
MDM2 may be the core targets of Palovarotene in the treatment
of heterotopic ossification, and the corresponding PI3K-Akt
signaling pathway and p53 signaling pathway are likely to be

involved in the treatment process play an important role in. To
verify our point, we conduct a series of verification experiments.

The verification experiment found that in the osteogenic
induction environment, the calcium deposition and alkaline
phosphatase content of BMSCs were significantly increased, and
the expression levels of osteogenesis-related molecules OCN and
RUNX2 were significantly up-regulated. The results indicated
that BMSCs differentiated into osteoblasts, which confirmed
the validity of our in vitro model. The PCR results showed
that the transcription levels of the key molecules MAPK1
and MDM2 we screened were significantly up-regulated. After
administration of Palovarotene, the above trend was reversed,
the calcium deposition and alkaline phosphatase contents were
significantly reduced, and the osteogenesis-related molecules and
the screened key molecules were transcribed level down. In our
animal model, Micro-CT showed that the model group produced
obvious ectopic bone, while the ectopic bone formation in the
sham-operated group and the Palovarotene-administered group
was significantly inhibited, and the volume of the ectopic bone
was significantly reduced. Consistent with Mircro-CT, in the
model group, the muscle tissue was disordered, angiogenesis
was formed, and a large number of disorganized ectopic bones
were generated between tissues, while in the sham-operated
group and the administered Palovarotene group, the trend
of the model group was suppressed, except for some tissues
caused by modeling. No obvious abnormality was found outside
the damage. Our results show that when BMSCs differentiate
into osteoblasts, MAPK1 and MDM2 play a role and their
transcription levels are up-regulated. After administration of
Palovarotene, the transcription levels are decreased, indicating
that Palovarotene is likely to act on MAPK1, MDM2 targets
and their corresponding PI3K- Akt signaling pathway and p53
signaling pathway play a role.

This study attempted to clarify a key target and mechanism
of Palovarotene in the treatment of heterotopic ossification,
screened out the possible core targets and related signaling
pathways by means of network pharmacology, and carried
out verification experiments. Our study confirmed the role
of the screened core targets in the treatment of HO with
Palovarotene, and confirmed the effectiveness of Palovarotene in
the treatment of HO. Nevertheless, there are some limitations
to our study. Although we have collected a large database for
parovatine-related targets and heterotopic ossification-related
targets, the data are certainly incomplete and some of the
latest studies have not been uncovered. Secondly, our study
found that the mechanism of Palovarotene in the treatment
of HO is complex and multi-factorial. It’s not sufficiently
investigated for the details of its relevant molecular mechanism,
and there is a lack of further experimental verification.
More experiments are needed to verify these goals and key
points path.
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Psoriasis is a chronic skin disease affecting 1% to 3% of the world population. Psoriasis
vulgaris (PV) is the most common form of psoriasis. PV patients suffer from inflamed,
pruritic and painful lesions for years (even a lifetime). However, conventional drugs
for PV are costly. Considering the need for long-term treatment of PV, it is urgent
to discover novel biomarkers and therapeutic targets. Serum exosomal miRNAs have
been identified as the reliable biomarkers and therapy targets of human diseases. Here,
we described the levels of serum exosomal miRNAs in PV patients and analyzed the
functional features of differently expressed miRNAs and their potential target genes
for the first time. We identified 1182 miRNAs including 336 novel miRNAs and 246
differently expressed miRNAs in serum exosomes of healthy people and PV patients.
Furthermore, the functional analysis found differently expressed miRNA-regulated target
genes enriched for specific GO terms including primary metabolic process, cellular
metabolic process, metabolic process, organic substance metabolic process, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway containing cellular
processes, human diseases, metabolic pathways, metabolism and organismal systems.
In addition, we found that some predicted target genes of differentially expressed
miRNAs, such as CREB1, RUNX2, EGFR, are both involved in inflammatory response
and metabolism. In summary, our study identifies many candidate miRNAs involved in
PV, which could provide potential biomarkers for diagnosis of PV and targets for clinical
therapies against PV.

Keywords: psoriasis vulgaris, serum, exosome, miRNA, inflammatory response, metabolism

INTRODUCTION

Psoriasis is a chronic, inflammatory,systemic skin disease (1, 2). 1% to 3% of the world population
suffers from psoriasis (3). PV is the most common form of psoriasis occurred in 80%–90% psoriasis
patients who manifest erythematous papules covered with pearly scales on extensor surface of
extremities, scalp and sacral region (1, 4). Due to its prevalence, diversity and duration, scientists
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and medical workers pay more and more attention to discovering
novel biomarkers and therapeutic targets for psoriasis vulgaris.

As membrane-bound nanovesicles of 30–100 nm in diameter,
exosomes are secreted by most cell types and exit in almost
all bodily fluids (5–7). Various components including lipid,
protein, mRNAs, microRNAs (miRNAs), long non-coding
RNA (lncRNA) have been identified in exosomes (5, 6, 8).
Numerous studies have indicated that recipient cells can be
regulated by the above exosomal RNAs through the uptake
of circulating exosomes (9, 10). Of these, serum exosomal
miRNAs have been identified as the reliable biomarkers and
therapy targets of human diseases, such as cancers, respiratory
illness, diabetic nephropathy and autoimmune diseases (11–
14). For example, the serum exosomal miR-24-3p level in
nasopharyngeal carcinoma has been revealed to correlate with
worse disease-free survival of patients (15). Furthermore, serum
exosomal miRNA miR-126 have potential to predict acute
respiratory distress syndrome (16). A subset of serum exosomal
miRNAs (miR-4449, miR-642a-3p, miR-1255b-5p, let-7c-5p,
miR-1246, let-7i-3p, miR-5010-5p, miR-150-3p) associate with
diabetic nephropathy (17). More importantly, a recent study
has demonstrated that extrinsic microRNA let-7i transferred
by serum exosomes might have an active role in triggering
autoimmune diseases (18).

Considering that plasma exosomal microRNAs modulate
immune response (11), serum exosomal microRNAs might
have the potential to predict immune disorders including
psoriasis vulgaris. In this study, the high-throughput RNA
sequencing was employed to identify differentially expressed
serum exosomal miRNAs in patients with psoriasis vulgaris,
and results were validated by quantitative real-time polymerase
chain reaction (qRT-PCR). Subsequently, the enrichment

TABLE 1 | Demographic characteristics of psoriasis vulgaris (PV) patients and
healthy control.

Variable Healthy control (n = 15) PV (n = 15)

Age, years# 49.33 (8.15) 53.73 (14.88)

Age, group, n

≤ 25 0 1 (6.67%)

26–40 2 (13.33%) 2 (13.33%)

41–55 10 (66.67%) 4 (26.67%)

≥ 56 3 (20.00%) 8 (53.33%)

Sex, n

Male 9 (60.00%) 11 (73.33%)

Female 6 (40.00%) 4 (26.67%)

PASI

0 15 (100.00%) 0 (100.00%)

1 0 0

2 0 5 (33.30%)

3 0 3 (20.00%)

4 0 4 (26.67%)

5 0 2 (13.33%)

6 0 1 (6.67%)

#Age data are presented as the mean (SD). PV: psoriasis vulgaris; HC:
healthy controls.

analysis of the GO term and Kyoto Encyclopedia of Genes and
Genomes (KEGG) for target genes of differently expressed
miRNA were conducted to provide insights exploring
reliable candidates for the diagnosis and treatment of
psoriasis vulgaris.

MATERIALS AND METHODS

Ethics Statement
All experimental procedures of the present study were approved
by the Institutional Review Board of Guangdong Provincial

FIGURE 1 | The hairpin structures of four novel precursor miRNAs. The
secondary structures of four novel precursor miRNA identified in this study,
including novel-100 (A), novel-103 (B), novel-104 (C) and novel-105 (D).
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Hospital of Chinese Medicine and conducted in accordance with
the Declaration of Helsinki (#B2014-029-01). Written informed
consent was obtained from all recruited participants.

Patients
The clinical characteristics of 15 healthy people and 15 PV
patients recruited for this study were shown in Table 1.
All selected PV patients fulfilled the Clinical Guidelines
of Psoriasis 2008 formulated by the Chinese Medical
Association (19). The inclusion criteria were: (1) patients
meeting diagnosis standards of PV; (2) patients corresponding
the progressive stage of PV; (3) patients diagnosed by two
clinicians regarding relevance to PV. Besides, patients
combined with tumor, serious cardiovascular, liver and
kidney comorbidities, hematopoietic system disease, high fever,
tuberculosis, acute suppurative and other infectious diseases
were excluded. In addition, women in pregnancy and lactation
were also excluded. Fasting venous blood was drawn and
centrifuged, then the separated plasma was stored at −80◦
until detection.

Exosome Isolation
Exosomes were isolated from 500µl serum samples
according to the manufacturer’s protocols using Exo Quick
Exosome Precipitation Solution Kit (20), and identified
by scanning electron microscopy (SEM) (FEI XL30, The
Netherlands) with low-voltage (1 KeV) and magnification
of 20,000, NanoSight and Western blot analysis in our

previous study (20), which shared exosomes used in
the present study.

Small RNA Library Construction,
Sequencing, and miRNA Identification
After the extraction of total RNA from serum exosome
by TRIzol (Thermo Fisher Scientific, Waltham, MA,
United States), the RNAs ranged from 18 to 30bp were
enriched. Then adapters were ligated to RNAs followed
by the reverse transcription of adapter-ligated RNAs,
and the 140–160bp size products were collected for the
construction of cDNA library and sequencing by Illumina
HiSeqTM 4000.

