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Editorial on the Research Topic

Metabolic crosstalk between cancer cells and immune cells in the
tumor microenvironment: cellular and molecular insights, and their
therapeutic implications

Introduction

Cancer is fundamentally considered as an evolutionary disease characterized by
mutation-driven clonal selection, shaped by microenvironmental and therapeutic
pressures, leading to heterogeneity, malignant/metastatic progression, and therapy
resistance (1-3). Cancer evolution is accompanied by heritable variation (such as point
mutations, copy number variation, structural variants, epigenetic changes), selection (e.g.,
clonal expansion of cells with fitness-enhancing mutations), competition (for example,
nutrient/oxygen competition, immune evasion and metabolic competition) and adaptation
(such as drug resistance, metastasis and immune escape).

As a part of cancer evolution, metabolic reprogramming is now widely recognized as one of
the hallmarks of cancer (4)—not merely as a means by which tumor cells sustain proliferation,
but as a central axis by which malignant cells shape their microenvironment and evade immune
control (5). Simultaneously, immune cells themselves operate within the metabolic constraints
of the tumor microenvironment (TME), adapting—or failing to adapt—to nutrient scarcity,
metabolite accumulation, hypoxia, and altered redox states (6). This complex interplay between
tumor-cell and immune-cell metabolism forms a dynamic and critical interface—one that
presents both mechanistic insight and therapeutic opportunity (5, 6).
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The Research Topic “Metabolic Crosstalk between Cancer Cells
and Immune Cells in the Tumor Microenvironment: Cellular and
Molecular Insights, and their Therapeutic Implications”
encompasses 14 contributions—nine original research papers,
four review articles, and one perspective article— collectively
illuminating how metabolic pathways in tumor and immune cells
converge, compete, and cooperate—and how these interactions
could be harnessed in the clinic.

Articles overview

The contributions to this Research Topic explore how metabolic
programs in cancer and immune cells interact in the TME, and how
those interactions can be exploited therapeutically. The Research
Topic emphasizes lipid, amino-acid and micronutrient metabolism,
ferroptosis and redox biology, metabolic biomarkers and gene
signatures, and strategies to improve immunotherapy by
modulating metabolism. Thus, the Research Topic maps a cross-
cutting picture: metabolic programs in tumors are not cell-
autonomous — they rewire local and systemic immunity, create
metabolic barriers to effective antitumor responses, and offer multiple
points for therapeutic intervention (from small-molecule metabolic
inhibitors to combination of metabolic and immunotherapy
strategies. These works advance our understanding of how
metabolism modulates immunity and uncover new therapeutic
opportunities for targeting metabolic vulnerabilities.

Mechanistic insights into the tumor-—
immune metabolic interface

Cancer cells exploit metabolic plasticity to adapt to nutrient-
deprived environments and sustain proliferation (7). A key theme
emerging across the original research articles is that metabolic
reprogramming in tumor cells has dual purpose: supporting the
malignant phenotype and actively modulating the immune
microenvironment. Several studies in this Research Topic dissect
these intertwined processes at multiple biological aspects.

A clinical-translational study by Jin et al. explored the
prognostic implications of metabolic imaging in immunotherapy
response among non-small cell lung cancer (NSCLC) patients,
revealing that elevated total-body PET/CT metabolic activity
correlates with high PD-L1 expression and improved outcomes
following checkpoint blockade. This clinical link between tumor
metabolic phenotype and immune responsiveness highlights the
translational potential of metabolic biomarkers. Further
mechanistic data explore tumor-intrinsic regulators of
metabolism and immune milieu. A study by Dal Maso et al.
investigated Liver kinase B1 (LKB1), a master regulator of energy
homeostasis, demonstrating its association with favorable prognosis
and a remodeled immune microenvironment in small cell lung
cancer (SCLC). By linking key metabolic regulators to immune
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infiltration, this work emphasizes the integrated nature of metabolic
and immunological regulation in malignancies. These findings
highlight how metabolic gatekeepers may modulate the tumor’s
immunological landscape.

Mitochondrial metabolism also plays a critical role in cancer
(8). A complementary bioinformatics and experimental study by
Huang et al. identified mitochondrial metabolism-related genes in
cervical cancer that correlate with patient survival and immune
infiltration. By integrating transcriptomic and cellular analyses, the
authors showcased the mitochondrial-immune axis as a
determinant of tumor progression and therapeutic sensitivity.
Lipid metabolism is yet another dimension. Liu et al. provided
another layer of insight through their integrative analysis of fatty
acid metabolic subtypes in gastric cancer, revealing distinct
immunometabolic profiles and therapeutic vulnerabilities in these
subtypes. Their findings suggest that lipid metabolism may serve as
both a biomarker and a therapeutic target in tailoring
immunotherapy strategies.

Circulating levels of glucose has been implicated as a major
contributor to the occurrence and advancement of malignant tumors.
Over a 13-year prospective follow-up study by Li et al., women with
higher fasting plasma glucose levels exhibited an increased risk of
breast cancer; the study suggests early glucose-control interventions
might reduce breast cancer risk. Xu et al. examined ferroptosis—a
regulated cell death pathway dependent on lipid peroxidation—
within the hypoxic gastric cancer microenvironment. They
demonstrated how ferroptosis-related metabolic reprogramming
reshapes immune infiltration, offering a framework for
combination therapies that exploit ferroptotic sensitivity alongside
immune modulation and revealing how regulated cell death
mechanisms intersect with immunometabolism.

Using two-sample Mendelian randomization, the study by Li
et al. found that genetically predicted levels of various immune cell
immunophenotypes causally influence risk of gynecologic
malignancies—e.g., B cells panels were protective for cervical
cancer, monocyte panels protective for ovarian/vulvar cancer—
but reverse causality (cancer — immune cells) was not supported.
Adipocytes also play crucial role in various aspects of tumorigenesis
(9). The review by Li et al. explores how bone-marrow adipocytes
(BMAs) in the bone marrow microenvironment (“soil”) facilitate
bone metastasis of lung cancer cells (“seed”), via adipokines,
provision of lipids, osteoclast/osteoblast regulation and immune
modulation, thus emphasizing the adipokines and metabolic
interplay between BMAs and tumor cells.

Collectively, these investigations strengthen the concept that
tumor and immune cell metabolisms are not separate trajectories
but entwined circuits. Tumor cells not only compete for nutrients
(such as glucose, amino acids, lipids) but release signaling
intermediates/metabolites (e.g., lactate) that actively suppress or
reprogram immune effectors. Conversely, immune cell metabolic
fitness—and its underlying mitochondrial, lipid and amino-acid
metabolism—determines whether immune responses succeed or
falter in the TME.
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Immunometabolic circuits:
translational and therapeutic
opportunities

The accompanying articles in this Research Topic also
underscore the translational potential of mechanistic insights in
oncology. By delineating the molecular and metabolic pathways
that drive tumor progression and modulate immune responses,
these studies pinpoint actionable vulnerabilities within cancer cells
and the tumor microenvironment. Such insights provide a
foundation for the rational development of targeted therapies and
combination strategies, bridging fundamental biology and
clinical implications.

Elevated lactate levels within the TME play a critical role in
modulating immune cell function in cancer (10). A preclinical study
by Gurel et al. in melanoma showed that combining lactate
dehydrogenase inhibitors (LDHIs) with immune checkpoint
inhibitors (ICIs) enhanced anti-tumor immune responses
and displayed greater efficacy in slowing down the tumor growth,
suggesting targeting lactate metabolism may boost ICI efficacy. The
review article by Sun and Xiao on acetyl-CoA acetyltransferase 1
(ACAT1) in cancer describes how ACAT1 contributes to tumor
initiation, progression, suppression of anti-tumor immunity and
proposes ACAT1 inhibition as a therapeutic strategy via targeting
cholesterol esterification and tumor immunity. A review on ovarian
cancer by Xia et al. discusses how dysregulation of the arachidonic
acid metabolic pathways and their metabolites (COX, LOX and
CYP450) contributes to tumor initiation, progression, immune-
microenvironment alteration, and may serve as a biomarker or
therapeutic target.

Aberrant trace-metal metabolism is increasingly recognized as
one of the key features of cancer development and progression,
influencing proliferation, oxidative stress, immune regulation and
therapeutic response (11). A further review by Yao et al. addressed
zinc and trace-metal metabolism, an area often overlooked in onco-
immunometabolism. Zinc, a critical cofactor for antioxidant and
transcriptional processes, exerts context-dependent effects—
supporting immune competence at physiological levels but
fostering tumor growth when dysregulated. The authors highlight
that targeting zinc metalloproteins and modulating zinc transporter
function may open novel avenues for cancer therapy. As a key trace
element, copper also plays a vital role in mitochondrial energy
production, redox homeostasis, and modulation of programmed
cell death. A bioinformatic study by Chen et al. developed a five-
gene risk signature (TFRC, SORD, SLC11A2, FKBP4 and AANAT)
based on copper metabolism-related genes (CMRGs) in Ewing’s
sarcoma; high-risk patients had significantly worse survival, and the
signature also correlated with immune cell infiltration and
suggested potential drug sensitivities.

Finally, the perspective article by Kang et al. revisited the
kynurenine pathway of tryptophan catabolism—a classic
mechanism of tumor-induced immune suppression. The authors
propose that dual inhibition of kynurenine pathway’s rate-limiting
enzymes indoleamine-2,3-dioxygenase 1 (IDO1) and tryptophan
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2,3-dioxygenase-2 (TDO2) as well as downstream metabolites
could disrupt the metabolic crosstalk between tumor and
immune cells. These therapeutic strategies could better reverse
immunosuppression in the TME to overcome drug resistance and
to improve therapeutic outcomes. Together, these conceptual
frameworks point toward a unifying principle: restoring
metabolic balance within the TME is central to effective cancer
immunotherapy. They emphasize that successful approaches will
require careful temporal and spatial tuning of metabolic
interventions, as indiscriminate suppression of metabolism may
inadvertently impair immune effectors. By understanding how
specific pathways influence immune fate decisions, researchers
can design interventions that reprogram the TME toward anti-
tumor immunity.

Challenges and emerging directions

While the collective findings in this Research Topic provide a
powerful snapshot of current progress, they also reveal critical gaps
and future challenges. First, the metabolic heterogeneity of tumors
remains a major barrier. Spatial and temporal variations in nutrient
availability, oxygen tension, and metabolite gradients create
complex immunometabolic niches. Advances in single-cell multi-
omics and spatial metabolomics will be key to dissecting these
interactions in situ. Second, metabolic targeting must achieve
selectivity to avoid systemic toxicity. Many metabolic enzymes are
shared between tumor and immune cells, and indiscriminate
inhibition may blunt antitumor immunity. Precision approaches
that exploit unique dependencies—such as tumor-specific isoforms,
differential transporter expression, or context-driven metabolic
states—represent promising frontiers. Third, integrating metabolic
interventions with established therapies, including immune
checkpoint inhibitors, radiotherapy, and targeted drugs, requires
nuanced understanding of timing and sequence. As highlighted by
Jin et al., Xu et al., and Gurel et al., metabolic states and metabolites
levels can predict and even modulate response to immunotherapy.
Prospective trials incorporating metabolic imaging and biomarker-
guided treatment are warranted. Finally, the field must expand its
translational scope. While many studies in this Research Topic are
mechanistic or correlative, translating these insights into robust
clinical realities remains challenging. Collaborative efforts that
integrate metabolic imaging, metabolite profiling, immune
phenotyping, clinical oncology, and computational biology will
accelerate the translation of immunometabolic discoveries into
therapeutic advances. This integrated approach may allow
stratification of patients likely to benefit from metabolic-
immunotherapy combinations.

Concluding remarks

The contributions assembled in this Research Topic collectively
feature the importance of metabolism as a language of
communication within the tumor microenvironment. From
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amino acids and lipids to lactate and kynurenine, these metabolites
shape the immune landscape, influencing whether tumors thrive
or regress.

As the boundaries between cancer cell metabolism and immune
regulation blur, it becomes increasingly clear that therapeutic
success will depend on decoding—and ultimately rewriting—this
metabolic dialogue. The studies presented here provide not only
mechanistic insights but also translational pathways to exploit
metabolic vulnerabilities for clinical gain.

In summary, this Research Topic reflects the vibrant and rapidly
evolving field of cancer immunometabolism. It is our hope that this
Research Topic will stimulate deeper cross-disciplinary collaboration
among metabolism researchers, immunologists and clinicians. It
reaffirms that metabolic crosstalk is not merely a consequence of
tumor growth but a driving force of tumor-immune dynamics.
Continued integration of metabolic research with immunotherapy
promises to unlock new frontiers in precision oncology.
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Bone is a common site of metastasis for lung cancer. The “seed and soil”
hypothesis suggests that the bone marrow microenvironment (“soil”) may
provide a conducive survival environment for metastasizing tumor cells
("seeds”). The bone marrow microenvironment, comprising a complex array of
cells, includes bone marrow adipocytes (BMAs), which constitute about 70% of
the adult bone marrow volume and may play a significant role in tumor bone
metastasis. BMAs can directly provide energy for tumor cells, promoting their
proliferation and migration. Furthermore, BMAs participate in the tumor
microenvironment’'s osteogenesis regulation, osteoclast(OC) regulation, and
immune response through the secretion of adipokines, cytokines, and
inflammatory factors. However, the precise mechanisms of BMAs in lung
cancer bone metastasis remain largely unclear. This review primarily explores
the role of BMAs and their secreted adipokines (leptin, adiponectin, Nesfatin-1,
Resistin, chemerin, visfatin) in lung cancer bone metastasis, aiming to provide
new insights into the mechanisms and clinical treatment of lung cancer
bone metastasis.