Subsequently, raw reads were analyzed by in-house Perl scripts
to collect clean tags. After discarding dirty reads with over
10% poly-N sequences or whose Phred scores were < 5%, all
clean tags were aligned with miRNAs using GeneBank database
and Rfam database (v11.0). Besides, all clean tags were also
aligned with human reference genome (Grch37) utilizing TopHat
v2.0.9 (21). Next, clean tags were blasted in miRBase database
(v21) to screen known miRNAs. Moreover, all unannotated
tags were predicted using Mireap_v0.2 software based on their
genome positions and hairpin structures to identify novel miRNA
candidates.

miRNA Levels
The levels of total miRNAs were calculated and normalized
to transcripts per million (TPM) using the following
formula: TPM = Actual miRNA counts/Total counts of

FIGURE 2 | Characteristics of miRNA levels between control group and PV group. (A,B) All miRNA levels are shown, and miRNAs with differentially levels are shown
in red (up-regulated) or green (down-regulated).
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clean tags × 106. Besides, levels of miRNAs in different groups
were displayed by the heatmaps to cluster miRNAs with
similar level patterns.

Analysis of miRNA Differential Levels
The formula used to determine miRNA differential levels across
groups was shown as follows:

p(x|y) = (
N2

N1
)

y (x+ y)!
x!y!(1+ N2

N1
)(x+y+1)

C(y≤ymin|x)=
∑y≤ymin

y=0 p(y|x)

D(y≥ymax|x)=
∑
∞

y≥ymax p(y|x)

Besides, miRNAs with a fold change (FC) ≥ 2 and P
value < 0.05 in a comparison were considered as significant
differently expressed miRNAs.

Prediction of Target Genes of Differently
Expressed miRNAs
The candidate target genes of differently expressed miRNAs of
miRNAs were predicted by RNAhybrid (v2.1.2), Miranda (v3.3a)
and TargetScan (v7.0) software based on sequences. Besides, the
miRNA-target gene network was established using Cytoscape
software (v3.6.0).

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Pathway
Enrichment Analysis for Target Genes
All target genes of different expressed miRNAs were
mapped to GO terms based on Gene Ontology database.
Besides, significantly enriched GO terms were identified by
hypergeometric test. KEGG is an important public pathway-
related database. Therefore, KEGG was used for analyzing
pathway enrichment to determine significantly enriched
pathways for target genes of different expressed miRNAs.

Validation of Small RNA Sequencing
Data by Quantitative Real-Time
Polymerase Chain Reaction
Quantitative real-time polymerase chain reaction (qRT-PCR)
assays were performed to confirm the reliability of the small
RNA-seq data according to previous studies (22, 23). Small RNA
was reversed transcripted by the miRcute miRNA First-Strand
cDNA Synthesis Kit (Tiangen, Beijing, China). Besides, miRNA
levels were normalized to the level of U6 according to the
11 CT method.

FIGURE 3 | Characteristics of miRNA levels between different groups. Heat map showing the levels of miRNAs (P < 0.05) in different groups. Colors from blue to red
stand for z-score got through the dimensionality reduction of FPKM value and reveal decreasing miRNA levels in each group.
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Statistical Analysis
Statistical differences of data in this study were analyzing by the
unpaired Student’s t-test between two groups using SPSS software
(v20.0, SPSS Inc., Chicago, United States). Besides, P < 0.05
indicated statistically significant.

RESULTS

Analysis of Small RNA Sequencing
Thirty small RNA libraries, including 15 PV samples (PV1-
15) and 15 samples (HC1-15), were constructed and sequenced
to reveal miRNA profiles. After the filter of low-quality reads,
approximately 13 million clean tags were obtained from PV
groups while the number of clean tags obtained from control
groups was about 11 million. The percentage of clean reads
in each group was approximately 88%. Then, clean reads were
mapped to the human reference genome (Grch37) by TopHat.
Results showed that more than 90% of clean reads were mapped.

Identification of miRNA
After the alignment with GenBank and Rfam (11.0), rRNA,
scRNA, snoRNA, snRNA, tRNA were removed from clean tags.
Results of the mapping to human reference genome revealed
that 751 and 846 known miRNAs were found in clean tags of
control and PV groups, respectively (Supplementary Table 1).
Moreover, 257 and 336 novel miRNAs were uncovered from
clean tags of in clean tags of control and PV groups, respectively
(Supplementary Table 2). The hairpin structures of four novel
precursor miRNAs (novel 100, novel 103, novel 104, novel 105)
were displayed in Figures 1A–D.

miRNA Differential Levels
Levels of total miRNAs were quantified the read count and
TPM analyses. Compared with the control group, 246 differently
expressed miRNAs (166 up-regulated and 80 down-regulated)
were found in PV group (Figures 2A,B and Supplementary
Table 3), including hsa-let-7d-3p, hsa-miR-125a-5p, hsa-miR-
134-5p, hsa-miR-142-3p, hsa-miR-155-5p, hsa-miR-375-3p, hsa-
miR-485-5p, hsa-miR-941, and hsa-miR-1228-5p. In addition,
the heat map (Figure 3) revealed the differentially expressed
miRNAs (P < 0.05) between the control group and the PV
group. Besides, top differential miRNAs between PV patients and
healthy control were stated in Table 2. Subsequently, qRT-PCR
was performed to validate data of small RNA sequencing in 20
healthy control samples (control group) and 20 PV samples (case
group). Except hsa-miR-125a-5p, hsa-miR-142-3p and hsa-miR-
375-3p, qRT-PCR results of other miRNAs were consistent with
those in small RNA sequencing (Figures 4A–I).

Target Prediction of Differently
Expressed miRNAs
Usually, miRNAs play roles in biology progresses through
regulating target gene expression. To understand the roles of
differently expressed miRNAs responded to PV, target prediction
was assessed. Target genes of differently expressed miRNAs

were identified including DEAD-box helicase 5 (DDX5), SEC11
homolog A, signal peptidase complex subunit (SEC11A), TSR1
ribosome maturation factor (TSR1), ribosomal protein L13a
(RPL13A), epidermal growth factor receptor (EGFR) and UTP6
small subunit processome component (UTP6) (Figure 5 and
Supplementary Tables 4, 5). Moreover, miRNA-mRNA network
indicated that a target gene could be modified both by up-
regulated and down-regulated miRNAs (Figure 5).

Functional Analysis of Differently
Expressed miRNAs
To further identify cellular processes and pathways related
to differently expressed miRNAs, GO and KEGG pathway
enrichment were further utilized to analyze their targets.
GO enrichment analysis revealed that significantly enriched
biological process for target genes of differently expressed
miRNAs included primary metabolic process, cellular metabolic
process, organic substance metabolic process, metabolic process,
regulation of cellular process, signal-organism cellular process,
regulation of biological process, biological regulation, cellular
process (Figures 6A,B and Supplementary Table 6). In addition,
the KEGG pathway enrichment analysis indicated that targets
of up-regulated miRNAs were associated with metabolic
pathways, endocytosis, apoptosis, alcoholism, spliceosome
(Figure 7A and Supplementary Table 7), while targets of
down-regulated miRNAs were involved in metabolic pathways,
alcoholism, measies, spliceosome, toxoplasmosis (Figure 7B and
Supplementary Table 7).

DISCUSSION

Here, we identified the levels of serum exosomal miRNAs in
PV patients. 1182 miRNAs including 336 novel miRNAs were
investigated. In addition, 246 differently expressed miRNAs were
identified including hsa-let-7d-3p, hsa-miR-125a-5p, hsa-miR-
134-5p, hsa-miR-142-3p, hsa-miR-155-5p, hsa-miR-375-3p, hsa-
miR-485-5p, hsa-miR-941and hsa-miR-1228-5p.

TABLE 2 | Top differential miRNAs between psoriasis vulgaris (PV) patients and
healthy control.

miRNA TPM Up/Down Log2 (Fold change)

HC PV

hsa-miR-222-5p 0.005 0.4845 Up 6.5984

hsa-miR-376b-3p 0.011 1.028 Up 6.5462

hsa-miR-449a 0.0028 0.174 Up 5.9575

hsa-miR-2115-5p 0.0171 0.8727 Up 5.6734

hsa-miR-4785 0.0055 0.2507 Up 5.5104

hsa-miR-4488 281.3985 4.1762 Down −6.0743

hsa-miR-6513-3p 0.1356 0.004 Down −5.0832

hsa-miR-4485-3p 1.3131 0.0482 Down −4.7678

hsa-miR-4481 0.8671 0.0325 Down −4.7377

hsa-miR-203a-3p 19.5013 0.8938 Down −4.4475

PV: psoriasis vulgaris; HC: healthy controls; TPM: transcripts per million.
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FIGURE 4 | Validation of miRNAs by RT-PCR. (A–I) Levels of 9 selected miRNAs are determined by RT-PCR. * P < 0.05, ** P < 0.01, *** P < 0.001. Ctrl: healthy
control samples; Case: PV samples.

Previous studies have indicated that some of these differently
expressed miRNAs associate with psoriasis. For example,
serum hsa-miR-142-3p is significantly downregulated in
patients with psoriasis after anti-tumor necrosis factor-α
(TNF–α) therapy (24). In addition, hsa-miR-142-3p is highly
upregulated in psoriatic skin (25). Moreover, miR-155 promotes
proliferation and suppresses apoptosis of psoriasis cells (26),
while treatment of methotrexate (MTX) and narrow-band
ultraviolet B phototherapy (NB-UVB) decrease hsa-miR-155-
5p expression in psoriatic skin lesions (27). Therefore, these
miRNAs may exert influence on PV through exosome.

PV is an inflammatory skin disease (2, 28). Consistently,
numerous of target genes of differently expressed miRNAs are
involved in immunity. cAMP-response element binding protein

1 (CREB1), RUNX family transcription factor 2 (RUNX2) and
epidermal growth factor receptor (EGFR) are targets of up-
regulated miRNAs. CREB1 can activate the transcription of
cytokine interleukin (IL) 33 as a transcription factor (29).
CREB1 also enhances the production of IL-1 and TNF-α (30).
Moreover, RUNX2 suppresses antitumor immunity in multiple
myeloma cells (31). In contrast, RUNX2 contributes to clear viral
infections through promoting IL-1 production in plasmacytoid
dendritic cells (32). Recent studies have indicated that EGFR is a
target of immunotherapy for tumors including lung cancer and
glioblastoma multiforme (33–35).

Prediction of target genes revealed that insulin like growth
factor binding protein 5 (IGFBP5), interleukin 13 receptor
subunit alpha 1 (IL13RA1), cyclin D1 (CCND1) were modified by
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FIGURE 5 | miRNA-mRNA regulatory network between differently expressed miRNAs and target genes. View of miRNA-mRNA regulatory network according to
miRNAs with differently levels and their regulated target genes.

down-regulated miRNAs. IGFBP5 is essential for IL-6 production
in human fibroblasts (36). IL-13Ralpha1 plays a critical role
in immune responses for T helper type 2 -mediated disease
(37). Furthermore, CCND1 is a target of immunotherapy for

numerous cancers (38–40). Thus, serum exosomal miRNAs may
contribute to the inflammatory response in PV patients.

However, analysis of GO and KEGG pathway for target genes
of differently expressed miRNAs demonstrated that these target
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FIGURE 6 | GO enrichment analysis for target genes of miRNAs with differently levels. The GO enrichment histograms and GO terms for target genes of
up-regulated miRNAs (A) and down-regulated miRNAs (B) are shown.

genes were not enriched in inflammatory response or immunity
but metabolic processes and metabolism pathways, indicating
that most of target genes associated with metabolism. Metabolism
fundamentally influences inflammatory response and ultimately
affect progression of numerous diseases (41). T lymphocytes (T

cells) are sentinels of immune system, and cellular metabolism
activates T cell upon immune challenge through regulating
blast, proliferation and differentiation (41). T cell metabolism is
dynamically regulated with activation state (42). Upon antigen
encounter, T cells are activated in a high rate of glycolysis for
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FIGURE 7 | KEGG pathway enrichment analysis for target genes of miRNAs with differently levels. The KEGG pathway enrichment scatter plots for target genes of
up-regulated miRNAs (A) and down-regulated miRNAs (B) are shown.

extensive proliferation and differentiation into effector. After
pathogen clearance, most of effector T cells die while a few
antigen-specific memory T cells were maintained (41–45). In
addition, metabolism may contribute to the transition of effector
T cells to memory T cells (46–48).

In detail, iron metabolism contributes to the proliferation
of immune cells and cytokine action (49), consistent with the
enriched GO terms “iron binding ” and “metal iron binding.”
Moreover, cholinergic metabolism is essential for vagus nerve-
mediated immune function and proinflammatory responses (50).
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Furthermore, arginine metabolism, Vitamin D metabolism, Zinc
metabolism, Myo-Inositol metabolism are crucial for immune
cell growth and immunity (51–54). More importantly, some of
immunity-related target genes in this study also contribute to
metabolism. For example, CREB1 suppresses hepatic glucose
metabolism (55). RUNX2 alters nutrient metabolism including
glucose metabolism in cancers (56, 57). EGFR also regulates
glucose metabolism in chondrosarcomas (58). Thus, serum
exosomal miRNAs may regulate immunity through modifying
metabolism in PV patients.

However, the small size of the patient group was the
limitation of this study. More PV patients would be recruited in
the future study.

CONCLUSION

In summary, the present study revealed candidate serum
exosomal miRNAs associated with PV and the signaling pathways
modulated by miRNAs. These findings could provide potential
biomarkers for diagnosis of PV and targets for clinical therapies
against PV. However, the small size of the patient group was the
limitation of this study. More PV patients would be recruited in
the future study.
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Obesity is a significant global health concern since it is connected to a higher risk of

several chronic diseases. As a consequence, obesity may be described as a condition

that reduces human life expectancy and significantly impacts life quality. Because

traditional obesity diagnosis procedures have several flaws, it is vital to design new

diagnostic models to enhance current methods. More obesity-related markers have

been discovered in recent years as a result of improvements and enhancements in gene

sequencing technology. Using current gene expression profiles from the Gene Expression

Omnibus (GEO) collection, we identified differentially expressed genes (DEGs) associated

with obesity and found 12 important genes (CRLS1, ANG, ALPK3, ADSSL1, ABCC1,

HLF, AZGP1, TSC22D3, F2R, FXN, PEMT, and SPTAN1) using a random forest classifier.

ALPK3, HLF, FXN, and SPTAN1 are the only genes that have never been linked to obesity.

We also used an artificial neural network to build a novel obesity diagnosis model and

tested its diagnostic effectiveness using public datasets.

Keywords: obesity, gene sequencing technology, random forest classifier, artificial neural network, diagnosis

model

INTRODUCTION

Obesity, defined by the European Association for the Study of Obesity (EASO) (1), as an adiposity-
related chronic illness, is a continuing global health concern because it is frequently linked to
increased risks for a variety of chronic illnesses, including hypertension, type 2 diabetes (T2D),
and cardiovascular disease (CVD). As a consequence, obesity may be described as a condition that
reduces human life expectancy and significantly impacts life quality. Obesity has a complicated
etiology, with environmental, social, physiological, medicinal, behavioral, genetic, epigenetic, and
other variables all contributing to cause and development (2). Obesity has surged globally in the
previous two decades, according to a study, and is spreading like an epidemic illness.

Obesity is categorized into two types: physical obesity and feeding obesity. Simple obesity
seems to be the most prevalent kind. Secondary obesity is defined by excessive fat stores in the
body, but it also has the clinical signs of primary illness. It is induced by hormonal or metabolic
abnormalities. Drugs that cause gaining weight as a side effect are becoming more widely used,
which contributes to drug-induced obesity. As a result, the therapies for these three forms of obesity
are distinct. Obesity is traditionally treated with behavioral modification, medication therapy, and
weight reduction surgery. Weight reduction surgery, which would be a risky invasive operation,
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is the only long-term therapy. Obesity and diabetes are now being
treated using neuromodulation techniques which include vagal
nerve stimulation as well as intestinal electrical stimulation.

Obesity diagnostic procedures that are routinely utilized have
certain drawbacks. Currently, BMI (body mass index) is by far
the most widely used metric for determining obesity. However, a
BMI diagnosis alone will not be able to determine the site of fat
distribution (3). The WHO included waist circumference as just
a criterion of abdominal adiposity in its obesity categorization
paradigm because it offered extra information about the risk of
CVD as a consequence of the BMI category (4). It’s worth noting
that BMI, as well as waist circumference cut-offs, change by
ethnicity since these measurements are associated with a higher
risk of heart illness and diabetes in distinct ways (5–9). As a
result, new diagnostic models must be developed to enhance
current procedures.

The fast advancement of 2nd sequencing technology has aided
in the discovery of marker genes linked to a wide range of
disorders in recent years, laying a strong basis for the creation of a
novel gene-related diagnostic approach for obesity. In this work,
we searched the gene expression comprehensive database (GEO)
for differentially expressed genes (DEGs) between obese patients’
fat samples and normal fat samples. We apply the random forest
approach to determine the important genes activated in obesity
based on this DEGs data. Then, using an artificial neural network,
we built a genetic diagnostic model of obesity based on these
critical genes (see the analysis process in Figure 1).

MATERIALS AND METHODS

Downloading and Analyzing Data
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/
geo) was used to find DEGs. The following were the selection
criteria: Table 1 shows the expression pattern and clinical
phenotypic data from chip datasets GSE24883, GSE25401, as
well as RNA-seq datasets GSE156909 and GSE159924, that were
downloaded using the query tool. The GEO database was used to
collect the annotation data for the chip probes of the appropriate
platforms. Multiple probes were identified to match one gene
symbol during the translation of chip probe ID as well as the gene
symbol. The median probe expression was taken as the level of
gene expression in this situation.

Differentially Expressed Genes and
Enrichment Investigation
A differential study was made on 34 lean and 38 obese GSE24883
and GSE25401 samples using the R software package limma.
To filter DEGs, the limma software tool employs traditional
Bayesian data analysis. For DEGs, the significant thresholds were
established at an adjusted P-value of <0.05 and a log Fold Chang
(logFC) larger than 1. The heatmap of DEGs was created using
the heatmap software program. We used the R package cluster
profile to undertake GO function enrichment analysis as well as
KEGG enrichment analysis on associated genes, and we found
three kinds of significantly enriched GO terms (P < 0.05) and
considerably enriched pathways (P < 0.05) using metascope
cluster analysis (http://metascape.org/gp/index,html).

Construction of Protein-Protein Interaction
(PPI)-Network
In the sting database (https://www.string-db.org/), we utilized
the screened differential genes to create a PPI network. The
interaction score for the PPI network’s minimum requirement is
set at 0.4. Simultaneously, while constructing a PPI network, we
conceal solitary points that are not connected.