KEYWORDS

bone marrow adipocytes, adipokines, tumor bone metastasis, lung cancer bone
metastasis, immune response

1 Introduction

According to data released by the Global Burden of Disease Study in 2020, an estimated
2.2 million people worldwide are afflicted with lung cancer, with approximately 1.8 million
deaths. As the cancer with the highest incidence and mortality rate globally, lung cancer is
the leading cause of cancer death among men and the second leading cause among women.
Despite substantial regional variations in incidence and mortality rates between men and
women, statistics show that rates in men are approximately twice those in women (1).
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Compared to other malignancies, lung cancer continues to have a
low survival rate, with a 5-year survival rate of only 5% for advanced
stages (2). One of the main characteristics of malignant tumors is
their ability to metastasize, and over 90% of lung cancer patients die
from complications related to metastasis. Bone is among the most
common metastasis sites for lung cancer, with an incidence rate of
30-40%. Clinical data indicate that approximately 40-48% of
patients with advanced lung cancer exhibit bone metastasis at
initial diagnosis (3). Once bone metastasis occurs, the median
survival time of patients significantly reduces to only five months
(3).Depending on radiological features, lung cancer bone metastasis
can be classified into osteolytic, osteoblastic, and mixed types.
Studies have shown that approximately 70% of lung cancer bone
metastases are osteolytic, with osteoblastic types being less common
(4). Following osteolytic bone metastasis in lung cancer, about 50%
of patients will experience skeletal-related events (SREs), including
intractable bone pain, pathological fractures, spinal cord
compression, and hypercalcemia, which accelerate disease
deterioration, diminish quality of life, decrease physical abilities,
increase medical expenses, and elevate mortality rates. Given that
current treatments for lung cancer bone metastasis are limited to
symptom relief and cannot effectively slow the progression or
fundamentally alter the pathological process, elucidating the
pathogenic mechanisms of lung cancer bone metastasis and
exploring effective early diagnosis and treatment strategies
are crucial.

2 Pathological processes of lung
cancer bone metastasis

The occurrence of lung cancer bone metastasis results from a
series of complex pathological processes, which can generally be
divided into tumor invasion, tumor cell migration, and bone tissue
invasion stages. The initiation phase of bone metastasis involves
tumor cells escaping the primary site and entering the circulation,
forming disseminated tumor cells (DTCs) (5). The epithelial-
mesenchymal transition (EMT) plays a key role in this process,
where epithelial cells lose polarity and cell-cell adhesion, acquiring
mesenchymal characteristics (6). Studies have demonstrated that
abnormal activation of the Wnt/B-catenin pathway can induce the
onset and progression of tumor EMT (7). Both in vitro and in vivo
studies have observed an increase in B-catenin expression under
hypoxic conditions, promoting EMT progression, affecting lung
cancer cell migration capabilities, and inducing morphological
changes (8). Lung cancer cells can also secrete E-cadherin and
matrix metalloproteinases(MMPs), degrading the extracellular
matrix, reducing cell adhesion and cross-linking, facilitating
tumor cell detachment from the tumor matrix into the circulation
as circulating tumor cells (CTCs), and ultimately forming DTCs
that migrate to the bone marrow microenvironment (9). Upon
reaching the bone marrow microenvironment, tumor cells undergo
stages of settlement, survival, and dormancy, eventually reactivating
and forming proliferative metastatic foci (5) (Figure 1).
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3 The role of the bone marrow
microenvironment in lung cancer
bone metastasis

The “seed and soil” hypothesis suggests that during the process
of bone metastasis, the bone marrow microenvironment (“soil”)
may provide an “ecological niche” suitable for metastasis, laying the
foundation for the seeding, invasion, and proliferation of tumor
cells (“seeds”) (10). A conducive “soil” may determine whether the
“seeds” will germinate, as research has found that less than 0.01% of
circulating tumor cells ultimately form distal metastases (11). The
activation process of tumor cells within the bone marrow
microenvironment (the germination process of “seeds” in the
“soil”) is the result of bilateral interaction.

On one hand, tumor cells interact with various cells in the bone
microenvironment, such as bone marrow stromal cells (BMSCs),
osteoclast (OCs), osteoblasts (OBs), endothelial cells (ECs), BMAs,
immune cells, etc., causing adaptive changes in the bone marrow
microenvironment and providing favorable conditions for tumor
cell invasion and growth (12). For instance, in vivo studies have
found that BMSCs can be chemotactically guided to tumor cells,
participating in the construction of the tumor microenvironment
(13). Lung cancer cells can also activate OCs, causing bone matrix
dissolution and creating conditions for their adhesion and
settlement (14). ECs in the microenvironment can enhance tumor
metastasis through angiogenesis, providing an energy source and
new pathways for tumor cell invasion and migration (15).

On the other hand, various growth factors secreted by lung
cancer cells, such as EGF-like domain multiple 6, bone
morphogenetic protein-7 (BMP-7), transforming growth factor-
beta (TGF-B), endothelin-1 (ET-1), fibroblast growth factors
(FGFs), platelet-derived growth factors (PDGEF), etc.,, can directly
affect the composition of the tumor microenvironment (16-19). For
instance, EGF-like domain multiple 6 secreted by lung
adenocarcinoma cells can enhance the EMT process, activate the
Wnt/B-catenin and PI3K/AKT/mTOR pathways, promoting lung
adenocarcinoma cell proliferation, migration, and invasion
capabilities. Overexpression of this factor in a nude mouse model
can enhance tumor growth and exacerbate bone resorption. In vitro
studies have also found that it can increase OC differentiation of
mouse bone marrow mononuclear macrophages via the NF-xB and
c-Fos/NFATcl signaling pathways (16). In vitro cell studies have
shown that downregulating BMP-7 expression can significantly
inhibit the invasiveness of lung adenocarcinoma SPC-Al cells,
while upregulating BMP-7 notably promotes the migration ability
of A549 cells (17). Clinical studies have also found BMP-7 expression
in the tumor cell membrane and cytoplasm of non-small cell lung
cancer (NSCLC), with high cytoplasmic BMP-7 expression associated
with tumor progression and adverse prognosis. These results all
demonstrate that BMP-7 secreted by lung cancer cells, through
affecting cell invasiveness and migration capability, promotes its
growth and spread in bone tissues (18). In vitro cell studies indicate
that TGE-J} secreted by lung cancer cells can not only promote tumor
microenvironment angiogenesis to facilitate lung cancer cell
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morphogenetic protein; OPG, Osteoprotegerin; ET-1, Endothelin 1.

proliferation and migration but also regulate T cell activity to inhibit
the immune system’s recognition and attack on tumor cells, helping
the tumor evade immune surveillance (19). Additionally, TGF-f can
increase the invasive and migratory capabilities of lung cancer cells,
thereby promoting bone metastasis (20). Both in vivo and in vitro
studies have confirmed that MMPs and urokinase plasminogen
activator secreted by lung cancer cells can specifically degrade bone
matrix components (such as collagen and trabeculae), leading to bone
tissue destruction and dissolution, facilitating tumor cell invasion into
bone tissues (21). A study on microRNA-328 (miR-328) secreted by
lung adenocarcinoma A549 cells discovered that miR-328, potentially
through the downregulation of neuropilin-2 (Nrp-2) expression in
A549-derived extracellular vesicles (A549-Exos) in vitro, enhanced
OC formation and bone resorption. Meanwhile, the in vivo
administration of a miR-328 inhibitor in A549-Exos significantly
inhibited bone resorption (22). Lastly, the unique invasiveness,
infiltrative capability, and rapid growth and migration ability of
tumor cells also affect the transformation of the metastatic foci’s
microenvironment (23). Tumor cells can also engage in
inflammatory reactions and a series of complex interactions with
immune cells in the microenvironment, enabling tumor cells to evade
immune surveillance, thereby promoting their proliferation and
migration (24). Additionally, the metabolic decomposition of
BMAs can produce a large amount of lipids, providing energy for
tumor cells, promoting their proliferation, migration, and invasion.
BMAs can also secrete certain adipokines, such as leptin, by activating
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signaling pathways such as PI3K, HIF, and MAPK, enhancing the
proliferation, migration, and invasion capabilities of lung cancer cells
(25, 26) (Figure 1).

3.1 The role of OCs in lung cancer
bone metastasis

The osteolytic lesions in lung cancer bone metastasis are
primarily caused by the activation of OCs. Lung cancer cells can
directly influence OCs or indirectly upregulate their function
through secreted active factors, thereby promoting lung cancer
bone metastasis (27). For instance, lung cancer cells secrete
extracellular vesicles containing amphiregulin (AREG), which
induces abnormal activation of the EGFR signaling in OCs,
upregulating MMP-9 and thus triggering osteolytic metastasis
(28). Lung adenocarcinoma secreted miR-21 suppresses
programmed cell death 4 (PDCD4), promoting the generation of
OCs and hence facilitating osteolytic lesions in lung cancer (29).
Additionally, experimental studies with lung cancer cells have
found that they secrete parathyroid hormone-related protein
(PTHTrP), which binds to the PTH/PTHrP receptor, enhances the
expression of the receptor activator of nuclear factor-kappa B ligand
(RANKL), and inhibits the synthesis of osteoprotegerin (OPG) (30).
RANKL binds to the receptor activator of nuclear factor xB
(RANK) on the surface of OC precursor cells, inducing OC
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aggregation and activation, enhancing their activity, and causing
osteolytic destruction (31). The release of insulin-like growth factor-
1 (IGF-1) and TGF-B from bone matrix, in turn, acts on tumor cells:
IGF-1 promotes tumor cell proliferation and inhibits apoptosis,
while TGF-f induces the tumor to secrete more PTHrP, activating
more OCs, and dissolving the bone matrix again (32), forming a
“vicious cycle” that promotes the occurrence and development of
tumor bone metastasis. Furthermore, in vivo and in vitro studies
have discovered that lung adenocarcinoma A549 cells induce OCs
to secrete the ligand IL-19 for IL-20RB, activating the downstream
JAK1/STAT3 signaling pathway, and promoting lung cancer
proliferation in the bone microenvironment (33). Importantly,
blocking IL-20RB with neutralizing antibodies can significantly
inhibit lung cancer bone metastasis. These data demonstrate the
important role played by activated OCs in osteolytic bone
metastasis of lung cancer (Figure 2).

3.2 The role of OBs in lung cancer
bone metastasis

Compared to osteolytic metastasis, osteoblastic (bone-forming)
metastasis of lung cancer is less common (34). Currently, most
studies on osteoblastic metastasis suggest that under various

10.3389/fonc.2024.1360471

influences, OBs participate in tumor bone metastasis through
secreting molecules to affect OC formation and tumor progression.
Factors promoting osteogenic differentiation of OBs include BMP,
ET-1, semaphorin 3A (Sema3A), vascular endothelial growth factor
(VEGF), monocyte chemoattractant protein-1 (MCP-1), and
interleukin-6 (IL-6), etc. (34-36). For example, Wnt/B-catenin
signaling and DKKI1 (a Wnt signaling pathway inhibitor) can
promote lung cancer metastasis, particularly bone metastasis (37).
In vitro cell studies discovered that ET-1 significantly downregulates
DKKI1 in OBs, while also upregulates osteogenic genes (such as IL-6,
Wnt5a, RANKL, etc.) (38). Thus, ET-1, as a key tumor factor, can not
only upregulate genes promoting osteogenesis but also downregulate
negative regulators of osteogenesis, participating in tumor
osteoblastic metastasis. Additionally, miR-139-5p was found to
positively regulate the osteogenic differentiation of mesenchymal
stem cells (MSCs) (39). However, Feng et al. found that miR-139-
5p inhibits osteogenic differentiation. In vivo model studies showed
that upregulation of miR-139-5p reduced cell proliferation and
osteogenic differentiation in MSCs by targeting NOTCHI1 and
inhibiting the Wnt/B-catenin signaling pathway (40). In vitro cell
studies also found that hypoxia-inducible factor-1ot (HIF-1o) can
inhibit osteogenic differentiation by upregulating Sema4D, thus
participating in lung cancer bone metastasis (41). Engblom et al.
found that OBs also have a distal regulatory role in lung cancer
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Mechanism of bone metastasis in lung cancer (created with BioRender.com.). The main mechanism of bone metastasis in lung cancer is the
interaction between various cells (OC, OB, EC, BMA, inflammatory cells, etc.) in the bone microenvironment and lung cancer cells, which leads to
adaptive changes in the bone marrow microenvironment for tumor cell invasion and growth. At the same time, various factors secreted by lung
cancer cells also participate in and affect the composition of the tumor microenvironment. Bone metastasis in lung cancer mainly manifests as
osteolytic lesions. Lung cancer cells can directly or indirectly activate OC, initiating a vicious cycle of bone resorption, promoting bone matrix
dissolution and lung cancer bone metastasis. OB metastasis is relatively rare in lung cancer, mainly through the downregulation of DKK1 in OB by
ET-1 secreted by lung cancer cells, upregulation of osteogenic genes such as IL-6 and RANKL, and promotion of OB metastasis. Lung cancer cells,
inflammatory cells, and BMA in the bone tumor microenvironment release inflammatory factors, participate in the construction of an immune-
suppressive and tumor angiogenesis microenvironment, and provide conditions for lung cancer cells to evade immune surveillance, proliferate,and
migrate. BMA, bone marrow adipocytes; ccl12, chemokine 12; CXCR4, CXC chemokine receptor 4; DKK1, Dickkopf-1; ET-1, endothelin-1; EC,
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progression (42). However, the specific mechanisms of OBs in lung
cancer bone metastasis are still not fully understood and require
further in-depth research (Figure 2).

3.3 The role of inflammatory cells in bone
metastasis of lung cancer

It is well-documented that inflammation plays a critical role in
tumor progression. Both lung cancer cells and inflammatory cells
secrete pro-inflammatory cytokines, which not only directly
participate in the formation of the pre-metastatic niche (PMN)
but also engage in the activation, proliferation, and migration of
tumor cells in the microenvironment, thereby facilitating bone
metastasis (43). Evidence suggests that cytokines such as
interleukin-1f (IL-1B), IL-6, interleukin-7 (IL-7), interleukin-8
(IL-8), interleukin-11 (IL-11), tumor necrosis factor-alpha (TNEF-
o), TGF-B, and C-C motif chemokine ligand 12 (CCL12) play
significant roles in the bone metastasis of lung cancer (43-46). For
instance, studies have shown that blocking IL-1B in K-ras mutant
lung adenocarcinoma (KM-LUAD) mice, which express high levels
of IL-1f in the lungs, significantly reduces tumor load when IL-1f
monoclonal antibodies are administered at 6 and 14 weeks of age
(47). Clinical research also confirms that inhibiting IL-1
significantly reduces the incidence rate of lung cancer in a dose-
dependent manner (48). Lung cancer cells secrete IL-6 and IL-11,
which can activate various signaling pathways such as PI3K/Akt
and MAPK, promoting cell proliferation and migration (49-52). In
vitro studies reveal that IL-11 can stimulate OC formation and
activation, accelerate bone resorption, and release growth factors
such as TGF- in the bone matrix, thereby promoting the growth
and metastasis of lung cancer cells (53). Additionally, IL-8 has been
found to increase the invasive capabilities of tumor cells and
promote OC maturation and activation, leading to the release of
key enzymes such as acid phosphatase and MMPs that degrade the
bone matrix and further enhance bone dissolution (54). IL-8 also
induces BMSC to secrete RANKL while inhibiting OPG secretion,
leading to RANKL/OPG dysregulation, thus promoting OC
activation and maturation and subsequent bone resorption (55).
Moreover, IL-1, IL-6, IL-8, TNF-a, and TGF-f secreted by lung
cancer cells can activate downstream signaling pathways to increase
VEGF expression, thereby promoting angiogenesis in the bone
tumor microenvironment and indirectly facilitating bone
metastasis (56). These inflammatory cytokines can also recruit
and induce immune cells, notably myeloid-derived suppressor
cells (MDSCs), tumor-associated macrophages, and neutrophils,
creating an immunosuppressive local milieu that promotes tumor
cell survival and thereby indirectly facilitating bone metastasis (57).
In vitro cell studies have shown that activation of the KRAS
signaling pathway can upregulate tumor cell secretion of CCL12,
which promotes tumor cell recruitment to target organs through
binding to its receptor CXCR4 (46). Research has confirmed that
upregulation of CXCL12 promotes cancer cell metastasis and
growth in bone metastases of breast and prostate cancers (58, 59).
The expression of CXCR4 is elevated in bone destruction areas of
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NSCLC bone metastasis patients (60). Furthermore, clinical studies
have found TGF-B promoting CD39 and CD73 expression on
MDSCs, which can suppress T cell and NK cell activity, thus
contributing to the formation of an immunosuppressive
microenvironment and enabling tumor cells to evade immune
surveillance (61). These findings underscore the pivotal role of
inflammatory cells and their secreted cytokines in lung cancer bone
metastasis, though the complex inflammatory response
mechanisms involved in lung cancer bone metastasis require
further research (Figure 2).

3.4 The role of the RANK/RANKL signaling
axis in bone metastasis of lung cancer

The RANK/RANKL signaling axis, crucial for maintaining bone
homeostasis, plays a key role in tumor bone metastasis. RANKL, a
critical regulator of OC differentiation, is chiefly secreted by OBs,
osteocytes, and activated T cells. Binding of RANKL to RANK
activates signaling pathways in OC precursors, promoting OC
formation and enhancing bone resorption (62). OPG, a
competitive receptor for RANKL, inhibits the RANKL-RANK
interaction, thereby reducing OC formation and activity (63).

3.4.1 Direct effects of the RANKL/RANK signaling
pathway on bone metastasis of lung cancer

The RANKL/RANK signaling pathway directly affects the
functionality of lung cancer cells and OCs, playing a role in bone
metastasis of lung cancer. In vitro studies have revealed that
RANKIL, by activating the RANK receptor, can promote lung
cancer cell proliferation and growth while inhibiting apoptosis
(64). Other research has shown that activation of the RANKL/
RANK signaling pathway enhances OC functionality within the
bone marrow microenvironment, aiding bone resorption and
consequently facilitating bone metastasis (65).

3.4.2 Indirect effects of the RANKL/RANK
signaling pathway on bone metastasis of
lung cancer

The indirect mechanisms in bone metastasis include: 1)
Activation of NF-kB, MAPK, and other signaling pathways to
promote lung cancer proliferation and growth (66). 2) Release of
inflammatory cytokines and other cellular factors, altering the
composition of the tumor microenvironment and indirectly
facilitating bone metastasis (62). 3) Regulation of the activation and
function of immune cells within the tumor microenvironment. In
certain cases, activation of the RANKL/RANK signaling pathway
induces immunosuppressive molecules (e.g., TGF-f3 from Treg cells),
regulating the immune response balance, allowing lung cancer cells to
evade immune surveillance and promote bone metastasis (67).
Moreover, RANKL can stimulate the maturation and activation of
dendritic cells, macrophages, and other immune cells, enhancing
their cytokine and chemokine production, thus boosting antigen
presentation and T cell activation capabilities (65, 68). Additionally,
RANKL/RANK signaling activation can regulate the NF-kB signaling
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pathway to inhibit B cell apoptosis, promoting B cell survival and
proliferation capacity, providing a protective environment for lung
cancer cells to escape immune surveillance, thereby inhibiting lung
cancer cell apoptosis and promoting bone metastasis (69). In
summary, RANKL/RANK maintains immune homeostasis through
various immune regulation mechanisms, indirectly participating in
bone metastasis. 4) Regulation of VEGF receptor activation and
tumor angiogenesis. It also promotes EC growth, migration, and
lumen formation, contributing to tumor microenvironment
angiogenesis (70, 71). The RANK/RANKL signaling axis plays a
complex role in lung cancer bone metastasis, with the specific
mechanisms requiring further in-depth study.

3.5 The role of lung cancer cell apoptosis
in bone metastasis

Apoptosis functions as a critical protective mechanism within
organisms, which eliminates aberrant cells and prevents tumor
genesis. When apoptosis of tumor cells is inhibited, cells may evade
immune surveillance, thereby enhancing their survival and
propagation (72). In vitro studies have revealed that lung cancer cells
can suppress the initiation of apoptosis by upregulating the anti-
apoptotic protein Bcl-2, which blocks the release of apoptogenic
cytochrome ¢; they can also inhibit apoptosis by downregulating
pro-apoptotic proteins, such as Bax and Bak, thus promoting their
survival within the bone marrow microenvironment (73, 74).
Furthermore, lung cancer cells can interact with other cells in the
bone microenvironment (such as OBs, OCs, and BMAs), not only
augmenting the anti-apoptotic capabilities of lung cancer cells but also
enhancing the function of OCs (73). For instance, proteins of the Bcl-2
family can inhibit the apoptosis of lung cancer cells and promote the
differentiation and function of OCs. Cytokines released during the
apoptosis of lung cancer cells, such as TNF-a, TGF-3, and VEGF, can
indirectly promote bone metastasis by fostering inflammation and
angiogenesis within the tumor microenvironment (75). Additionally,
the release of lactate and ATP post-apoptosis can upregulate the
metabolic state of bone cells and increase acidification of the tumor
microenvironment, indirectly facilitating bone resorption in the
context of lung cancer bone metastasis (76).

3.6 Mechanisms of angiogenesis and VEGF
in bone metastasis

During tumor metastasis, lung cancer cells and ECs release
VEGF to promote the formation of new blood vessels, supplying the
tumor with additional nutrients and growth factors, and providing
new physical pathways for tumor metastasis. For example, MDSCs,
as critical molecules in PMN formation, can produce VEGFA,
which upregulates E-selectin, thereby enhancing the adhesion of
tumor cells, and facilitating the homing and proliferation of
circulating tumor cells (77). Furthermore, MDSCs can secrete
MMP9 to regulate the function of VEGF to promote angiogenesis
and tumor cell extravasation and migration (78, 79). Increasing
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research indicates that adipokines (such as leptin, resistin, visfatin,
etc.) and inflammatory factors (such as IL-1f, IL-6, chemokines,
FABP4, etc.) secreted by BMA can also regulate angiogenesis,
indirectly facilitating the progression of tumor bone metastasis
(80-83). Occupying 70% of the bone marrow cavity volume,
BMAs constitute a major component of the bone marrow
microenvironment, and their role in tumor bone metastasis is
gaining increasing attention, particularly the regulatory effects of
secreted adipokines on energy metabolism, endocrine functions,
and inflammatory responses in influencing tumor growth and
migration (81, 83). Despite numerous studies on tumor bone
metastasis and the bone marrow microenvironment, the
mechanisms linking BMAs and lung cancer bone metastasis
remain largely unexplored. This text will next focus on
elucidating the mechanisms underlying the role of BMAs and
their secreted adipokines in lung cancer bone metastasis (Figure 2).

4 The role of BMAs in lung cancer
bone metastasis

4.1 Origin and distribution of BMAs

BMAs originate from a distinct cell population within the bone
marrow, comprising MSCs and preadipocytes of the marrow
adipogenic lineage (84). While historically regarded as an inert
adipose tissue, recent studies have identified unique characteristics
and functions of BMAs, distinguishing them from white, brown, and
beige adipose tissues (85, 86). In humans, BMAs are primarily located
in the marrow of long bones, especially within the trabecular bone at
the epiphyses and metaphyses, and near the endosteal surface of the
bone shaft (87). The abundance of BMAs in the bone marrow increases
with aging, obesity, the application of peroxisome proliferator-activated
receptor Y (PPARY), and radiation exposure (85, 88). Studies in
ovariectomized mouse models have shown that estrogen deficiency
leads to an increase in BMAs, which can be reversed by estrogen
supplementation (89). Clinical research on osteoporosis has revealed
that the age-related increase in BMAs is associated with bone loss,
suggesting BMAs as negative regulators of bone mass (90). However,
this correlation is not uniformly observed across studies. In C57BL/6
mice (with the lowest trabecular and cortical bone density among all
mouse strains), BMAs are scarce, whereas they are abundant in C3H/
He mice (a unique strain with higher bone density) (91, 92), implying
genetic regulation of BMA distribution and the need for further
comprehensive analysis (Figure 2).

4.2 The role of BMAs as key components
of the bone marrow microenvironment in
lung cancer bone metastasis

4.2.1 The effect of BMAs on OCs in lung cancer
bone metastasis

BMAs can secrete factors like RANKL, IL-6, and TNE-o, which
activate OCs to promote bone resorption within the bone
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microenvironment (93, 94). In vitro studies have shown that BMAs can
upregulate the RANK expression on OCs, leading to increased OC
formation (95). Research on breast cancer bone metastasis
demonstrated that activated OCs release acid phosphatase, acidifying
the bone microenvironment (96, 97). This acidic environment
upregulates matrix MMPs, and BMAs further contribute to bone
matrix degradation by upregulating expression of OC-specific genes
such as cathepsin K, facilitating tumor cell growth (98). IL-1 and IL-6
can induce EMT in breast cancer cells via the STAT3 pathway and
promote angiogenesis, which suggests that BMAs may similarly
exacerbate bone destruction in lung cancer bone metastasis (Figure 2).

4.2.2 The effect of BMAs on OBs in lung cancer
bone metastasis

Studies have shown that enhanced adipogenic differentiation of
bone marrow MSCs in the bone marrow microenvironment leads to
a decrease in their osteogenic potential (99). BMAs contribute to the
regulation of OB function by secreting inflammatory factors such as
IL-6, IL-1pB, and TNF-o. (100-102). Both tumor cells and BMAs can
produce IL-6, which promotes tumor cell proliferation, induces OC
activation, and downregulates OB activity (102). Additionally, IL-6
promotes adipogenic differentiation of MSCs while inhibiting
osteogenesis (103). An increase in palmitic acid and arachidonic
acid, associated with increased BMAs, heightens the cytotoxic
effects on OBs. In vitro studies indicate that palmitate-induced
lipotoxicity in OBs and osteocytes is mediated by autophagy
dysregulation, leading to OB apoptosis (104). Given that lung
cancer cells also secrete IL-6 and TNF-o, it is speculated that
lung cancer cells and BMAs, by regulating OB function and
inhibiting osteogenic differentiation, indirectly disrupt bone
remodeling and promote lung cancer bone metastasis (Figure 2).

4.2.3 The effect of BMAs on ECs in lung cancer
bone metastasis

BMAs can regulate EC function through both direct and indirect
mechanisms. Directly, they secrete cytokines and metabolic products
influencing EC growth, proliferation, and migration (105-107). In vitro
studies have found that adiponectin secreted by BMAs affects EC
growth and migration and influences the expression of EC adhesion
molecules, facilitating closer proximity and invasion by tumor cells into
bone (107, 108). Indirectly, cytokines secreted by BMAs activate
multiple signaling pathways affecting ECs. Studies on breast cancer
bone metastasis showed that BMAs-secreted IL-1[3 activates the p38-
MAPK pathway, increasing EC permeability and vasculogenesis (108).
Additionally, the impact of BMAs-secreted IL-6 on HIF-1o and VEGF
levels participates in the regulation of angiogenesis (109). The presence
of adiponectin and IL-6 in the bone marrow microenvironment of lung
cancer bone metastasis suggests that BMAs may promote EC growth
and new blood vessel formation, providing additional nutrients and
pathways for cancer metastasis (Figure 2).

4.2.4 The role of inflammatory factors secreted
by BMAs in lung cancer bone metastasis

BMAs are capable of secreting pro-inflammatory cytokines such
as IL-1B, IL-6, TNF-0, and leptin, and they induce BMSCs to
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participate in the inflammatory immune response by regulating B
cell responses and lymphocyte production (110). For instance, the
inflammatory cytokine IL-1B, secreted by BMAs, can upregulate the
expression of leptin (111). A clinical study involving 116 lung cancer
patients with bone metastasis found significantly higher levels of
leptin and its receptor in patients with bone metastases compared to
those without, suggesting that the formation of lung adenocarcinoma
bone metastatic lesions is closely related to leptin (112). Leptin can
inhibit the activity of macrophages and natural killer cells, reducing
their ability to kill lung cancer cells. It can also regulate the expression
of immune checkpoint molecules on the surface of lung cancer cells,
such as programmed death-ligand 1 (PD-L1), to inhibit the immune
cells’ ability to kill tumor cells. PD-L1, in conjunction with its
receptor PD-1, forms an immune checkpoint that suppresses the
activation and proliferation of effector T cells and promotes the
increase and upregulation of regulatory T cells (Tregs) (113, 114).
Ultimately, lung cancer cells can escape immune surveillance by
regulating the leptin signaling pathway, thereby promoting the
occurrence and development of lung cancer bone metastases.
Additionally, IL-6, TNF-o, CXCL12, and leptin are considered to
significantly promote tumor cell migration and proliferation, as well
as inhibit apoptosis and activate autophagy, facilitating the
development of tumor bone metastasis (115, 116) (Figure 2).

4.2.5 The role of BMAs as an energy source in
lung cancer bone metastasis

Current research posits that BMAs, through their metabolic
processes, produce a substantial quantity of lipids, including fatty
acids, triglycerides, phospholipids, and cholesterol (117, 118). These
lipids serve as an effective energy source for tumor cells, promoting
their proliferation, migration, and invasion (118). Lipids are not only
essential components of tumor cell membranes but also serve as
energy sources during high metabolic demands (117). Fatty acids,
fundamental components of lipids, have been found to be released
from triacylglycerol in BMAs through lipolysis. These fatty acids can
supply energy for tumor cell growth and metabolism via the
microcirculation (119). Furthermore, fatty acid-binding protein 4
(FABP4) secreted by BMAs can increase the stability of fatty acids.
FABP4 facilitates lipid transport and the transfer of free fatty acids to
tumor cells, playing a role in the process of tumor bone metastasis
(120, 121). Studies utilizing BMA-enriched mouse models found
upregulated levels of FABP4 in Prostate Cancer(PCa) cells directly in
contact with BMAs, suggesting a bidirectional interaction between
FABP4 and the PPARY pathway may enhance the invasiveness of
tumor cells in bone metastasis (121). Additionally, co-culture studies
inducing lipolysis in adipocytes and beta-oxidation in cancer cells
have demonstrated that adipocytes can act as an energy source for
cancer cells (122). In PCa, in vitro studies showed that adipocytes
could enhance PCa cell migration. Breast cancer research found that
adipocytes near invasive cancer cells promoted the migration and
growth of breast tumor cells (119). These studies collectively
underscore the significant role of BMAs as an energy source in the
process of tumor bone metastasis (123). Given the metabolic
secretion of a large amount of lipids by BMAs in the bone marrow
microenvironment of lung cancer bone metastasis, it is speculated
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that BMAs, as an energy source, facilitate the development of lung
cancer bone metastasis.