Random Forest Screening for DEGs
For the DEGs, the Random Forest software tool was utilized
to create a random forest model. Firstly, the average model
inaccuracy rate for all genes was estimated using out-of-band
data. The optimal variable value for the binary tree in the
node has been set to 6, and the best number of trees in the
random forest was decided to be 500. The dimensional effect size
from the random forest model then was determined using the
diminishing accuracy approach (Gini coefficient method). For
the ensuing model development, illness genetic factors with an
essential point larger than 1.2 were picked. The unstructured
hierarchical groups of the 12 significant genes in the merging
dataset were reclassified and a heatmap was produced using the
freeware tool pheatmap.

Modeling of an Artificial Neural Network
For neural network-based training, the GSE24883 and GSE25401
merging datasets were used. The R software package neural
net has been used to develop a deep learning model of
the main variables after the data was standardized to the
maximum and lowest values. The model parameters for
constructing an obese classification model using the collected
gene weight information were set at four hidden layers. The
illness classification score was calculated using the sum of
the weight scores scaled by the differential expression of the
key genes in this model. The validation outcomes of AUC
classification results were then calculated using the pROC
software tool.

Evaluation of AUC
The validity of the categorization score model of slim and
obese samples is evaluated using the following data sets
(the merging dataset of GSE156906 and GSE159924). To
check the classification efficiency, use the proc software tool
to build the ROC curve for each and compute the area
under the Curve. Simultaneously, the appropriate ROC curve
threshold was determined, as well as the specificity and
sensitivity of categorizing obese and healthy samples under
this threshold.

Estimation of the Immune Landscape and
Correlation Test
Using the R package “complot” with 1000 permutations,
CIBERSORT (https://cibersortx.stanford.edu/) has been used
to infer the 22 immune-cell values in the obese cohort by
analyzing the proportion of patients with the transcription of
Leukocyte signature matrix (LM22) core genes. Cases with a
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FIGURE 1 | Flowchart.

TABLE 1 | Data download.

ID GSE number Data type Samples Source type Group

1 GSE24883 Microarray 8Lean8Obesity subcutaneous adipose tissue Discovery cohort

2 GSE25401 Microarray 26Lean30Obesity subcutaneous adipose tissue Discovery cohort

3 GSE156906 RNA-Seq 14Lean28Obesity subcutaneous adipose tissue Validation cohort

4 GSE159924 RNA-Seq 12Lean21Obesity subcutaneous adipose tissue Validation cohort

CIBERSORT result of P < 0.05 were selected for the following
analysis. Violin plots were constructed in R using the “vioplot”

package to show the differences in immune-cell infiltration

between the two groups. The association between the found

gene indication and the quantity of invading immune cells was
investigated using Spearman’s correlation research in R. The
charm method of the “ggplot2” package was used to depict the
resulting correlations.
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RESULT

Identification of DEGs
The Bayesian test was utilized to discover DEGs between obese
chip dataset samples and lean control samples using the limma
program. TheDEGs’ findings are depicted in the volcano diagram
(Figure 2A) as well as the heatmap (Figure 2B). The search found
113 significant DEGs associated with obesity depending on fold
change values of>1 as well as a significance threshold of P< 0.05
(Supplementary File 1).

Metascape Analysis of DEGs
The matescape database was used to enrich and evaluate
differential genes. GO Biological Processes, KEGG Pathway,
Canonical Pathways, Cell Type Signatures, Reactome Gene
Sets, CORUM, TRUST, DisGeNET, PaGenBase, Transcription
Factor Targets, WikiPathways, PANTHER Pathway, and COVID
were used to enrich the DEGs list using pathway and process
enrichment investigation. The enrichment background wasmade
up of every gene in the genome. Terms having a p-value < 0.01,
a baseline count of 3, and contributing factors more than 1.5 (the
maximum enhancement is the proportion between the known
numbers and the counts anticipated by chance) are gathered
and classified depending onmembership commonalities. The top
20 words from the matescape enrichment analysis are shown
in Figures 3A,B. Supplement File 2 contains the findings of the
route and process enrichment study.

Enrichment Analysis in Samples From
Obese Patients and Lean People
The cluster profile software was used to conduct GO enrichment
analysis on the 113 noteworthy DEGs. The Benjamini–Hochberg
correction technique was applied, with the P and Q levels set
at 0.05 and 0.05, respectively. We conducted compression on
the GO enrichment words and excluded phrases with a gene
overlap of >0.75 to prevent repetition in the GO enrichment
findings. The findings of 3 areas of GO enrichment are shown
in Figure 4. Figure 4A displays the GO enrichment findings for
all three categories (only the –log10 (adj P) >5 GO terms are
presented). Protein kinase B signaling, leukocyte chemotaxis,
cell chemotaxis, modulation of protein kinase B signaling, and
myeloid leukocyte migration are among the associated biological
processes implicated in obesity, according to the findings. Cell
leading edge and collagen-containing cellular components are
involved. Integral interaction and other critical activities were
among the molecular functionalities. Parts of the GO enriched
words and the key DEGs implicated are shown in Figures 4B,C.
On the DEGs, we also ran a KEGG pathway enrichment
analysis. Figures 4D–F demonstrate the findings of substantially
enriched biological KEGG pathways implicated, as well as the
accompanying DEGs.

Random Forest Tree Screening
The random forest algorithm received the 113 DEGs. We did
a recurrent random forest categorization for all possible values
among the 1–113 factors and estimated the mean error rate of
the model to determine the ideal parameter mtry (that is, to

describe the best number of factors for the binary trees inside the
nodes). As the variable number’s argument, we picked 12. The
set of variables was kept to a minimum, and out-of-band error
was kept to an absolute minimum. We chose 500 trees as the
variable of the final model based on the association plot between
both the model uncertainties and the number of selection trees
(Figure 5A), which demonstrated a steady error. The variable
relevance of the output findings (Gini coefficient method) was
assessed in the context of decreasing accuracy and decreasing
mean square error throughout the construction of the random
forest model (see Supplementary File 3 for the important output
results). The potential genes for further investigation were then
identified as twelve DEGs with a significance larger than 1.2.
Figure 5B demonstrates that ALPK3, ADSSL1, ABCC1, ANG,
CRLS1, HLF, AZGP1, TSC22D3, F2R, FXN, PEMT, and SPTAN1
were the most significant of the twelve variables. We used k-
means unsupervised clustering to cluster the merging dataset
using these twelve critical factors. The twelve genes might be
utilized to differentiate between illness and normal samples,
as shown in Figure 5C. FXN, SPTAN1, ABCC1, F2R, and
PEMT are a group of genes with low or undetectable positive
control and reach this point in treated samples. CRLS1, ANG,
ALPK3, ADSSL1, HLF, AZGP1, and TSC22D3, on the other
hand, belong to a different cluster, having a high level of
expression in healthy samples but a low level of expression in
ill samples.

Constructing an Artificial Neural Network
Model
We utilized the GSE24881 and GSE25403 merging datasets to
build an artificial neural network model using the neural net
package. Data preparation was the initial phase, which was
used to standardize the data. To segregate the magnification
information before training the network, the min-max technique
[0,1] was chosen and pushed. The maximum and lowest data
values were normalized before the computation began, and the
number of hidden layers was set to 5. There was no set guideline
for how many layers and neurons to employ when choosing
parameters. The number of neurons should be around two-
thirds of the input layer size and one-third of the output layer
size. As a result, the number of neurons parameter was adjusted
to 12. A training data set and a validation set was created at
random from the dataset. The objective of the training group was
to figure out how much each candidate’s DEG was worth. The
validation set was utilized to test the model score’s classification
performance using the expression of genes and gene weight. The
following is the formula for calculating the categorization score
of the produced illness neural network model: neuraObesity =
∑

(Gene Expression×Neural NetworkWeight) (Figure 6A). To
create the neural network model, we utilize all of the data. The
experimental group demonstrated that themodel’s area under the
ROC curve (AUC) was near 1 (average AUC > 0.99), indicating
that it was robust. To check that the area under the ROC curve
(AUC) remains near 0.9, we examined the merged data sets of
two more data sets, GSE156906 and GSE159924 (Figures 6B,C).
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FIGURE 2 | (A) A volcano plot representing the findings of differential expression investigation. The remaining functional genes are shown by the black dots. (B) A

DEG heatmap. The graph’s hues, which range from red to green, represent high to low expressiveness. The red band in the top half of the heatmap represents illness

samples, whereas the blue band represents normal samples.

FIGURE 3 | (A) An enhanced terms network. Cluster-ID is used to color the notes, and notes with the same cluster-ID are often closer to one other. (B)

P-Value-colored bar graph of enhanced phrases across DEGs lists.
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FIGURE 4 | Graph depicting the findings of the enrichment analysis. (A) GO enrichment findings in a bar graph. The z-score is shown on the x-axis, while the log 10

(adj P) values are represented on the y-axis. (B) Gene clustering circle: the inner circle indicates DEGs, the red circle represents up-regulated genes, the blue circle

indicates down-regulated genes, and the outside circle represents GO keywords. (C) GO enrichment ring plot. The DEGs are shown on the left, with the red gene

band indicating upregulation and the blue gene band indicating downregulation. The right-hand band, which is colored differently, indicates several GO concepts. The

gene’s inclusion in the GO word is shown by the connecting line. (D) KEGG pathway enrichment findings in a bubble chart. The z-score is shown on the x-axis, while

the log 10 (adj P) value is represented on the y-axis. A KEGG pathway is represented by a bubble, the size of which indicates the number of genes in the route. The

route enrichment findings in the figure with a log 10 (adj P) > 1.3 (P < 0.05) are highlighted and listed in the table. (E) Gene clustering circle: the inner circle indicates

DEGs, the red circle represents up-regulated genes, the blue circle indicates down-regulated genes, and the outside circle represents KEGG terms. (F) KEGG

pathway enrichment ring plot. The DEGs are shown on the left side, with red gene bands indicating upregulation and blue gene bands indicating downregulation.