Furthermore, certain immunomodulatory adipokines secreted
by BMAs may participate in the process of tumor bone metastasis
through interactions with adipocytes, immune cells, and tumor cells
(110, 124). The following sections will discuss the mechanisms of
action of leptin, adiponectin, Nesfatin-1, Resistin, chemerin, and

visfatin in lung cancer bone metastasis.

5 The action of adipokines secreted
by BMAs in lung cancer
bone metastasis

5.1 Leptin

Leptin is a protein composed of 146 amino acids encoded by the ob
gene, acting as a neuromodulatory, immunoregulatory, and endocrine
hormone with multifunctional roles across various organs (125). By
binding to specific leptin receptors, leptin activates intracellular
signaling pathways, regulating the transcription of target genes to
exert biological effects (125). The interaction of leptin with central
and peripheral receptors yields divergent, sometimes opposing effects;
while binding to peripheral receptors may increase bone mass,
interaction with central receptors can induce bone loss (126).

5.1.1 Direct effects of leptin in lung cancer
bone metastasis

The binding of leptin to its receptor can activate several
signaling pathways associated with tumor progression, including
TGF-B, JAK/STAT, PI3K, HIF, and MAPK pathways (127). In vitro
studies on lung cancer bone metastasis have shown that leptin
promotes metastasis of the A549 human lung cancer cell line
through a TGF-B-dependent induction of EMT (128). Leptin can
also block the endoplasmic reticulum stress-related pathway,
preventing apoptosis and promoting proliferation in lung
adenocarcinoma A549 cells (129). Inhibition of the leptin-related
pathway significantly induces apoptosis in these cells. Ieptin can
regulate apoptosis-related factors, such as members of the Bcl-2
family and caspases, to inhibit apoptosis in lung cancer cells (130).
This evidence confirms that leptin enhances lung cancer cell growth
and migration through suppressing apoptosis (Table 1).

5.1.2 Indirect effects of leptin in lung cancer
bone metastasis

Leptin’s indirect effects in lung cancer bone metastasis mainly
involve regulation of OCs and OBs. Leptin inhibits the expression of
RANKL in OBs, thereby suppressing OC difterentiation; it also
increases the expression of OPG, preventing the RANKL/RANK
binding and indirectly inhibiting bone resorption (131). Leptin can
regulate other factors and pathways affecting bone resorption, such as
matrix MMP2 and MMP9, which are involved in extracellular matrix
remodeling, tumor progression, and bone absorption (131, 153).
Clinical studies on lung cancer bone metastasis have found that
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overactivation of MMP2/MMP9 promotes osteolytic metastasis and
bone destruction in advanced cancer (154). In vitro studies showed that
leptin enhanced production of soluble intercellular adhesion molecule-
1 (ICAM-1) in lung cancer cells through triggering a signaling cascade
involving JAK1/2, STAT3, FAK, ERK, and GSK30 (154). Leptin-
stimulated production of soluble ICAM-1, in coordination with
RANKL activation, synergistically induces OC formation, suggesting
that leptin indirectly promotes tumor-induced bone resorption.
Animal experiments have shown that leptin promotes proliferation
and differentiation of OBs and enhances bone matrix synthesis and
secretion, including collagen, alkaline phosphatase, and osteocalcin
(155, 156). Further research is needed to determine whether this effect
is similarly active in lung cancer bone metastasis (Table 1).

5.1.3 Immune modulation by leptin in lung
cancer bone metastasis

Leptin directly influences the proliferation, differentiation, and
activity of various immune cells (such as monocytes, T cells, B cells,
and macrophages) and interacts with other cytokines in the tumor
microenvironment (157). Leptin indirectly regulates immune
function in the lung cancer bone metastasis microenvironment by
affecting the function of other cells (158). Cell studies have
demonstrated that leptin promotes monocyte proliferation,
induces macrophage phagocytosis and pro-inflammatory cytokine
secretion, and acts as a nutritional factor to prevent apoptosis,
playing a role in adaptive immunity by regulating T and B cell
populations (159). Leptin dose-dependently promotes naive CD4+
T cell proliferation and polarizes CD4+ T cells towards a Thl
phenotype (160), which in turn facilitates lung cancer secretion of
inflammatory cytokines such as TNF-a and IL-6, promoting lung
cancer bone metastasis. Beyond its effects on T cells, leptin
maintains the homeostasis of murine B cells by inducing Bcl-2
and cyclin D1, promoting cell cycle entry and preventing apoptosis,
thereby promoting lung cancer cell proliferation (161). Leptin
interacts with inflammatory cytokines, such as VEGF and TGF-j3,
to establish and maintain an inflammatory immune state within the
tumor microenvironment (162). Leptin can also upregulate the
function of MDSCs, which suppress T cell activation and
proliferation through the release of immunosuppressive factors
and direct interaction with T cells (163), allowing lung cancer
cells to evade immune surveillance (Table 1).

It is crucial to note that the specific mechanisms of leptin in
lung cancer bone metastasis require further investigation due to the
complexity of tumor metastasis and individual variability, which
may lead to diverse leptin response patterns. Additionally, factors
such as lung cancer type (e.g., adenocarcinoma, squamous cell
carcinoma), molecular subtypes, and the microenvironment may
also influence the effects of leptin.

5.2 Adiponectin

While previous studies suggested adiponectin was primarily
secreted by white adipose tissue (WAT), recent research shows that
BMAs produce more adiponectin than WAT, especially in cancer
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TABLE 1 Leptin, Adiponectin, Nesfatin-1, Resistin, Chemerin, Visfatin: Mechanisms of action in tumor bone metastasis - Literature table.

BMAs Tumor Promote or inhibit Impacts Mechanisms of action References
types tumor
bone metastasis
Lung cancer Promote Promotion of tumor Induction of EMT via TGF- (128)
cell migration
Promotion of tumor Inhibition of endoplasmic reticulum stress (129)
cell survival and apoptosis
Promotion of tumor Regulation of apoptotic factors such as Bcl-2 family, (130)
cell survival cysteine proteases,inhibiting apoptosis
Leptin
Promotion of osteolysis = Increase in ICAM-1 expression,combination with NF- (131)
kB inducing OC formation
inhibit Inhibition of osteolysis Inhibition of OB production of RANKL and inhibition (131)
of OC differentiation
Inhibition of osteolysis Up-regulation of OPG expression and hindering of (131)
RANKL/RANK binding
Lung cancer Promote Promotion of tumor Regulation of VEGF expression and (132, 133)
microenvironment signaling pathways
angiogenesis
Promotion of osteolysis = Direct action on OC to promote OC formation (134)
and activation
Adiponectin Promotion of osteolysis =~ Regulation of OC differentiation through the RANK/ (135-139)
RANKL, JAK/STAT, and MAPK signaling pathways
inhibit Inhibition of Regulation of OC differentiation through the PI3K/Akt = (140)
tumor proliferation and mTOR signaling pathways
Promotion of tumor Induction of apoptosis by activating AMPK signaling (141)
cell apoptosis to increase the BAX/Bcl-2 ratio
Colon cancer Promote Promotion of tumor Induction of EMT-associated proteins (142)
Nesfatin-1 cell migration
and invasion
Lung cancer Promote Promotion of osteolysis = Activation of NF-xB signaling pathway to promote (143)
OC activation and function enhancement
Promotion of osteolysis = Inhibition of OB differentiation and promotion of OC (144)
activation, leading to bone destruction
Resistin Promotion of tumor Promotion of activation of immune inflammatory (145, 146)
microenvironment cells, regulation of cytokines, and affecting the
inflammation tumor microenvironment
Promotion of tumor Activation of signals such as JAK/STAT and PI3K/ (146, 147)
microenvironment AKT to promote angiogenesis
angiogenesis
Oral cancer Promote Promotion Recruitment of immune cells,promotion of (148-150)
of angiogenesis angiogenesis, and regulation of bone remodeling
Chemerin through Wnt/B-catenin signaling
Breast cancer inhibit Inhibition of osteolysis Blocking of RANKL inducing OC formation (151)
Visfatin Chondrosarcoma = Promote Promotion of Synthesis of MMPs-2 via pro-inflammatory (152)
tumor migration signaling pathways

TGF-P, Transforming Growth Factor Beta; EMT, Epithelial-Mesenchymal Transition; Bcl-2, B-cell lymphoma 2; ICAM-1, Intercellular Adhesion Molecule 1; NF-kB, Nuclear Factor Kappa-
Light-Chain-Enhancer of Activated B Cells; OC, Osteoclast; OB - Osteoblast; RANK, Receptor Activator of Nuclear Factor Kappa-B; RANKL, Receptor Activator of Nuclear Factor Kappa-B
Ligand; OPG, Osteoprotegerin; VEGF, Vascular Endothelial Growth Factor; JAK/STAT, Janus kinase/signal transducer and activator of transcription; MAPK, Mitogen-activated protein kinase;
PI3K/Akt, Phosphoinositide 3-kinase/protein kinase B; AMPK, AMP-activated protein kinase; BAX/Bcl-2 ,Bcl-2-associated X protein/B-cell lymphoma 2; Wnt/B-catenin, Wingless-related
integration site/beta- catenin; MMPs-2, Matrix Metalloproteinases-2.
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patients. Adiponectin’s role in the tumor microenvironment contrasts
with that of leptin, sparking debate over its impact on cancer (164).
Although earlier results pointed towards anti-tumor effects, recent
studies have highlighted adiponectin’s significant role in promoting
tumor metastasis (165).

5.2.1 Direct effects of adiponectin in lung cancer
bone metastasis

Adiponectin primarily exerts its influence by inhibiting the
proliferation of lung cancer cells and inducing their apoptosis. An in
vitro study on lung cancer revealed that adiponectin can suppress the
proliferation of lung cancer cells by inhibiting the PI3K/Akt signaling
pathway and the phosphorylation of mTOR (mammalian target of
rapamycin) (140). Additionally, it induces cell apoptosis by activating
the AMPK signaling pathway and increasing the BAX/Bcl-2 ratio (140,
141) (Table 1). Animal experimental studies have also discovered
adiponectin’s role in prohibiting lung cancer cell proliferation
through inhibiting the Wnt/B-catenin signaling pathway (166).

5.2.2 Indirect effects of adiponectin in lung
cancer bone metastasis

Adiponectin indirectly participates in lung cancer bone
metastasis by regulating angiogenesis, influencing OC activities, and
impacting immune functions. Research indicates that adiponectin
affects vessel formation by regulating the expression of VEGF and its
signaling pathways (165). Adiponectin can enhance the expression of
VEGFs (including VEGF-A, VEGF-B, VEGF-C, and VEGF-D) in
ECs. VEGFs operate on receptors on ECs, such as VEGFR-1 and
VEGFR-2, promoting EC proliferation and tubule formation through
activating the VEGFR-2 signaling pathway. Moreover, adiponectin
promotes angiogenesis by inhibiting angiogenesis inhibitors, such as
Angiopoietin-1 (132, 133).

Adiponectin directly and indirectly partakes in the development
and maturation of OCs, influencing bone metastasis in lung cancer.
On one side, in vitro experiments have shown that adiponectin can
directly influence OCs, promoting their formation, activation, and
increasing the release of lysosomal enzymes, thereby enhancing
bone resorption (134). On the other hand, it indirectly contributes
to the formation and maturation of OCs mainly through binding to
receptors on cell types such as OBs and OCs (167). Receptors
include Ob-Rb (long-form receptor primarily distributed in MSCs);
upon binding, adiponectin can activate multiple signaling pathways
and regulate the expression of related genes, contributing to the
differentiation of hematopoietic stem cells (HSCs) into OCs (166).
Pathways implicated include RANK/RANKL, JAK/STAT, and
MAPK, promoting bone metastasis by influencing OC formation
and maturation (135-139) (Table 1). In summary, adiponectin
exerts an indirect influence on osteolytic metastasis in lung cancer
primarily through modulating angiogenesis within the tumor
microenvironment, participating in the regulation of OC activity,
and affecting the equilibrium of bone remodeling.

5.2.3 Impact on immune regulation

Adiponectin might play a role in lung cancer bone metastasis
through regulating immune cell functions. In vitro studies indicate

Frontiers in Oncology

18

10.3389/fonc.2024.1360471

that adiponectin can increase the quantity and function of
regulatory T cells (Tregs) while reducing the activity of natural
killer (NK) cells, diminishing attacks on cancer cells, thus creating a
favorable environment for lung cancer bone metastasis (168).
However, differing studies suggest adiponectin possesses anti-
inflammatory properties, inhibiting the NF-xB signaling pathway
and cytokine release, thereby reducing the production of
inflammatory mediators. Consequently, it suppresses the
inflammatory response surrounding lung cancer cells, reducing
their survival and proliferation capabilities (169, 170).

5.3 Nesfatin-1

Discovered in 2006, Nesfatin-1 is an anorexigenic neuropeptide
initially associated with food intake and energy regulation, hence
being considered as a hormone regulating body weight and appetite.
Beyond the central system, Nesfatin-1 is also present in various
organs and tissues, such as the stomach, intestines, spleen, and
adipose tissue (171). However, research on Nesfatin-1 secreted by
BMAs in lung cancer bone metastasis is lacking. Recent studies have
predominantly focused on Nesfatin-1 secreted by white adipose
tissue, observing elevated expression levels of Nesfatin-1 in lung
cancer, breast cancer, and other tumors. It has been found that
Nesfatin-1 is associated with tumor invasion, metastasis, and
prognosis (172, 173).