Distinct colored bands on the right-hand side symbolize different paths. The gene’s involvement in the route is shown by the connecting line.

Immune Landscape Associated With the
Characteristics of Obesity Patients
Immune-related networks were enhanced in the obese sample vs.
in the lean category, according to functional enrichment analysis.
Adipose tissue genomic information from the fusion dataset of
GSE24881 and GSE25403 has been processed to investigate the
immune landscape differences between obese patients and lean
persons. The proportion of 22 distinct types of immune cells in
the data was also calculated using the program CIBERSORTx.
CIBERSORTx is an online tool that determines the relative
quantity of immune adult tissues using a background subtraction
algorithm. The location of 22 distinct immune cell types in obese
and thin subjects is shown in Figure 7A. We compared the
relationship between immune cells with Spearman’s correlation
analysis. The largest positive connection, R = 0.84, was found

between T cells CD4 naïve and T cells gamma delta, whereas the
strongest negative correlation, R = −0.64, was found between
T cells CD4 memory resting and T cells CD8 (Figure 7B). In
addition, the proportion of B cells with memory was significantly
lower (P= 0.012) in the obese group than in the no-obese group
(Figure 7C).

DISCUSSION

For the first time, we computed DEGs associated with obesity
and discovered twelve key candidate DEGs using the classifier
model in this work. We employed a neural network model
to compute the anticipated weights of linked genes, create the
neuraObesity classification model score, and test the model
score’s classification performance in 2 autonomous sample
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FIGURE 5 | (A) The mistake rate is influenced by the number of selection trees. The amount of decision trees is shown on the x-axis, while the mistake rate is

represented on the y-axis. (B) Random forest classifier results using the Gini coefficient approach. (C) Unsupervised clustering heatmap demonstrating the

hierarchical clustering formed by the twelve significant genes created by the random forest in the GSE24881 and GSE25403 merging dataset. The red band on the

upper portion of the heatmap suggests normal samples, while the blue band indicates obesity disorder samples. Red color demonstrates genes with elevated

expression in the samples, the blue color implies genes with low or undetectable in the samples.

datasets. The AUC efficiency was outstanding, and it was
discovered that neuraObesity had a high classification efficiency.

CRLS1 is a variation linked with insulin resistance, and
adipose CRLS1 expression positively connects with insulin
sensitivity among these twelve genes. By reducing the expression
and activity of ATF3, CRLS1 reduces insulin resistance,
hepatic steatosis, inflammation, and fibrosis during the
pathological phase of non-alcoholic steatohepatitis (NASH)
(10, 11). The angiotensin-angiotensin system is a critical

regulator of metabolism, with the angiotensin 1-7 (ANG
1-7) peptide having positive effects. Treatment with ANG
1-7 lowered body weight, increased thermogenesis, and
improved glucose homeostasis without changing food intake.
Paternal inflammation-induced metabolic abnormalities
in children are linked to ANG-mediated synthesis of 5’-
tsRNAs in sperm, and offspring of inflamed fathers have
metabolic diseases such as glucose intolerance and obesity
(12, 13).
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FIGURE 6 | (A) Neural network visualization results. (B) The training group verifies the ROC curve findings (merge dataset of GSE24881 and GSE25403). (C) The

testing group verifies the ROC curve findings (merge dataset of GSE156906 and GSE159924).

ABCC1 is a protein found in human adipocytes. ABCC1
mRNA is increased in adult adipose tissue, while tissue plasma
cortisol concentrations are continuously low (14, 15). In the
epidemic of obesity, AZGP1 is implicated in polygenic traits and
age-dependent alterations in the genetic regulation of obesity.
Reduced AZGP1 expression resulted in a considerable increase
in lipogenic gene expression, resulting in increased serum lipid
in KD cells. By negatively regulating TNF-α, AZGP1 reduces the
severity of Nonalcoholic fatty liver disease (NAFLD) by lowering
inflammation, speeding lipolysis, boosting proliferation, and
minimizing apoptosis. AZGP1 has been proposed as a potential

new treatment target for NAFLD. Circulating AZGP1 has been
linked to polycystic ovary syndrome (PCOS) and might be a
significant adipokine in the onset and progression of PCOS. A
large number of literatures have confirmed that PCOS is closely
related to obesity and insulin resistance (16). AZGP1 might be
used as a novel observational biomarker in the management of
PCOS patients. AZGP1 levels in the blood are lower in women
with PCOS, and AZGP1 could be a cytokine linked to insulin
resistance in PCOS patients (17–21). Adipogenesis was aided by
the coagulation factor II thrombin receptor (F2R), which encodes
coagulation factor II. Obesity, T2D, steatosis, atherosclerosis,

Frontiers in Medicine | www.frontiersin.org 8 May 2022 | Volume 9 | Article 906001207

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yu et al. Diagnosis Model of Obesity

FIGURE 7 | An examination of the immunological landscape of obesity. (A) Overview of predicted proportions of 22 immune-cell categories in con and treat groups

using the CIBERSORT algorithm. (B) Correlation analysis of infiltrating immune cells. (C) Con and treat groups were compared on 22 immune-cell subtypes.

as well as osteoporosis are all metabolic disorders, and the
gene F2R might be exploited as an adipogenic marker to give
a possible target for understanding them. F2R was identified
as a potentially relevant biomarker related to the polycystic
ovarian syndrome as a result of the PCOS pathway network
that was created (PCOS) (22, 23). PEMT is a tiny integral
membrane protein that transforms phosphatidylethanolamine
(PE) to phosphatidylcholine (PC). PEMT knockdown prevented
lipid droplet formation, lowered triacylglycerol concentration,
and decreased leptin release from adipocytes (24–26). Fat
migration into the periphery of the vast lateral, gastrocnemius, as
well as soleusmuscles, was seen in all ADSSL1myopathy patients,
as were increased lipid droplets (27).

Interestingly, none of the following four genes (ALPK3, HLF,
FXN, and SPTAN1) have been shown to be involved in obesity-
related disorders. Familial cardiomyopathy may be caused by
ALPK3 mutations. Cardiomyocytes missing ALPK3 may have
abnormal calcium handling, offering useful insights into the
molecular processes driving ALPK3-mediated cardiomyopathy
(28). HIF-2 activates the production of hypoxia-inducible, lipid

droplet-associated protein in renal CCCs, which preferentially
enriches polyunsaturated lipids, the rate-limiting precursors for
lipid peroxidation (HILPDA) (29). Friedreich’s ataxia (FRDA)
is a neurological illness with T2D as severe comorbidity
caused by reduced expression of mitochondrial frataxin (FXN).
Hyperlipidemia, impaired energy expenditure, insulin sensitivity,
as well as higher plasma leptin are all shown in the FXN knock-
in/knock-out (KIKO)mouse, which mimics T2D-like symptoms.
In BAT, FXN deficiency causes mitochondrial ultrastructure
disruption, oxygen consumption, and lipid buildup (30).
SPTAN1 is a potential gene for ataxia and spastic paraplegia, and
also the disruption of spectrin helices’ interlinking might be a
crucial aspect of the pathomechanism for the mutations (31).

The majority of research have shown that proinflammatory
T lymphocytes and macrophages play a key role in insulin
resistance (IR) induced by visceral adipose tissue inflammation
(VAT) (32). The invasion and activation of immune cells define
adipose tissue inflammation. Immune cells release cytokines and
chemokines, which lead to chronic inflammation and exacerbate
the metabolic pathway deterioration associated with obesity.
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In obese individuals, CD8 + and Th1 CD4 + T cells enter
VAT and stimulate the release of proinflammatory cytokines by
M1 macrophages, according to studies (33). B cells are capable
of presenting antigens to T cells, secreting proinflammatory
cytokines and pathogenic antibodies. Lipolysis products in VAT
may activate B cells, causing them to produce proinflammatory
mediators and causing systemic and local inflammation. Our
findings also indicated that obese persons had more T cells and
macrophages, although there was no substantial difference when
compared to healthy people. This might be due to the research
sample size being too small (34, 35).

The current research contained several flaws. First, we
searched DEGs in the GEO database comparing fat tissues
from obese patients and normal fat samples without subtyping
obese individuals. Second, the clinical applicability of the
random forest, as well as the artificial neural network joint
diagnostic model for obesity, has to be further evaluated and
externally verified. This information will be made available in
future research.

Finally, our findings clearly showed that a combined random
forest and artificial neural network obesity diagnostic model is
acceptable for forecasting obesity occurrence in clinical practice.
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Background: Alterations of epigenetic modification patterns are potential markers of

cancer. The current study characterized six histone modifications in osteosarcoma and

identified epigenetically dysregulated long non-coding RNAs (epi-lncRNAs).

Methods: Multi-omics data were obtained from osteosarcoma cell line SJSA1 and a

normal cell line. Differentially expressed lncRNAs (DElncRNAs) between osteosarcoma

and normal skeletal muscle were analyzed using Limma. MACS2 was applied to

identify the “peaks” modified by each histone in the cell. Promoters or enhancers of

DElncRNA were overlapped with differential histone-modified regions (DHMR) to screen

epi-lncRNAs. Univariate and multivariate Cox regression analysis were performed to

detect the genes closely related to the prognosis of osteosarcoma and to construct

risk models.

Results: A total of 17 symbolic epi-lncRNA in osteosarcoma were screened, and

13 of them were differentially expressed between osteosarcoma and normal samples.

Eight epi-lncRNAs were retained by Univariate Cox regression analysis. Four of these

epi-lncRNAs were used to construct an epi-lncRNA signature. The risk score of

each osteosarcoma sample in the high- or low-risk group was estimated according

to the epi-lncRNA signature. The overall survival (OS) of the low-risk group was

significantly better than that of the high-risk group. The area under the receiver operating

characteristic (ROC) curve of the model was 0.79 and 0.82 for 1-, 3-, and 5-year

OS, respectively.

Conclusion: Our results revealed the histone modification pattern in osteosarcoma

and developed 4-epi-lncRNA signature to predict the prognosis of osteosarcoma,

laying a foundation for the identification of highly specific epigenetic biomarkers

for osteosarcoma.

Keywords: osteosarcoma, histone modification, long non-coding RNAs, multiomics, prognosis
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INTRODUCTION

Osteosarcoma is the most common primary malignant tumor
in children and adolescents (1). This tumor mainly occurs
in the long bones (femur, tibia, humerus), the growth plates
near the diaphysis, as well as all areas characterized by
extensive bone rearrangement, and occurs less frequently in
flat bones and the spine (2). Osteosarcoma is characterized
by the presence of transformed osteoblastic cells producing
osteoid matrix. Currently identified subtypes of osteosarcoma
include typical intramedullary or central (osteoblastic,
chondroblastic and fibroblastic); telangiectasic; small cell;
high-grade surface; secondary osteosarcoma; parosteal; periostal;
and central with a low degree of malignancy (3). Osteosarcoma
exhibits a high tendency for local invasion and metastasis,
and although many factors that predict metastasis have
been identified, there is no effective therapeutic strategy
other than surgery to reduce the number of patients with
metastatic disease or to cure these patients with metastatic
disease (4). At advanced stages, the survival rate of these
metastatic patients is still only 20% (5). Therefore, improving
the therapeutic unit of osteosarcoma there remains a
constant and primary goal for many global research and
clinical communities.

Epigenetics is the study of alterations caused by modifications
in gene expression patterns that occurred during organismal
development or cell proliferation without any change in DNA
sequences (6). Histone modification could be resulted from the
regulation of chromatin condensation level, and is therefore
important in regulating gene expression and other nuclear
events. Histone modification together with DNA methylation
constitute are the foundation of epigenetic regulation of cell
functions (7). Epigenetic modifications that work in conjunction
with genetic mechanisms, which regulate transcriptional activity,
are maladjusted in many diseases, including in cancers (8).
Several epigenetic drugs, including inhibitors of EZH2, IDH,
histone deacetylases (HDACis), and DNA methyltransferases
(DNMTs) with many others undergoing clinical trials for treating
solid have been designed to reverse cancer-specific epigenetic
modification to normal epigenetic state, and have been approved
by Food and Drug Administration (FDA) (9). To date, the
efficacy and use of epigenetic therapy have been demonstrated
mainly in the treatment of hematological malignancies, with
limited supporting data for solid malignancies (10). Epigenetic
therapies also face problems with their lack of specificity for
cancer cells. Targeting a combination of epigenetic modifications
specific to or preferentially present in cancer cells is a feasible
strategy (11).

Several previous studies have shown that lncRNA
transcription is affected by epigenetic mechanisms, including
DNA methylation and histone modification. Abnormally
low level of DNA methylation mediates the activation of
lncRNA SNHG12, enabling it to play a role in glioblastoma
resistance (12). Analysis on the relationship between lncRNA
expression and histone modification of its promoter showed
that trimethylation of histone H3 at lysine 4 (H3K4me3)

and histone H3 trimethylated at lysine 27(H3K27me3) are
generally correlated to lncRNA activation and repression,
respectively (13). A study integrating bioinformatics with in
vitro and in vivo biological experiments demonstrated that
HOXC-AS3 is obviously activated by gain of H3K4me3, and
that H3K27ac is involved in the regulation of gastric cancer
(14). In basal-like breast cancer, the expression of BLAT1 is
regulated at epigenetic level by DNA methylation of the CpG
island in the promoter. On the contrary, lncRNAs also mediate
epigenetic modification. Mohammad reported a lncRNA that
can induce DNA methylation in specific regions of the Kcnq1
locus (15). Endogenous unspliced lncRNA ANRASSF1 binds
to its transcriptional site to form an RNA/DNA hybrid, which
then binds to polycomb repressive complex 2. This complex is
only recruited to the RASSF1A promoter and could increase
H3K27me3 repressive histone mark (16). The relationship
between lncRNAs and epigenetic modifications may be exploited
as an effective regulator of epigenetic mechanism (17). However,
the data collected so far on the involvement of lncRNA in
epigenetic regulation is still the tip of the iceberg in this emerging
field, and the further expansion of these data may simultaneously
reveal a large number of undeveloped targets and pathways
suitable for epigenetic therapy (18).

In this study, we explored the relationship between histone
modification and abnormal lncRNA expression through
integrating six histone modified CHIP-seq data and RNA-seq
data of osteosarcoma. We analyzed epigenetic-dysregulated
lncRNAs (epi-lncRNAs) and its genome landscape, and
identified osteosarcoma-specific epi-lncRNAs to develop a
prognostic signature, which may be of great significance to
improve the understanding of the tandem of lncRNAs and
histone modification. Figure 1A shows the overall design process
of this study.

MATERIALS AND METHODS

Six groups of histone modified replicated narrowPeak data were
acquired from osteosarcoma cell line SJSA1 in Encyclopedia
of DNA Elements (ENCODE) (19), including histone H3
monomethylated at lysine 4 (H3K4me1), H3K4me3, histone
H3 trimethylated at lysine 9 (H3K9me3), histone H3 acetylated
at lysine 27(H3K27ac), H3K27me3, histone H3 trimethylated
at lysine 36 (H3K36me3). Normal human osteoblast was
used as a control. Transcriptome data of osteosarcoma came
from TRAGET database (https://ocg.cancer.gov/programs/
target). The transcriptome data of normal skeletal muscle
were obtained from GTEx database (https://www.genome.
gov/Funded-Programs-Projects/Genotype-Tissue-Expression-
Project). The batch effect of the two datasets was eliminated by
removeBatchEffect in LIMMA R package. The GTF file (version
40, https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_
human/release_40/gencode.v40.annotation.gff3.gz) of the
transcript was obtained from GENCODE database (https://www.
gencodegenes.org/human/), and the lncRNA and protein coding
genes were determined according to the geneType attribute.
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FIGURE 1 | Work flow chart and genomic landscape of epi-lncRNAs. (A) Workflow diagram of the study. (B) The locations on the chromosome of epi-lncRNAs shows

the global apparent modification distribution. Epi-lncRNAs is marked in the appropriate location. (C) Alluvial diagram of six histone modification distributions of

promoter and enhancer.

Identification of Epigenetic-Dysregulated
lncRNAs and Protein-Coding Genes
The difference between osteosarcoma and normal skeletal muscle
was analyzed by Limma (20) to obtain differentially expressed
lncRNA (DElncRNAs) and PCGs (DEPCGs). The threshold was
adjusted by benjamini-Hochberg method (P < 0.05). Histone-
modified “peaks” with a region of q < 0.05 in each cell line
of the six groups was detected by MACS2 (https://github.
com/taoliu/MACS/) (21). The upstream 2 kb and downstream
0.5 kb of the transcriptional initiation site (TSS) were defined
as promoters, which were identified by CHIPseeker (22). The
chromatin immunoprecipitation sequencing (ChIP-seq) data
of H3K27ac in FANTOM5 were integrated into our study,
and high H3K27ac signal was defined as an active enhancer.
Differential histone modified regions (DHMR) were screened
by MACS2 bdgdiff. DElncRNAs/DEPCGs with at least one

promoter or enhancer overlapping with DHMR were identified
as epigenetic-dysregulated lncRNAs/PCGs (epi-lncRNAs/epi-
PCGs).

Identification of Genomic Characteristic
for Epigenetic Modifications
To examine the genomic characteristics of epigenetic disorders
of lncRNA/PCGs, genes were divided into four different
groups, namely, epi-lncRNAs, non-epi-lncRNAs, epi-PCGs, non-
epi-PCGs, according to the characteristics and gene types
of modification. The number and length of exons and
transcripts in each group were summarized, and differences
between epi-lncRNAs/epi-PCGs and non-epi-lncRNAs/non-
epi-PCGs were compared. In addition, different genomic
distributions of abnormally epigenetically modified lncRNA
were analyzed.
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FIGURE 2 | Biological characteristics of histone modification regulation. (A) The difference for enrichment scores of six histone modified promoters and enhancers

between normal samples and osteosarcoma samples. (B) Correlation between KEGG pathway and six histone-modified promoters and enhancers. *P < 0.05, **P <

0.01, ***P < 0.001.
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FIGURE 3 | Identification of epi-lncRNAs specifically expressed in osteosarcoma. (A) The venn diagram of the intersection of cancer-related lncRNAs and

osteosarcoma epi-lncRNAs in Lnc2Cancer. (B) Analysis of the expression of 17 osteosarcoma emblematical epi-lncRNAs in normal samples and osteosarcoma

samples. (C) Histone modification profiles of MALAT and SNHG20. *P < 0.05, **P < 0.01, ***P < 0.001.