5.3.1 Direct role of Nesfatin-1 in tumor
bone metastasis

Nesfatin-1 secreted by adipose tissue in the tumor
microenvironment might directly influence tumor bone
metastasis by regulating the expression and function of EMT-
related proteins like E-cadherin, N-cadherin, and Vimentin (174).
Some studies have demonstrated that Nesfatin-1/Nucleobindin-2
can suppress the expression of E-cadherin and increase the
expression of N-cadherin and Vimentin, thereby inducing
migration, invasion, and EMT of colon cancer cells (142)
(Table 1). Since both peripheral and bone marrow fat can secrete
Nesfatin-1, it can be inferred that in the bone marrow
microenvironment of lung cancer bone metastasis, Nesfatin-1
secreted by BMAs might promote the migration and invasion of
lung cancer cells by inducing EMT.

5.3.2 Indirect role of Nesfatin-1 in tumor
bone metastasis

Nesfatin-1 might indirectly affect the invasion and metastasis of
tumor cells in bone tissue by influencing the activity of immune
cells and the production of inflammatory cytokines (175). Clinical
research has shown that Nesfatin-1 can induce an increase in CCL2
expression in human synovial tissues, favoring M1 macrophage
polarization, thereby increasing the expression of pro-inflammatory
cytokines like IL-1B, IL-6, and TNF-o, and promoting the
progression of inflammatory responses (176). This, consequently,
indirectly affects the invasion and metastasis of tumor cells in bone
tissue. Additionally, studies in rats have found that Nesfatin-1 can
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inhibit cell apoptosis induced by IL-1f inflammation and promote
angiogenesis by inhibiting neutrophil recruitment, cell apoptosis,
and activating VEGF, mechanisms that can indirectly promote
tumor bone metastasis (177, 178). There is currently no direct
evidence regarding Nesfatin-1’s mechanisms in lung cancer bone
metastasis, further research to clarify these mechanisms is required.

5.4 Resistin

Resistin, a peptide hormone, is primarily secreted by white adipose
tissue but also produced by other tissues such as bone marrow adipose,
liver, and muscle (179). Initial studies suggested its association with
insulin resistance and type 2 diabetes (180). Recent research, however,
has linked Resistin to bone marrow fat and bone metabolism,
suggesting it may influence OC and osteoblast OB functions,
participate in inflammatory responses and immune regulation, and
affect the tumor microenvironment in tumor bone metastasis.

5.4.1 Direct role of resistin in lung cancer
bone metastasis

Resistin may directly promote lung cancer bone metastasis by
activating OC function. In vitro studies have revealed that resistin
can activate the NF-xB signaling pathway, leading to the release of
inflammatory cytokines like TNF-o. and IL-6, which further
enhance OC activation and functionality, accelerating bone tissue
destruction and bone metastasis (143). Additionally, resistin has
been found to inhibit OB differentiation and bone-forming
functions while promoting OC activation and functionality,
resulting in bone tissue destruction and remodeling (144) (Table 1).

5.4.2 Indirect role of resistin in lung cancer
bone metastasis

By regulating the production of inflammatory cytokines and the
activity of immune cells, as well as activating tumor-associated
signaling pathways like JAK/STAT and PI3K/AKT, resistin can
indirectly promote cellular growth, angiogenesis, and immune
response in the tumor microenvironment, facilitating lung cancer
bone metastasis (145). Resistin can promote the production and
activation of inflammatory cells like macrophages and lymphocytes
and regulate the inflammatory response by modulating cytokine
release (146) (Table 1). These immune cells play an essential role in
lung cancer bone metastasis, including promoting inflammatory
responses, regulating immune responses, and affecting tumor cell
invasion and migration. Moreover, animal models of lung cancer
have shown that mice treated with anti-resistin antibodies exhibited
reduced rates of lung cancer development and metastasis (181),
further proving that resistin, by modulating inflammatory
responses in the tumor microenvironment, indirectly facilitates
lung cancer bone metastasis.

Resistin can activate signaling pathways such as JAK/STAT and
PI3K/AKT, thereby influencing cell growth and angiogenesis within
the tumor microenvironment, as well as suppressing the body’s anti-
tumor immune response, indirectly facilitating the occurrence and
progression of tumor bone metastasis. Studies have found that resistin
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activates the PI3K and Akt signaling pathways, while inhibitors of PI3K
and Akt, or siRNA, can reduce the expression of VEGF-A induced by
resistin (146). Concurrently, both in vitro and in vivo studies have
demonstrated that resistin promotes the expression of VEGF-A and
angiogenesis within the tumor microenvironment by inhibiting the
expression of miR-5-3p through the PI3K/Akt signaling cascade, thus
affecting tumor bone metastasis (146, 147) (Table 1).

5.5 Chemerin

Chemerin is a small peptide hormone predominantly secreted by
adipose tissue, with subsequent production noted in the liver,
kidneys, and other tissues. Initially identified for its roles in
inflammation and immune regulation, recent clinical studies have
unveiled Chemerin’s capability to inhibit osteogenic differentiation in
favor of adipogenesis (182). The Wnt pathway plays a crucial role in
bone biology and the regulation of bone tumors, especially the classic
Wnt/B-catenin signaling pathway is closely related to tumor bone
metastasis. Relevant studies on mouse bone structure have shown
that inhibiting the Wnt/B-catenin signaling pathway and activating
the RANK signal promote bone resorption. Simultaneously, it has
been demonstrated that Chemerin participates in the progression of
bone tumors (151, 183). However, the role of Chemerin in cancer
remains contentious, with a majority of studies highlighting its
anticancer effects, while a minority suggest its protumorigenic
capabilities. These effects derive from its regulation of angiogenesis
and modulation of the immune-inflammatory response in the bone
marrow microenvironment, indirectly contributing to the osteolytic
metastasis of lung cancer.

Antitumor activities of Chemerin have been identified in a
murine model of breast cancer, where it binds to its receptor
ChemR23/CMKLRI1 and inhibits neovascularization, thereby
suppressing growth and invasion of breast cancer cells (148).
Moreover, in Chemerin-treated media derived from metastatic
breast cancer cells, an increase in the RANKL/OPG ratio and a
reduction in the secretion of MMPs (e.g., MMP-2, MMP-9) and
Cathepsin K were observed (148) (Table 1), thus inhibiting
RANKL-induced OC formation and consequentially suppressing
bone dissolution and tumor bone metastasis.

On the contrary, protumorigenic activity is evidenced through
the recruitment of innate immune defenses and activation of
endothelial vasculogenesis, as well as the suppression of Wnt/f3-
catenin signaling, reducing OB differentiation and stimulating OC
differentiation and proliferation through RANK signaling activation
(149). This mechanism plays a crucial role in tumor bone
metastasis. Furthermore, studies in oral squamous cell carcinoma
(OSCC) have shown that Chemerin enhances the formation of
human umbilical vein ECs (HUVECs), promoting angiogenesis and
subsequently tumor growth and migration. Additionally, Chemerin
can upregulate pro-angiogenic factors such as VEGF-A, MMP-9,
MMP-2, and S100A9 in neutrophils through the activation of the
MEK/ERK signaling pathway (150, 184) (Table 1), thereby
facilitating tumor vascularization and bone metastasis in lung
cancer. Hence, the balance between Chemerin’s anticancer and
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protumorigenic effects ultimately dictates tumor progression,
underscoring the need for further research into Chemerin’s role
within the lung cancer bone metastasis.

5.6 Visfatin

Visfatin, an inflammatory adipokine also known as pre-B cell
colony-enhancing factor (PBEF), plays a pivotal role in NAD+
biosynthesis as the rate-limiting enzyme in nicotinamide
metabolism, implicating its involvement in B-cell development,
apoptosis, and glucose metabolism. Initially discovered in visceral
adipose tissue, Visfatin has been widely recognized for its
compensatory response in obesity-induced insulin resistance
(185). Recent studies have expanded our understanding of
Visfatin’s functionality, uncovering its significant role in the
genesis and development of tumors as well as bone metabolism.
Elevated levels of Visfatin expression have been associated with
certain tumor types, correlating with aggressiveness, migration, and
prognosis (152). By promoting the synthesis of MMP-2 and
activation of the AP-1 transcription factor through the ERK, p38,
and JNK signaling pathways, Visfatin enhances tumor cell
migration (186) (Table 1). Additionally, overexpression of
Visfatin has been linked to increased pulmonary metastasis in a
murine model of chondrosarcoma. In the mouse bone marrow, it
disrupts the balance between bone resorption and formation, tilting
towards a pro-inflammatory phenotype in MSCs differentiating
towards BMAs and OBs (144). As an adipokine, Visfatin’s exact
action in bone regulation and immune modulation remains to be
fully elucidated. However, its capacity to induce pro-inflammatory
transcription factors, such as NF-kB, and modulate pathways
including MAPK, PI3K, and ROS (187), suggests that Visfatin
might act as a potential tumor-promoting factor in lung cancer
bone metastasis through upregulation of MMP-2, enhanced
differentiation of OBs, and the promotion of inflammatory
responses in MSCs, thereby indirectly facilitating osteolysis and
the progression of pulmonary cancer bone metastasis.

6 Conclusion and future perspectives

This review primarily explored how BMAs directly or indirectly
interact with various cells within the bone microenvironment of lung
cancer, as well as its pathological role in modulating the tumor
microenvironment and thus influencing bone metastasis in lung
cancer. The contributions of BMAs are summarized through three
main aspects: (1) BMAs provide direct energy supply to lung cancer
cells through lipid metabolites and FABP4, with lipids also serving as
building blocks for the cancer cell membrane; (2) Direct effects of
BMAs in bone metastasis of lung cancer include secretion of pro-
inflammatory cytokines like IL-1f that participate in PMN formation
and CCL12 which directly interacts with CXCR4 on lung cancer cells,
promoting cell proliferation and invasion. Secreted adipokines like
leptin activate TGF-f3, PI3K/Akt, and MAPK signaling pathways,
upregulating MMP2/MMP9 secretion and facilitating EMT, thereby
promoting bone metastasis; (3) Indirect effects of BMAs are mediated
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through interactions with OCs, OBs, ECs, and MSCs, indirectly
aiding lung cancer bone metastasis. For instance, leptin secreted by
BMAs may regulate osteogenesis and osteolysis by inhibiting OC
activity, suppressing RANKL production and enhancing OPG
secretion. Adiponectin influences OC activity, increases regulatory
T cells, and inhibits NK cell activity, contributing to immune evasion
by cancer cells. Resistin could activate the NF-xB pathway, releasing
inflammatory cytokines like TNF-o and IL-6, thus promoting OC
activation and inhibiting OB differentiation, essential for lung cancer
bone metastasis.

Despite the existence of both metastasis-promoting and
inhibitory factors secreted by BMAs, they predominantly exert a
pro-metastatic role in lung cancer bone metastasis. Reducing BMAs
in the bone microenvironment could represent a novel approach to
inhibit lung cancer bone metastasis. Considering the shared origin
and mutual regulation during differentiation between BMAs and
OBs, promoting osteogenic differentiation to decrease BMAs might
suppress lung cancer bone metastasis. Z-DNA binding protein 1
(ZBP1) has been identified as a novel regulator of osteogenic and
adipogenic differentiation through the Wnt/B-catenin signaling
pathway (188). Therefore, ZBP1 could serve as a novel
therapeutic target for treating lung cancer bone metastasis.
Additionally, inhibiting the actions of BMA-secreted factors could
indirectly repress lung cancer bone metastasis. For instance, clinical
research on metastatic renal cell carcinoma (RCC) patients
undergoing tyrosine kinase inhibitor (TKI) therapy revealed that
the adiponectin-AdipoR1 axis inhibits tumor cell migration and
invasion by blocking the GSK3f/B-Catenin pathway (189). This
raises the possibility that adiponectin-AdipoR1 might exhibit
similar effects in lung cancer bone metastasis, potentially serving
as a therapeutic target for further verification.

In summary, BMAs and their secreted adipokines present
effective therapeutic targets for lung cancer bone metastasis,
paving new directions for future research in this field.
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Altered cholesterol metabolism has been identified as a critical feature of
cancers. Cholesterol functions as the main component of cell membrane,
cholesterol and is required for sustaining membrane integrity and mediating
signaling transduction for cell survival. The intracellular level of cholesterol is
dynamically regulated. Excessive cholesterol could be converted to less toxic
cholesteryl esters by acyl-coenzyme A:cholesterol acyltransferases (ACATS).
While ACAT2 has limited value in cancers, ACAT1 has been found to be widely
participated in tumor initiation and progression. Moreover, due to the important
role of cholesterol metabolism in immune function, ACATL is also essential for
regulating anti-tumor immunity. ACAT1 inhibition may be exploited as a potential
strategy to enhance the anti-tumor immunity and eliminate tumors. Herein, a
comprehensive understanding of the role of ACAT1 in tumor development and
anti-tumor immunity may provide new insights for anti-tumor strategies.

KEYWORDS

metabolism, immunity, ACAT (acyl-CoA:cholesterol acyltransferase), cancer, cholesterol

Introduction

A hallmark of cancer is the deregulated metabolism (1). As an integral component of
cell membrane, cholesterol is crucial for maintaining membrane integrity and signaling
transduction for cell survival (2). Besides, cholesterol also participates in the regulation of
multiple biological processes, including lipid metabolism, inflammation, apoptosis, and cell
survival (3-5). Cholesterol-derived metabolites exert a wide variety of biological effects in
tumor development and anti-tumor immunity responses (6). As fast-proliferating cells,
tumor cells rely on cholesterol for membrane biogenesis and various biological processes
(7). Therefore, targeting cholesterol metabolism may provide novel therapeutic strategies
for cancer management.

Intracellular cholesterol is dynamically transported for maintaining membrane
integrity (8). Excessive cholesterol is either exported by ATP-binding cassette proteins,
or converted to less toxic cholesteryl esters by acyl-coenzyme A: cholesterol acyltransferases
(ACATs) to store in the form of lipid droplets or lipoproteins (3). ACATs belong to
membrane-bound O-acyltransferase family, are composed of two enzymes localizing in the
mitochondria and cytoplasm, respectively (9). ACAT1 and ACAT?2 catalyze acyl transfer
from acyl-coenzyme A (CoA) to cholesterol and produce cholesterol esters that are used for

25 frontiersin.org
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storage and intercellular transport of sterol, which is important for
cellular cholesterol homeostasis (10). ACAT1 is expressed in
nucleated eukaryotic cells and its products are incorporated into
lipid droplets (LDs) in the cytoplasm (11). ACAT2 is primarily
expressed in intestinal epithelial cells and hepatocytes, and its
products are incorporated into lipoproteins in the endoplasmic
reticulum (12). While ACAT?2 has limited value in tumors, ACAT1
has been found to be implicated in tumor occurrence and
development. Recent studies introduced the complex role of
ACATI in tumor development and anti-tumor immunity, which
may provide new insights for anti-tumor strategies.

ACAT1 structure, regulation,
and function

Structure analysis has identified human ACAT1 as a tetramer
with two homodimers (13). Each monomer is composed of nine
transmembrane segments, which enclose a cytosolic tunnel and a
transmembrane tunnel that converge at the predicted catalytic site
(14). ACAT1 tetramers, but not monomers, are phosphorylated and
stabilized by enhanced Y407 phosphorylation observed in multiple
human cancer cells. It has also been indicated that CoA could enter
through the cytosolic tunnel, while cholesterol enters via the
transmembrane tunnel (13). The structure of ACAT1 has been
deciphered previously (13, 14). ACAT1 exerts its catalytic role in
ketolysis, ketogenesis, fatty acid oxidation and isoleucine
degradation (12). ACAT1 senses free cholesterol by its allosteric
site. ACATI1 cannot exert its catalytic role for esterification with
high efficiency under low cholesterol concentrations, whereas high
amounts of cholesterol could facilitate esterification allosterically
under high cholesterol concentrations (13). Herein, ACATI activity
is determined by the level of free cholesterol to regulate cholesterol
homeostasis of the endoplasmic reticulum (15). In addition
to mediating cholesterol homeostasis, ACATI1 exerts its
acetyltransferase activity capable of specifically acetylating various
enzymes. For instance, ACAT1 regulates pyruvate dehydrogenase
complex (PDC) by acetylating pyruvate dehydrogenase (PDH) and
PDH phosphatase to promote glycolysis (16). ACAT1-mediated
K128 acetylation of GNPAT could protect FASN from degradation
and promote lipid metabolism (17). ACAT1-mediated K337
acetylation of MEI dimerize and activate MEl to regulate

10.3389/fonc.2024.1395192

NADPH generation and lipid metabolism (18). The structure and
function of ACAT1 has been illustrated in Figure 1.

ACAT1 and immunity

Cholesterol metabolism has been identified to be essential for
immune function (4, 19). Cholesterol biosynthesis is critical for T cell
growth, activation, and anti-tumor function (4, 20, 21). It has been
demonstrated that elevated levels of cholesterol in T cells could boost
the anti-tumor immunity of T cells (22). CD8+ T cells play an
essential role in anti-tumor immunity, but their function is always
abrogated in the context of cancers (23). Therefore, remodeling the
anti-tumor ability of CD8+ T cells is a key strategy for improving the
efficacy of immunotherapy. ACATI inhibition could impair
cholesterol esterification, therefore potentiating anti-tumor effect
and strengthening cell proliferation of CD8+ T cells (22).
Mechanistically, elevated cholesterol level of CD8+ T cells could
enhance T-cell receptor clustering and signaling. ACAT1-deleted
CD8+ T cells exhibited impaired tumor growth and metastasis of
melanoma (22). An avasimibe-induced inhibition of cholesterol
esterification has been shown to improve the antitumor response of
CD8+ T cells in mice (24). Avasimibe exerted significant anti-tumor
effect. Moreover, avasimibe combined with PD-1 inhibitor exhibited
greater anti-tumor capabilities compared with PD-1 inhibitor alone.
Avasimibe could be restrained on the T cell surface to induce rapid T
cell receptor clustering and sustaine T cell activation (25). In addition,
paclitaxel and immunoadjuvant aGC were co-encapsulated in
liposomes modified with pH sensitive TH peptide (PTX/oGC-TH-
Lip). Avasimibe could elevate the level of free cholesterol and relieve
the inhibition of CD8+ T cells resulted from PTX/aGC-TH-Lip. The
combination of avasimibe and PTX/aGC-TH-Lip could enhance
immune responses and cytotoxic effects in xenografts of melanoma,
which is a potential strategy to improve the anti-tumor effects of
immune-chemotherapy (26) (Figure 2).

ACATL1 in different tumor types

The role of metabolic enzymes in various biological processes
has been gradually discovered. It has been well-established that
multiple metabolic enzymes could participate in epigenetic
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(A), Schematic illustration of ACAT1 structure. (B), Primary function of ACAT1 in cells.
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FIGURE 2
ACATL is a potential target to enhance the anti-tumor strategy.

remodeling by providing substrates such as acetyl-CoA (27, 28).
Considering the catalytic role of ACAT1 in mediating acyl transfer
from CoA to cholesterol, ACAT1 may exert complex and dynamic
role in tumorigenesis and progression. Mounting evidence has
elucidated the significance of ACATI in multiple malignances.
Here, we summarized the role of ACATI in the contexts of
different cancers.

ACAT1 and colorectal cancer

Colorectal cancer (CRC) is the third most diagnosed tumor
worldwide (29). 25% of newly diagnosed CRC patients are diagnosed
at the metastatic stage (30). The crosstalk between cholesterol
metabolism and CRC has been under vast investigations. An
elevated cholesterol level could accelerate CRC progression by
activating [3-catenin oncogenic signaling pathway (29). Specific liver
metastases of CRC display an aberration of cholesterol biosynthesis
(31). Thus, aberrant cholesterol metabolism is a hallmark of CRC,
which may be exploited as potential therapeutic targets.

Numerous evidence illustrated that various molecular
mechanisms are engaged in the tumorigenesis and development
of CRC (32). The cytoplasmic form of malic enzymes (ME), ME1,
has been identified as a primary source of NADPH for lipogenesis
and glutamine biosynthesis. In CRC cells, depletion of ACATI
could dramatically impair ME1 acetylation without influencing its
protein level, whereas ACAT1 overexpression exerts the opposite
effect. Moreover, ACAT1 overexpression enhances MEIL
dimerization whereas deletion of ACAT1 expression impair ME1
dimerization. This ACAT1-mediated K337 acetylation positively
regulates ME1 dimerization. PGAMS5, a mitochondrial serine/
threonine phosphatase, could dephosphorylate ME1 at S336,
further promoting acetylation by ACATI at the adjacent K337.
ACATI1-mediated ME1 K337 acetylation could enhance NADPH
generation, lipogenesis, and CRC tumorigenesis (18). B-
hydroxybutyrate (BHB) was previously identified as an oncogenic
metabolite of CRC, which was also found to be elevated in CRC
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tissues. BHB has been found to promote CRC progression by
ACAT1 by mediating acetylation of isocitrate dehydrogenase 1.
ACAT]1 abrogation could impair CRC tumorigenesis and abrogate
the tumorigenic effects of BHB (33, 34). Small molecule inhibitors
that target ACAT1-mediated ME1 acetylation may be a potential
anti-tumor strategy for CRC patients. Besides, the development of
CRC is correlated with hyperinsulinemia. Insulin-induced tumor
progression of CRC is regulated by ACAT1. Insulin enhanced CRC
development by upregulating ACAT1, which can be exploited as a
promising therapeutic target for CRC (35). Collectively, the
understanding of CRC biological features associated with ACAT1
may be beneficial for diagnosis and treatment of CRC in the clinical
settings (36).

ACAT1 and hepatocellular carcinoma

Liver cancer is the sixth most diagnosed cancer worldwide (29).
Notably, it is highly refractory to most chemotherapeutic regimens.
Hepatocellular carcinoma (HCC) is the most common type of liver
cancer (37). In HCC cells, ACAT1 could stabilize and dimerize
glyceronephosphate O-acyltransferase (GNPAT), a rate-limiting
enzyme in plasmalogen synthesis and lipogenesis, by acetylation
at K128. Precisely, ACAT1-mediated GNPAT acetylation could
inhibit GNPAT degradation by repressing TRIM21-mediated
GNPAT ubiquitination, ultimately promoting tumor growth in
HCC xenografts. ACAT1 overexpression enhanced tumor growth
in HCC xenografts and GNPAT deletion could attenuate ACAT1-
induced HCC growth, and ACAT1 overexpression with GNPAT
inhibition diminish fatty acid synthesis and lipogenesis.
Combination treatment of ACATI inhibitor and sorafenib could
significantly inhibit tumor growth in HCC xenografts, indicating
that pharmaceutical inhibition of ACAT1 could be a promising
target in anti-HCC strategy (17). In HEK293 cells, ACAT1 has been
identified as a substrate of E3 ubiquitin ligase UBE3A/E6AP. High-
fat diet could downregulate UBE3A expression, while UBE3A
overexpression could lead to decreased ACAT]1 protein level (38).
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Future studies may require combination regimens that include
systemic therapies and molecularly targeted treatments, such
as ACATI.

ACAT1 and glioblastoma

Glioblastoma (GBM) are the most frequently diagnosed
malignant primary brain tumors that originate from neuroglial
progenitor cells (39). Conventional treatment could bring limited
improvements in the survival of glioma patients, leading to poor
survival outcomes for GBM patients (40). Herein, it is desperately
required for effective molecularly targeted therapy to improve
prognosis of GBM patients. In GBM patients, ACAT1 has been
found to be upregulated and correlated with poor prognosis.
Moreover, pharmacological inhibition of ACATI in GBM cells
demonstrated that ACAT1 is required for GBM proliferation (41).
Upon inhibition of mTORCI, ACAT1 could catalyze acetylation of
glycine decarboxylase (GLDC), a critical enzyme of glycine
metabolism that catalyzes the conversion of glycine into one-
carbon units. The acetylation of GLDC at K514 inhibits its
enzymatic activity, which promoted K33-linked polyubiquitination
at K544 by NF-XI, resulting in GLDC degradation by the
proteasomal pathway (42). Acetylation of GLDC at K514 could
suppress glycine catabolism, pyrimidines synthesis and GBM
development. K604, a potent ACAT1 inhibitor, could impair the
proliferation of U251-MG cells and inactivate Akt signaling pathway
in GBM cells (43). Avasimibe, another specific inhibitor of ACAT,
exerts anti-tumor effect on U87, A172 and GL261 GBM cells. In
GBM cell lines, avasimibe could inhibit the expression of ACAT1 and
biosynthesis of cholesterol ester. Moreover, avasimibe could impair
the proliferation of GBM cells resulted from caspase-8 and caspase-3
activation (44). Herein, ACAT] functions as a novel target for HCC,
providing effective assistance to the treatment of GBM.

ACAT1 and lung cancer

Lung cancer is a heterogenous disease composed of multiple
genetic and molecular subtypes, which is still the leading cause of
cancer-related death worldwide (45). Considering that molecularly
defined subtypes are potentially targetable, novel anti-tumor
strategies in for lung cancer are required to be explored. Excessive
intracellular cholesterol is catalyzed to cholesteryl esters via ACAT1
and exported via the cholesterol transporter ABCAL. In a cohort of
patients with lung adenocarcinoma, ACATI has been found to be
upregulated, while ABCA1 is downregulated in the lung cancer
tissues. In H1299 cells, ACAT1 has been identified as the
acetyltransferase of PDHA1 and PDPI1. Mechanistically, PDP1
phosphorylation at Y381 recruits ACAT1 and dissociates SIRT3
to promote lysine acetylation of PDP1 and PDHAIl. ACATI
predominantly signals through inhibition of PDC by PDP1 and
PDHA acetylation to enhance glycolysis and tumor growth,
indicating the ACAT1-PDP1-PDHA axis a promising anti-cancer
target (46). IncRNA DARS-ASI inhibition attenuated non-small
cell lung cancer development by activating miR-302a-3p to inhibit
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ACAT1 expression (47). It has been demonstrated that Kras-
specific antigenic peptides in combination of avasimibe could
promote CD8+ T cell infiltration and impair lung tumor
progression (48). Collectively, ACAT1 may function as a
promising therapeutic target for lung cancer.

ACAT1 and breast cancer

Breast cancer is a heterogeneous malignancy with multiple
molecular subtypes based on histological and genomic features
(49). Gene expression profiling has proposed four intrinsic
molecular subtypes: Luminal A, Luminal B, HER 2+ and basal
like (50). It has been demonstrated that ER-negative breast cancer
cells display accumulation of LDs, increased LDL uptake, a higher
ratio of cholesteryl ester to triacylglycerol, lower cholesterol
biosynthesis, increased expression of ACATI1, higher ACAT
activity as compared to ER-positive breast cancer cells (51). CP-
113,818, a ACAT inhibitor, could inhibit proliferation of breast
tumor cells and reduce LDL-mediated proliferation of ER-negative
cells. In MDA-MB-231 cells, LDL receptor (LDLR) mRNA could be
markedly impaired by ACAT inhibition, indicating that high
ACATI activity is correlated with higher LDLR expression (52).
It has been found that ACAT1 upregulation in breast tumor cells
could promote tumor initiation and metastasis, indicating ACAT1
as a metabolic tumor promoter (53). Nuclear receptor subfamily 2
group F member 6 (NR2F6) could transcriptionally activate ACAT1
and enhance the suppressive role of ACAT1-induced METTL3
acetylation on cell migration and invasion of breast cancer (54).

ACAT1 and leukemia

Leukemia is a heterogeneous malignancy with different genetic,
morphologic and molecular feature, which is composed of multiple
subtypes including acute myeloid leukemia (AML) and chronic
myeloid leukemia (CML) (55). ACAT1 and SIRT3 have been
identified as the upstream acetyltransferase and deacetylase of
mutant isocitrate dehydrogenase 2 (mIDH2) in AML to regulate
K413-acetylation of mIDH2 and inhibit mIDH2 activity (56).
Spectromicroscopic analysis in multiple leukemia cell lines has
revealed that aberrant accumulation of CE was found in CML
(chronic myelogenous leukemia), which may be resulted from
altered BCR-ABL kinase activity. Inhibiting cholesterol esterification
via avasimibe could significantly suppress CML cell proliferation.
Besides, combinational treatment of avasimibe and imatinib brought
synergistic effects on blocking cell proliferation in K562R cells (57).