Single Sample Gene Set Enrichment
Analysis
Lnc2Cancer is a database providing lncRNA-cancer correlations
between 216 human cancers subtypes and 2,659 lncRNAs (23).
The relationship between epi-lncRNAs and different types of
cancer was analyzed using Lnc2Cancer database, and epi-
lncRNAs related to osteosarcoma were screened. The ssGSEA
scores of osteosarcoma samples were evaluated by R packet
“GSVA” (24). At the same time, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway score of each sample was
calculated to investigate the relationship between osteosarcoma-
related epilncRNAs and different biological pathways.

Construction of Osteosarcoma
Prognosis-Related Signature Based on
epi-lncRNAs
Univariate Cox regression analysis on osteosarcoma-related epi-
lncRNAs and overall survival (OS) was performed to screen
OS-related epi-lncRNAs in osteosarcoma. Furthermore, based
on its expression, max_stat R package was used to evaluate
the risk of osteosarcoma samples. Then stapAIC with step-by-
step regression was used to eliminate unnecessary epi-lncRNAs,
and then multivariate Cox regression analysis was conducted
to identify closely related genes and build an epi-lncRNAs risk
model with the strongest prognostic significance.
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FIGURE 4 | Construction of osteosarcoma prognostic signature based on epi-lncRNAs. (A) Univariate Cox regression analysis of 8 epi-lncRNAs significantly

correlated with OS of osteosarcoma. (B) The OS of osteosarcoma patients was evaluated according to the expression of each of the 8 epi-lncRNAs. (C) Forest map

of 4 epi-lncRNAs by multivariate Cox regression analysis. (D) The survival curve of patients with different risks assessed by the 4-epi-lncRNA signature. (E) The ROC

curve shows the area under curve (AUC) of the 1-, 3-, and 5-year OS calculated by the 4-epi-lncRNA signature.

Functional Enrichment Analysis on the
epi-lncRNAs Risk Model
The Pearson correlation analysis was performed to analyze
the correlation between epi-PCGs and epi-lncRNA in
TARGET (threshold: | Corr | > 0.4 epi-PCGs P <

0.05). The epi-PCGs identified were integrated into the
“WebGestaltR” R package (25) for KEGG and Gene
Ontology (GO) analysis to further evaluate its functional
characteristics. FDR < 0.05 was considered as the pathway of
significant enrichment.
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FIGURE 5 | qRT-PCR was used to detect the expression of lncRNA in human

osteoblast and osteosarcoma cells in 4-epi-lncRNA signature. (*P < 0.05, ** P

< 0.01, *** P < 0.001, **** P < 0.0001).

Cell Culture
Human SV40-transfected osteoblasts hFOB1.19 (BNCC255176),
human osteosarcoma cell line U2OS (item number) and 143B
(BNCC337683) were obtained from BeNa Culture Collection
(Beijing, China). All of them were subcultured in dulbecco’s
modified eagle medium (DMEM) containing 10% fetal bovine
serum and 1% penicillin-streptomycin at 37◦C and 5%
CO2 concentration.

Quantitative Real-Time PCR
The cells in logarithmic growth phase were taken and
their density was adjusted to 1 × 105 cells/mL and then
inoculated into 6-well cell culture plates with 2mL per
well and 3 multiple holes in each group. TRIzol reagents
(Invitrogen, Carlsbad, California, USA) were used to extract
total RNA. We followed the instructions provided by the
manufacturer. Then, RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, United States) was used for
reverse transcription of RNA to synthesize cDNA. qRT-
PCR was performed on the ABI StepOnePlus Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
by utilizing SYBR Green qPCR Master Mix (2x) (Bimake,
United States) and 40 cycles were amplified. All expression
data was normalized to β-actin as an internal control utilizing
the 2–11Ct method. The primer sequences involved are
as follows:

A2M-AS1 – forward: AGCCTACTCAGACCGACA
A2M-AS1- reverse: GAAATGCTTGAAGACCAC
CACNA1G-AS1-forward: GGACAGAAGACACCAAGGG
CACNA1G-AS1-reverse: GAGTTGCGAAGGCAGTTA
LBX2-AS1-forward: TAGAAGCCGTGGAGTCAG
LBX2-AS1-reverse: TTCAAGGAACAAAAGGGA
NNT-AS1-forward: GACTGCTTTGAGGATTTG
NNT-AS1-reverse: GAGTGACATTCTTTACTACCG

β-actin-froward: AGCGAGCATCCCCCAAAGTT
β-actin -reverse: GGGCACGAAGGCTCATCATT.

Statistical Analysis
All statistical data were analyzed and the results were presented
by R language v4.0.2 (https://www.r-project.org/). The Kaplan-
Meier method and log-rank Tests were used to compare the
sample OS. The accuracy of the epi-lncRNAs risk model was
evaluated by drawing the Receiver Operating Characteristic
(ROC) curve. P < 0.05 was defined as having a statistical
significance standard.

RESULTS

Identification of epi-lncRNAs and epi-PCGs
In this study, DHMR was identified by CHIP-seq analysis on
six histone-modified markers. A total of 9,995 lncRNAs and
5,141 PCGs were screened from osteosarcoma by difference
analysis. 1,148 epi-lncRNAs, 12,902 non-epi-lncRNAs, 1,729 epi-
PCGs and 17,805 non-epiPCGs were identified by overlapping
analysis on DElncRNA/DEPCG promoter or enhancers with
DHMR. The number of transcripts and exons in epi-lncRNAs
was significantly higher than that in non-epi-lncRNAs. The
exon of epi-lncRNAs was also significantly longer than that
of non-epi-lncRNAs. The number of transcripts and exons of
Epi-PCG was significantly fewer than that of non-epi-PCGs
(Supplementary Figure S1). The locations of abnormal histone-
modified epi-lncRNAs on the chromosome showed a wide
distribution of apparent modification, noticeably, H3K4me1,
H3K9me3, H3K27ac, H3K27me3, and H3K36me3 were the
main histone-modified epi-lncRNAs (Figure 1B). These histone
modifications are mainly covered in the promoter region
(Figure 1C).

Biological Characteristics of Histone
Modification Regulation
To reveal the biological significance of lncRNA regulated by
epigenetic dysregulation, ssGSEA was performed to calculate
the score of each osteosarcoma sample. The enrichment
scores of six histone-modified promoters and enhancers in
normal samples and osteosarcoma samples were determined.
Significant differences were found in H3K27ac promoter,
H3K4me1 enhancer, H3K4me3 promoter, H3K9me3 promoter,
H3K27me3 enhancer, H3K27me3 promoter, H3K36me3
enhancer, and H3K36me3 promoter between normal samples
and osteosarcoma samples. Osteosarcoma samples showed
high enrichment scores of H3K27ac promoter, H3K4me1
enhancer, H3K4me3 promoter, H3K9me3 promoter, H3K27me3
enhancer and H3K27me3 promoter, but low enrichment scores
of H3K36me3 enhancer and H3K36me3 promoter (Figure 2A).
Pearson correlation analysis showed that 41 KEGG pathways
were related to most of the six histone-modified promoters
and enhancers. The KEGG pathways involved in malignant
tumors included metabolism, cancer cell proliferation, apoptosis,
autophagy, etc. (Figure 2B).
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FIGURE 6 | Enrichment pathway analysis of epi-lncRNAs in osteosarcoma prognostic signature. (A) GO analysis of 486 epi-lncRNAs-related PCGs, including

biological process (BP), cellular component (CC) and molecular function (MF). (B) KEGG analysis of 486 epi-lncRNAs-related PCGs showed the highest 10 pathways

of enrichment ratio.

Identification of epi-lncRNAs Specifically
Expressed in Osteosarcoma
A total of 101 osteosarcoma-related epi-lncRNAs were found
in epi-lncRNAs through Lnc2Cancer database (Figure 3A),
and 17 epi-lncRNAs were selected as the markers for
osteosarcoma. Through the difference analysis on 17 epi-
lncRNAs between normal samples and osteosarcoma samples, 13
DEepi-lncRNAs, including 10 abnormally down-regulated epi-
lncRNAs and 3 abnormally down-regulated epi-lncRNAs,
were obtained (Figure 3B). MALAT showed increased
H3K27me3 enrichment in promoter and distal enhancer
in SJSA1, while the downstream region of MALAT was
significantly enriched by H3K4me1 and H3K9me3. On
the other hand, the H3K36me3 enrichment of SNHG20
promoter in SJSA1 increases, and the downstream region
was covered by H3K4me1. It should be noted that H3K4me1
and H3K36me3 were enhancer markers, while H3K27me3
and H3K9me3 were inhibitory markers, indicating that a
variety of histone modifications reshaped the acquisition/loss
of active promoters and/or enhancers through enrichment at

different sites of genes, which could synergistically affect gene
expression (Figure 3C).