Implications for targeting ACAT1 in
anti-tumor therapy

Targeting ACAT1 has been identified as a potential anti-tumor
strategy (58). Avasimibe, also named as avasimin, has been
developed as a potent non-specific ACAT1 inhibitor to impair
cholesterol esterification in multiple cancer models. In vitro studies
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TABLE 1 Current ACAT1 inhibitors tested in human cancers.
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Inhibitors  Disease Struture Binding = Mechanism Models Combined Reference
sites of action therapy
Arecoline Hepatocellular - Cysteine Binds to and Cancer cell Cellular Sorafenib (16)
hydrobromide = carcinoma residue disrupts proliferation  or
(C126) in ACAT1 tetramers and mice
the ACAT1 tumor models
catalytic growth
site
Avasimibe Melanoma, - A chemical group Tumor Mice Anti-PD- (23)
Lewis that conferred growth models 1 antibody
lung ACAT inhibitory
adenocarcinoma properties (the 2,6-
diisopropylphenyl
Chronic - moiety) Tumor Mice Imatinib (57)
myeloid growth models
leukemia
K604 Glioblastoma - - Cancer Cellular - (43)
' cell models
Wl ._'_, proliferation

have elucidated that avasimibe could reduce cholesteryl-ester
storage in LDs and increase levels of free cholesterol, leading to
cell apoptosis and impaired proliferation (59). ACAT1 inhibitor
could also enhance the cytotoxic effects of CD8+ T cells by
reprogramming cholesterol metabolism. A combination of
avasimin and anti-PD-1 treatment exhibited synergistic cytotoxic
effects in suppressing melanoma development (22). Avasimin
combined with nanoparticles of doxorubicin showed better anti-
tumor efficacy in impairing breast cancer progression (60). The
combination of avasimibe and immune-chemotherapy could
enhance the anti-tumor effects of immune-chemotherapy. The
combinational treatment could increase the level of free
cholesterol and relieve the inhibition of CD8+ T cells resulted
from PTX/aGC-TH-Lip. The combination of avasimibe and PTX/
0oGC-TH-Lip could enhance immune responses and cytotoxic
effects in xenografts of melanoma, which is a potential strategy to
improve the anti-tumor effects of immune-chemotherapy (26). It
has been demonstrated that vaccine of Kras-specific antigenic
peptides combines with avasimibe could eliminate regulatory T
cells and promote CD8+ T cell infiltration (48).

Targeting tetrameric ACAT1 has been proposed as a promising
anti-tumor strategy. Arecoline hydrobromide (AH) is a covalent
ACAT1 inhibitor that specifically binds to and disrupts ACAT1
tetramers, thereby AH treatment leads to impaired ACAT]1 activity.
Due to the inhibitory effect of ACAT1 on PDC by acetylating PDH
and PDH phosphatase, AH treatment could enhance PDC flux and
oxidative phosphorylation to impair tumor growth, making ACAT1
a potential anti-tumor target. Combination treatment of AH with
other anti-tumor strategy have shown greater anti-tumor efficacy.
In HCC, AH treatment combined with sorafenib could significantly
inhibit tumor growth in HCC xenografts (16). CI-976, a small
molecule ACAT1 inhibitor, can bind inside the catalytic chamber
and blocks the accessibility of the active site residues of ACATI. CI-
976 has been found to reduce atherosclerotic plaques and decrease
plasma cholesterol levels in animals fed with high cholesterol diet
(61). Another selective ACAT1 inhibitor K604 has been found to
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impair the proliferation of U251-MG cells and inhibit Akt signaling
in glioblastoma cells (43). The current reported ACAT]1 inhibitors
have been illustrated in Table 1. The anti-tumor effect of ACAT1
inhibitors should be further verified in more cancer types in vitro
and vivo models to explore the cancer types that can be effectively
treated with ACAT1 inhibitors. Clinical trials should be accelerated
to evaluate the anti-tumor effects of more ACAT1 inhibitors in
different cancer types (62).
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Background: Evidence from observational studies suggested a connection
between immune cells and gynecologic malignancies. To investigate potential
causative associations between immunophenotype traits and gynecologic
malignancies, we used a two-sample Mendelian randomization analysis.

Methods: The genetic instrumental variables of 731 immunophenotypes of
peripheral blood were obtained by the GWAS database; the GWAS data of
common gynecologic cancers were obtained from FinnGen study. The main
statistic method was the inverse-variance weighted method. We also used the
weighted mode, weighted median, and MR Egger for evaluations. The MR Steiger
directionality test was further used to ascertain the reverse causal relationship
between immune cells and gynecologic cancers.

Results: We identified 50 highly probable immunophenotypes and 65 possible
ones associated with gynecologic malignancies. The majority of the B cell panel
was protective factors in cervical cancer. However, there was a correlation found
in the B cells panel with a probable factor associated with an elevated risk of
endometrial cancer. Immunophenotypes in the monocyte panel were linked to a
lower probability of ovarian cancer and vulvar cancer. All of the gynecologic
cancers in our study had no statistically significant impact on immune cells,
according to reverse MR analysis.

Conclusion: Our study firstly emphasized the genetically predicted causality
between immune cells and gynecologic malignancies. This knowledge will be
critical to formulating the measures to prevent malignancies in female at risk in
future clinical practice.
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gynecologic malignancies, immunophenotype, Mendelian randomization, causality,
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1 Introduction

Gynecological malignancies (including cervical cancer,
endometrial cancer, ovarian cancer and vulvar cancer) are
estimated with 1,353,361 new cases, account for 7% of total new
case, and 654,448 cancer deaths (6.6%) globally by the 2020
GLOBOCAN Statistic (1). Of them, ovarian cancer is one of the
deadliest gynecological malignancies that affect women (2), and
cervical cancer makes up the greatest fraction with an incidence rate
of 3.1%. Furthermore, the burden could be made worse by the
world’s population expansion and the increasing prevalence of risk
factors (3). It highlighted how urgently effective preventative
measures must be developed in order reduce the burden of
gynecological cancer on the general public’s health. As a
consequence, a lot of work needs to be done to cultivate novel
interventions in order to find new cases and raise patient
survival rates.

Tumor metabolism involves multiple metabolic pathways, and
cancer is a complex pathological disease with an abnormal metabolic
profile. Cancer cells have a different metabolic profile due to changes in
these signal transduction pathways and the enzymatic machinery that
goes along with them (4, 5). Surgery, radiation, and chemotherapy are
the primary methods used for the treatment in cancer. Recently,
however, targeted treatment and immunotherapy have all become
significant tools in the battle anti-cancer. Recent research has gradually
demonstrated that immune cells in the tumor microenvironment
(TME) predict overall survival and play a substantial part in the
progression of gynecologic malignancies (6, 7). Since cervical cancer
is brought on by a chronic human papillomavirus (HPV) infection, it
has been referred to as an immunogenic tumor. Myeloid-derived
suppressor cells (MDSCs) created a premetastatic microenvironment
in cervical cancer by expressing high levels of Cxcl2, S100a8/9, Bv8, and
MMP-9. This niche promotes visceral organ metastasis (8). Tumor-
infiltrating MDSCs and arginase-1 expression were also elevated in
endometrial cancer (9). According to a study, activated memory CD4"
T cells and mast cells were independent predictors of overall survival
for patients with cervical cancer. The majority of tumor-infiltrating
immune cells (TICs) in cervical cancer were found to be CD8" T cells
and macrophages (10). According to a retrospective study, higher
expression of Treg, M2 macrophages, and CD4 naive T cells during
immunotherapy was found to be predictive of worse overall survivals
by Ni Y and colleagues. They also discussed the role of M2
macrophages, T-regulatory cells, and eosinophils, which are known
to produce TGF-f in the TME (11). In a recent study, patients with
cervical cancer who had higher levels of infiltration of naive CD4™ T
cells had a worse prognosis, but higher levels of MO macrophage
infiltration was associated with tumor stage and a better prognosis. The
correlation between M0 macrophages and naive CD4" T cells was also
confirmed by the results (12). Higher CD4" (p = 0.0028) and CD45" (p
= 0.0221) infiltration was associated with a longer overall survival for
patients with ovarian cancer, based on an observational study (13).
However, most of the results mentioned above were obtained from
observational or retrospective research, which might be constrained by
the small sample size and heterogeneous patient organization. They
had merely noted the connections between various immune cells and
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gynecologic cancers; it is unclear whether these relationships are
causative. Owing to confounding factors and limited sample size, the
results may be biased. Furthermore, the existing studies did not
comprehensively investigate the associations between gynecologic
malignancies and immunophenotype traits.

Mendelian randomization (MR), a statistical technique that has
gained broad popularity, assesses the causal relationship between
exposure and outcome by using genetic variants as instrumental
variables (IVs) (14, 15). The MR analysis might not be affected by
reverse causality and confounders because genetic variants are
randomly distributed at conception (16).

Many MR studies that have been undertaken recently with a
focus on gynecologic malignancies have emphasized the
relationship between the risk of gynecologic cancers and lifestyle
habits (e.g. coffee consumption (17), smoking (18, 19), alcohol
consumption (18, 19), obesity (20), vitamin D (21)). Inspired by MR
analysis’s non-confounding character, this study conducted the first
thorough two-sample Mendelian randomization analysis to
evaluate the causal relationships between immunophenotype
traits and gynecologic cancers. Our findings may influence
clinical practice, offer relevant risk factors and preventative hints.
Our study aims to assist clinicians in identifying people who are
very susceptible to gynecologic cancers, enabling more frequent
follow-up and timely intervention.

2 Materials and methods

2.1 Study design

Figure 1 displayed the overview of the study design. In this
study we performed a Mendelian randomization (MR) analysis to
assess the causal relationship between 731 immunophenotypes and
gynecologic malignancies. Three important assumptions must be
met when choosing instrumental variables (IVs) (Figure 1A): Three
requirements must be met for the genetic variations to be
considered as IVs: (1) they must be strongly correlated with the
exposure; (2) they cannot be linked to any confounders; and (3) the
variants chosen should only influence the risk of the outcome by the
risk factor independently not through other pathways (22).

2.2 Exposure and outcome data sources

The 731 immunophenotypes of peripheral blood were
published by the genome wide association studies (GWAS) and
are accessible to the general public through the GWAS database
(GCST90001391-GCST90002121) (23). The original GWAS on
immunophenotypes used information from 3,757 European
individuals. It contains 4 trait types,7 panels, and 731 traits.
Supplementary Table 1 provided an immunophenotype
characterization. We selected four most common gynecologic
malignancies including cervical cancer, ovarian cancer,
endometrial cancer, and vulvar cancer as outcome. To obtain a
more comprehensive conclusion of the causal links, we also took the
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FIGURE 1

The workflow of this study design. GWAS, the genome wide association studies; SNPs, single-nucleotide polymorphisms; IVs, instrumental variables;

GO, gynecologic oncology; MR, Mendelian randomization.

carcinoma in situ into consideration. The GWAS summary data of
the gynecologic cancer were accessed from the FinnGen study (24)
(https://www.finngen.fi/en). Table 1 presented the detailed
information of datasets used in this study. The analysis was based
on summary-level data from large genome wide association studies
that were made available in public. Therefore, ethical approval was
not needed.

2.3 Instrumental variable selection

The IVs that met the strict significance threshold (P < 1 x 1078
were chosen. SNPs with linkage disequilibrium were excluded
concurrently (r2 > 0.001, window size < 10,000 kb). In order to
minimize the bias caused by weak IVs, SNPs with F-statistics < 10
were also eliminated. Next, we looked through and eliminated SNPs
corresponding to confounders via the PhenoScanner website (25). The
confounders included (age at menarche (26), trunk fat mass, body mass
index (27), obesity, treatment with ovestin 0.1% vaginal cream, and
treatment with estrogen product). Finally, 251independent SNPs were
obtained as IVs for immunophenotypes.

2.4 Statistical analysis

In measuring the causal relationships between immunophenotypes
and gynecologic malignancies, four MR methods (inverse variance
weighted (IVW) (28), MR Egger (29), Weighted median (30), and
Weighted mode) were utilized, including. The primary analysis was the
IVW. The Benjamini-Hochberg, which regulates the false discovery
rate (FDR), was used to modify multiple testing. The heterogeneity was
evaluated using the Cochran’s Q test. MR-Egger intercept and leave
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Outcome

Gynecological
oncology
Finngen

MR analyses of
immunophenotypes

on the risk of GOs
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q

Sentivity analysis
- Heterogeneity:
Horizontal pleiotropy:

one out analysis were used to determine horizontal pleiotropy.
Immunophenotypes with adj.P value <0.05 were deemed to have a
highly probable relationship with gynecologic malignancies(statistically
significant), while those that displayed P value <0.05 after MR analyzes,
but 0.05< adj.P value <0.2 were considered possible factors. After
excluding IVs that exhibited pleiotropic effects, we performed the
primary MR analysis once more. To investigate if exposure was
directionally causal for the outcome, we applied the MR Steiger
directionality test (31). All analyses were carried out in R software
4.3.1 utilizing the “Two Sample MR” and “Mendelian
Randomization” packages.

3 Results
3.1 Overview

For an insight into the relationship between immunophenotypes
and four gynecologic cancers, we applied a tow-sample MR analysis.
This study identified 252 independent SNPs linked to
immunophenotypes (Supplementary Table 2). By applying IVW
methods, there were 50 highly probable immunophenotype traits
(adj.P value <0.05, Tables 2, 3, Supplementary Table 5) and 65
possible immunophenotypes (P value <0.05, 0.05< adj.P value <0.2,
Supplementary Tables 4, 5) linked with gynecologic malignancies.
When the highly probable immunophenotypes were classified in 7
panels (B cell, cDC, maturation stages of T cell, monocyte, myeloid cell,
TBNK, Treg), 19 traits belonged to B cell, 8 from TBNK, 6 from cDC,
monocyte, and maturation stages of T cell respectively, 4 from myeloid
cell, and 2 from Treg. Sensitivity studies were performed to guarantee
the robustness of the causal associations because IVW approaches are
prone to weak IVs bias.
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TABLE 1 The GWAS datasets used for analyses.

g Data . Sample ;
Trait/Disease Consortium np Case Control Population
Type Size
Immunophenotypes Exposure GWAS Catalog 3757 - - GCST90001391 - GCST9000212 European
A .
fd CROCATCNOMES - utcome Finngen 167301 112 167189 finngen R9_C3_CERVIX_ADENO_EXALLC European
oI cervix
Squamous cell
1 d
Cervical ::iii)na;:: an Outcome Finngen 167353 164 167189 finngen_R9_C3_CERVIX_SQUAM_EXALLC European
cancer .
of cervix
Malignant
neoplasm of Outcome Finngen 167558 369 167189 finngen_R9_C3_CERVIX_UTERI_EXALLC European
cervix uteri
Malignant
neoplasm of Outcome Finngen 169156 1967 167189 finngen_R9_C3_CORPUS_UTERI_EXALLC European
Endometrial corpus uteri
cancer Endometroid
carcinoma Outcome Finngen 167411 222 167189 finngen_R9_C3_OVARY_ENDOMETROID_EXALLC European
of ovary
Malignant i
Outcome Finngen 168214 1025 167189 finngen_R9_C3_OVARY_EXALLC European
Ovari neoplasm of ovary
varian
cancer Serous carcinoma
of ovary Outcome Finngen 168041 852 167189 finngen_R9_C3_OVARY_SEROUS_EXALLC European
Vul Mali t
var agnan Outcome Finngen 167379 190 167189 finngen_R9_C3_VULVA_EXALLC European
cancer neoplasm of vulva
Carcinoma in situ .
. X Outcome Finngen 167637 2236 165401 finngen_R9_CD2_INSITU_CERVIX_UTERI_EXALLC European
of cervix uteri
Carcinoma - Carcinoma in situ -\ o Finngen 167267 106 167161 finngen_R9_CD2_INSITU_ENDOMETRIUM_EXALLC European
in situ of endometrium
Cardi in sit
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3.2 Cervical cancer

Table 2 and Figure 8 demonstrated that 32 pairs had highly
probable causal effects (adj.P <0.05) between immunophenotypes
and cervical cancer. The causal effect of immunophenotypes on
adenocarcinomas of cervix was shown in Figure 2A. The B-cell panel
showed the highest number of significant associations when compared
to other panels, and the majority of B cells were protective factors
against cervical cancer. In the study we conducted, B-cell activating
factor receptor (BAFF-R) was the most frequently expressed molecule
in our analysis. It expresses on several B cell subtypes, such as CD24"
CD27" B cell, IgD" CD24" B cell, IgD" CD24- B cell, IgD" CD38” B
cell, memory B cell, and naive-mature B cell. However, CD20 on IgD+
CD38+ B cell (OR=1.887, 95%CI:1.078-3.306, P=0.026) had a
significant association with the probability of cervical cancer
(Table 2, Figure 2B). In cDC panels, CD123 on plasmacytoid
Dendritic Cell (OR=2.48, 95%CI:1.229-5.003, P=0.011), CDI123 on
CD62L" plasmacytoid Dendritic Cell (OR=2.5, 95%Cl:1.231-5.077,
P=0.011), CD80 on plasmacytoid Dendritic Cell (OR=2.62, 95%
ClL:1.244-5.515, P=0.011), CD80 on CD62L" plasmacytoid Dendritic
Cell (OR=2.641, 95%CI:1.246-5.596, P=0.011) had a disadvantageous

10.3389/fonc.2024.1371309

association with cervical cancer(Table 2, Figure 2B). The causal effect of
immunophenotypes on Malignant neoplasm of cervix uteri was shown
in Figure 3.