Construction of an Osteosarcoma
Prognostic Signature Based on
epi-lncRNAs
Univariate Cox regression analysis of epi-lncRNAs related to

osteosarcoma identified 8 epi-lncRNAs significantly correlated

with OS of osteosarcoma (Figure 4A). Each OS-related epi-

lncRNA can group osteosarcoma samples according to its

expression, and the survival of different risk groups can be
clearly distinguished (Figure 4B). To integrate establish an

overall effective osteosarcoma scoring model, 4 epi-lncRNAs
were removed according to stepAIC, and the remaining four
epi-lncRNAs (A2M-AS1, CACNA1G-AS1, LBA2-AS1, and
NNT-AS1) were recruited to build a risk model (Figure 4C).
According to the 4-epi-lncRNA signature, the samples were
divided into two risk groups with significant OS differences.
Specifically, the OS of the low-risk group was much better
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than that of the high-risk group (Figure 4D). The area under
ROC curve of 4- epi-lncRNA signature reached 0.79, 0.84,
and 0.82 in 1-, 3-, and 5-year OS, respectively (Figure 4E),
indicating a high prediction accuracy. In addition, we
also evaluated the relationship between these lncRNAs and
immunity. It can be observed that LBX2-AS1 has a significant
positive correlation with a variety of immune infiltrating cells,
such as Activated dendritic cell, Macrophage and Central
memory CD8T cell, and CACNA1G-AS1 has a significant
negative correlation with a variety of immune infiltrating
cells, such as Type 17 T helper cell, Immature dendritic cell
and Activated dendritic cell (Supplementary Figure 2A).
Further, we also observed that patients in the high-risk group
have significantly higher Activated CD8T cell infiltration
(Supplementary Figure 2B) and lower fibroblasts and CD8T
cells infiltration (Supplementary Figure 2C), Similarly, the
matrix score in high-risk patients was significantly lower than
that in low-risk patients (Supplementary Figure 2D).

Expression of lncRNA in 4-epi-lncRNA
Signature
To verify whether lncRNAs in the 4-epi-lncRNA signature
are abnormally expressed in osteosarcoma as predicted, we
detected their expression levels in human osteoblasts and
osteosarcoma cells by qRT-PCR. The results showed that the
expression of A2M-AS1, CACNA1G-AS1, LBA2-AS1, and NNT-
AS1 was significantly lower in osteosarcoma cells U2OS and
143B compared with hFOB1.19 cells (Figure 5). According to
the results of survival analysis obtained by Figure 4B, the low
expression of these four lncRNA was associated with poor
prognosis. This also implies to some extent that our predicted
trend is of practical significance.

Regulatory Role of epi-lncRNAs in
Prognosis of Osteosarcoma
LncRNAs play a critical role in cancer through directly or
indirectly regulating the coding genes. Therefore, the function of
epi-lncRNAs-related PCGs in prognostic signature was studied.
Firstly, 486 PCGs related to epi-lncRNAs in TARGET were
filtered by Pearson correlation analysis (306 PCGs with positive
correlation, 180 PCGs with negative correlation). GO analysis
based on these PCGs demonstrated that the most relevant
GO biological process (BP) included fatty acid homeostasis,
mononuclear cell differentiation, homotypic cell–cell adhesion
and myeloid leukocyte differentiation; the most related cellular
component (CC) were lysosomal lumen, basement membrane
and Golgi lumen and vacuolar lumen. Most of the PCGs were
enriched in the signal molecules binding (cytokine binding,
growth factor binding) and cellular activity-related molecules in
TME (Figure 6A). KEGG analysis based on 486 PCGs showed
that the PCGs were enriched in a variety of pathways, which
regulate cancer, such as adherens junction, Hippo signaling
pathway, hepatocellular carcinoma, and pathways in cancer
(Figure 6B). In addition, we also analyzed the expression
of genes downstream of the four key lncRNAs. It can be
observed that TLX2 and PAIP1 in the latest four genes

downstream of the four lncRNAs are significantly related
to poor prognosis, suggesting that these genes may affect
the expression of downstream genes through cis-regulation
(Supplementary Figure 3A). Further, the targeted miRNAs of
the four lncrnas are predicted from the microT, miRanda,
mircode, miRDB, miRmap, miRtarbase, PicTar, PITA, RNA22,
starbase, TargetMiner and TargetScan database according to
the Cerna hypothesis. Then, we use 12 databases to predict
the target encoding gene (mRNA) of miRNA and retain the
target mRNA that appears in at least 6 databases. The ceRNA
network is constructed. The network contains 4 lncRNA, 14
miRNA and 325 mRNA (Supplementary Figure 3B). Using the
gene analysis of the regulatory network of the ceRNA, we
can observe that these genes are enriched into many tumor
pathways, such as liver cancer, breast cancer, Glioma and non-
small cell lung cancer etc. (Supplementary Figure 3C). These
results show that the potential ceRNA networks of these four
lncRNAs are closely related to the occurrence and development
of tumors.

DISCUSSION

Histone modification, a common epigenetic mechanism, is the
process of histone modification by enzymes, including post-
translational modifications such as methylation, acetylation,
phosphorylation and ubiquitin (26). Recent evidence suggests
that post-translational modification of histones accompanied
by lncRNAs profiles is involved in several clinical cancer
parameters, including histopathology progression, prognosis,
and/or responsiveness to unique or combined oncological
therapies (27). In this work, we explored the relationship
between histone modification and abnormal lncRNAs in
osteosarcoma according to 6 emerging classes of histone
modifications subjected for epigenome profiling by International
Human Epigenome Consortium (http://www.ihec-epigenomes.
org/), and screened epi-lncRNAs in osteosarcoma.

The difference of RNA modification pattern between
normal tissue and osteosarcoma tissue was explored, and
we found that osteosarcoma samples showed high levels
of H3K27ac promoter, H3K4me1 enhancer, H3K4me3
promoter, H3K9me3 promoter, H3K27me3 promoter and
enhancer enrichment scores, but low levels of H3K36me3
promoter and enhancer enrichment scores, indicating the
diversity of histone modification in osteosarcoma. These
combinations of epigenetic modifications that stimulate cancer
cell development are considered to be candidate targets for
cancer therapy (28). In osteosarcoma, we found 13 specific
lncRNAs related to these histone modifications, and analyzed
histone modification spectra of two of them. The results
demonstrated that MALAT showed increased H3K27me3
enrichment in promoter and distal enhancer in osteosarcoma
cell lines, while the downstream region was significantly enriched
by H3K4me1 and H3K9me3. On the other hand, the H3K36me3
enrichment of SNHG20 promoter in SJSA1 increased, and
the downstream region was covered by H3K4me1. These two
kinds of lncRNAs were found to be greatly overexpressed
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in osteosarcoma cells (29, 30). The modification activity of
these active histones may be an important factor in regulating
their expression.

Finally, 4 epi-lncRNAs were identified from 13 epi-lncRNAs
specifically expressed in osteosarcoma to develop a prognostic
signature for survival prediction of osteosarcoma. The function
of A2M-AS1 as a positive regulatory factor to promote the
metastasis of breast cancer has been characterized, and is
related to a poor prognosis (31). CACNA1G-AS1 is highly
expressed in colorectal cancer (32) and hepatocellular carcinoma
tissues (33), which accelerates the malignant biological process
of both cancers. The up-regulated expression of LBX2-
AS1 in gastric cancer cells and tissues contributes to the
malignant transformation of this cancer (34). In ovarian
cancer, LBX2-AS1 is also an oncogenic factor, enhancing the
proliferation and migration of cancer cells and promoting
the formation of solid tumors (35). NNT-AS1 induces cell
proliferation and invasion in prostate cancer (36) and lung
cancer (37). Notably, herein, qRT-PCR was utilized to detect
the expression of these four lncRNAs in human osteoblasts
and osteosarcoma cells, and we found that compared with
human osteoblasts, the expression of all of this lncRNA in
osteosarcoma cells was significantly down-regulated. Survival
analysis showed that low expression of each of the four
lncRNAs was significantly associated with a good prognosis in
patients with osteosarcoma. Therefore, our results suggested
that all 4 lncRNAs are protective factors in osteosarcoma.
We speculated that the reason for this result might be the
heterogeneity of lncRNA between tumors. At present, the
relationship between them and histone modification is still
unclear. LncRNAs located in the nucleus are involved in
chromatin interactions, transcriptional regulation and RNA
processing, while cytoplasmic lncRNAs can modulate mRNA
stability or translation and influence cellular signaling cascades
(38). It can be seen that lncRNA regulates cell behavior by
affecting PCG. Therefore, we finally analyzed four epi-lncRNA-
related PCGs and analyzed the functions of these PCGs.
There are various pathways enriched by PCGs, and the most
notable ones were adherens junction, Hippo signaling pathway,
hepatocellular carcinoma and pathways in cancer. Adherens
junction is the initiator and maintenance of adhesion between
cancer cells and regulation of tumor cell proliferation and
migration (39). Hippo signaling pathway was identified by
Atlas as one of the eight major signaling pathways in human
cancers (40). Therefore, we speculated that the 4 epi-lncRNAs we
identified may interact with the screened PCGs through specific
mechanisms and ultimately regulate the pathological progression
of osteosarcoma.

Our research has certain potential limitations. Firstly, DNA
methylation is the most important modification in epigenetics,
we did not analyze the effects of DNA methylation. Secondly,
Innovations in bioinformatics analysis are not abundant, and
the limited sample size prevented us from addressing specific
epigenetic or transcriptome differences between potentially
important epigenetic modification factors such as age. Finally,

Our data are all from public data sets, and the functional
and molecular mechanism of 4 epi-lncRNAs in the malignant
progression of osteosarcoma is still unknown, and whether they
are cross-talk remains unclear, which needs to be further explored
in future experimental studies.

In summary, our study revealed different patterns of
epigenetic modification in osteosarcoma and identified
epigenetically dysregulated epi-lncRNAs based on epigenetic
and transcriptional analyses, which provided new insights into
epigenetic regulation and identification of prognostic biomarkers
in osteosarcoma.
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