3.3 Endometrial cancer

No immunophenotype was found at the criterion “adj.P value
<0.05” after FDR correction. Nevertheless, 18 immunophenotypes
that fit the requirements of P value <0.05 and 0.05< adj.P value <0.2
are possible factors in our study (Figures 4, 9). B cells were also vital
in endometrial cancer, similarly to how they were in cervical cancer.
But all possible factors in B cell panel, namely, CD38 on IgD" CD24
B cell (OR=1.286, 95%CI; 1.038-1.594, P=0.021), IgD on IgD*
CD24- B cell (OR=1.09, 95%CI; 1-1.188, P=0.049), IgD on IgD"*
CD38dim B cell (OR=1.096, 95%CI; 1.001-1.199, P=0.046), BAFF-R
on IgD* CD24" B cell (OR=1.219, 95%CI; 1.003-1.483, P=0.047),
BAFF-R on IgD- CD24- B cell (OR=1.249, 95%CI; 1.019-1.532,
P=0.032), BAFF-R on IgD" CD27 B cell (OR=1.249, 95%CI; 1.02-
1.529, P=0.032), BAFF-R on IgD- CD38" B cell (OR=1.915, 95%ClI;
1.12-3.273, P=0.018) were correlated with increased risk of

TABLE 2 The highly probable effects of immunophenotypes on cervical cancer by IVW method.

Outcome Exposure SNP(n) OR (95%Cl) P value
Terminally Differentiated CD4-CD8- T
2 5.989 ( 2.51, 14.29) 5.470E-05 0.002
. . . cell Absolute Count
Malignant neoplasm of cervix uteri
FSC-A on Natural Killer T 2 0.235 ( 0.095, 0.584 ) 0.002 0.027
Effector Memory CD4+ T cell %CD4+
3 2.131 ( 1.114, 4.077 ) 0.022 0.046
T cell
Effector Memory CD4-CD8- T cell %
3 0.378 ( 0.163, 0.879 ) 0.024 0.046
T cell
Terminally Differentiated CD4-CDS8- T
erminally Difterentiate 2 8.017 ( 2.232, 28.798 ) 0.001 0.021
cell Absolute Count
BAFF-R on CD24+ CD27+ B cell 8 0.745 ( 0.581, 0.953 ) 0.019 0.045
BAFF-R on IgD+ CD24+ B cell 6 0.745 ( 0.613, 0.905 ) 0.003 0.021
BAFF-R on IgD+ CD24- B cell 10 0.769 ( 0.641, 0.923 ) 0.005 0.021
BAFF-R on IgD+ CD38- B cell 9 0.755 ( 0.626, 0.909 ) 0.003 0.021
Squamous cell neoplasms and BAFE-R on IgD+ CD38- naive B cell 8 0.768 ( 0.64, 0.92) 0.004 0.021
carcinoma of cervix
BAFF-R on IgD+ CD38+ B cell 10 0.761 ( 0.629, 0.92) 0.005 0.021
BAFF-R on IgD+ CD38dim B cell 10 0.763 ( 0.636, 0.915 ) 0.004 0.021
BAFF-R on IgD- CD38- B cell 7 0.758 ( 0.594, 0.966 ) 0.025 0.047
BAFF-R on memory B cell 7 0.734 ( 0.595, 0.904 ) 0.004 0.021
BAFF-R on naive-mature B cell 10 0.762 ( 0.634, 0.916 ) 0.004 0.021
BAFF-R on unswitched memory B cell 7 0.733 ( 0.596, 0.902 ) 0.003 0.021
BAFF-R on switched memory B cell 9 0.749 ( 0.591, 0.95) 0.017 0.045
BAFF-R on IgD+ B cell 10 0.764 ( 0.636, 0.917 ) 0.004 0.021
BAFF-R on transitional B cell 8 0.749 ( 0.612, 0.916 ) 0.005 0.021
(Continued)
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TABLE 2 Continued

Outcome

10.3389/fonc.2024.1371309

Exposure SNP(n) OR (95%Cl) P value
CD19 on CD24+ CD27+ B cell 2 0.577 ( 0.369, 0.902 ) 0.016 0.045
CD19 on memory B cell 2 0.538 ( 0.325, 0.89 ) 0.016 0.045
CD20 on IgD+ CD38+ B cell 5 1.887 ( 1.078, 3.306 ) 0.026 0.047
BAFF-R on B cell 10 0.768 ( 0.638, 0.923 ) 0.005 0.021
CD3 on HLA DR+ CD4+ T cell 2 1.843 (1 1.085, 3.131 ) 0.024 0.046
CD3 on activated CD4 regulatory T cell 4 1.465 ( 1.05, 2.043 ) 0.024 0.046
D. i i D4
CD3 on activated & secreting C. 4 1457 ( 1,05, 2.023 ) 0.024 0.046
regulatory T cell
CD123 on plasmacytoid Dendritic Cell 2 2.48 (1 1.229, 5.003 ) 0.011 0.039
CD123 on CD62L+ plasmacytoid
2 2. 1.231, 5.077 .011 .
Dendritic Cell 5 (1231,5.077) 00 0039
CD80 on plasmacytoid Dendritic Cell 2 2.62 (1.244,5.515) 0.011 0.039
D. D62L+ pl i
CD80 on CD62L+ plasmacytoid 2 2641 ( 1.246, 5.596 ) 0011 0.039
Dendritic Cell
SSC-A on plasmacytoid Dendritic Cell 5 2.508 ( 1.243, 5.059 ) 0.010 0.039
HLA DR on B cell 8 0.674 ( 0.499, 0.909 ) 0.010 0.039

TABLE 3 The highly probable effects of immunophenotypes on ovarian and vulvar cancer by IVW method.

Outcome

Exposure

SNP(n)

OR (95%Cl)

HLA DR++ monocyte %leukocyte 2 0.648 ( 0.5, 0.84) 0.001 0.011
Z:l: Ozt:slxzeé(:i?eﬂved Suppressor 5 1.205 ( 1.067, 1.361 ) 0.003 0.018
CD45 on B cell 2 1.855 ( 1.146, 3.001 ) 0.012 0.046
HLA DR on CD14+ CD16- monocyte 5 0.823 ( 0.74, 0.916 ) 3.381E-04 0.006
HLA DR on CD14+ monocyte 5 0.819 ( 0.734, 0913 ) 3.365E-04 0.006
HLA DR on monocyte 4 0.824 ( 0.73,0.93) 0.002 0.016
HLA DR on myeloid Dendritic Cell 6 0.862 ( 0.77, 0.964 ) 0.009 0.042
HLA DR on CD33+ HLA DR
+ CDl4dim 3 0.769 ( 0.646, 0.915 ) 0.003 0.019
Malignant neoplasm of ovary HLA DR on CD33- HLA DR+ 2 0.855 (076, 0.962 ) 0.009 0.042
HLA DR++ monocyte %leukocyte 2 0.443 (0.248, 0.793 ) 0.006 0.036
Terminally Differentiated CD4+ T cell
Absolute Count 2 3.135 ( 1.247,7.883 ) 0.015 0.043
CD20 on IgD+ CD24+ B cell 2 0.326 ( 0.139, 0.765 ) 0.010 0.037
CD4 on HLA DR+ CD4+ T cell 2 0.239 ( 0.099, 0.579 ) 0.002 0.029
HLA DR on CD14+ CD16- monocyte 5 0.69 (0.543, 0.876 ) 0.002 0.029
HLA DR on CD14+ monocyte 5 0.682 (1 0.533, 0.873 ) 0.002 0.029
HLA DR on monocyte 4 0.706 ( 0.537, 0.928 ) 0.013 0.039
HLA DR on CD33+ HLA DR+ CD14- 2 0.642 ( 0.466, 0.884 ) 0.007 0.036
(Continued)
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TABLE 3 Continued

Qutcome Exposure SNP(n) OR (95%Cl) P value

HLA DR on B cell 9 1.391 ( 1.115, 1.736 ) 0.003 0.032

Terminally Differentiated CD4-CD8- T

2 8.095 ( 2.206, 29.6 0.002 0.03
cell Absolute Count %5 ( ) o

Carcinoma in situ of vulva

endometrial cancer. In other panels, CD25"" CD45RA'CD4" Tcell, 3.4 QOvarian cancer

CD28 CD8" T cell, CCR7 on naive CD8" T cell, myeloid Dendritic

Cell, Natural Killer cell, Basophil cell had positive links with We noticed 9 highly probable immunophenotype traits were
endometrial cancer. However, CD62L on CD62L" plasmacytoid  connected to ovarian cancer in IVW test (Figure 8, Table 3). In the
Dendritic Cell (OR=0.831, 95%CI; 0.699-0.989, P=0.037) and  Monocyte panel, reduction in the risk of ovarian cancer was
CD14" CD16" monocyte %monocyte (OR=0.465, 95%CI; 0.227-  associated with HLA DR on CD14" CD16- monocyte (OR=0.823,
0.953, P=0.036) were negatively associated with the risk of  95%CI:0.74-0.916, P=3.381E-04), HLA DR on CD14" monocyte

endometrial cancer. (OR=0.819, 95%CI:0.734-0.913, P=3.365E-04), and HLA DR on
Immunophenotypes SNP(n) P value OR(95% Cl)
CD45RA- CD4+ T cell %T cell 2 ro— 0.019  1.741(1.095-2.77)
Effector Memory CD4+ T cell %CD4+ T cell 3 .- 0.024 1.643(1.068-2.529)
Terminally Differentiated CD8+ T cell %CD8+ T cell 3 o 0.018 0.599(0.391-0.917)
Terminally Differentiated CD8+ T cell %T cell 2 o 0.023  0.53(0.307-0.916)
Terminally Differentiated CD4-CD8- T cell Absolute Count 2 e P<0.001 5989(2.51-14.29)
Terminally Differentiated CD4-CD8- T cell %CD4-CD8-Tcell 2 ¢ 0.031  0.541(0.31-0.944)
CD14+ CD16- monocyte Absolute Count 3 —— 0.007 2.438(1.28-4.643)
CD19 on naive-mature B cell 2 e 0.021  0.195(0.049-0.778)
CD20 on transitional B cell 2 -e— 0.019 1.829(1.105-3.027)
CD62L on CD62L+ Dendritic Cell 2 e— 0.027  1.96(1.078-3.565)
CD86 on granulocyte 2 e 0.045 0.307(0.097-0.973)
FSC-A on Natural Killer 3 e 0.012  0.532(0.325-0.87)
FSC-A on Natural Killer T 2 o 0.002 0.235(0.095-0.584)
CD39 on CD39+ CD8+ T cell 2 ro— 0.036 1.823(1.039-3.196)
HLA DR on B cell 9 L 0.006 __ 0.785(0.66-0.934)
T T
01 5
B
Immunophenotypes SNP(n) P value OR(95% CI)
CD25++ CD45RA+ CD4 not regulatory T cell Absolute Count 3 0.04 0.567(0.33-0.974)
Effector Memory CD4+ T cell %CD4+ T cell 3 re— 0.022 2.131(1.114-4.077)
Effector Memory CD4-CD8- T cell %T cell 3 0.024 0.378(0.163-0.879)
Terminally Differentiated CD4-CD8- T cell Absolute Count 2 e 0.001 8.017(2.232-28.798)
CD4+ CD8dim T cell %lymphocyte 3 e 0.036 1.714(1.036-2.836)
BAFF-R on CD24+ CD27+ B cell 8 ¢ 0.019 0.745(0.581-0.953)
BAFF-R on IgD+ CD24+ B cell 6 9 0.003 0.745(0.613-0.905)
BAFF-R on IgD+ CD24- B cell 10 0.005 0.769(0.641-0.923)

BAFF-R on IgD+ CD38- B cell
BAFF-R on IgD+ CD38- naive B cell
BAFF-R on IgD+ CD38+ B cell
BAFF-R on IgD+ CD38dim B cell
BAFF-R on IgD- CD24- B cell
BAFF-R on IgD- CD27- B cell
BAFF-R on IgD- CD38- B cell
BAFF-R on IgD- CD38+ B cell
BAFF-R on memory B cell

BAFF-R on naive-mature B cell
BAFF-R on unswitched memory B cell
BAFF-R on switched memory B cell
BAFF-R on IgD+ B cell

0.003 0.755(0.626-0.909)
0.004  0.768(0.64-0.92)

0.005 0.761(0.629-0.92)
0.004 0.763(0.636-0.915)
0.033 0.738(0.558-0.975)
0.031  0.738(0.56-0.973)
0.025 0.758(0.594-0.966)
0.047  0.491(0.243-0.99)
0.004 0.734(0.595-0.904)
0.004 0.762(0.634-0.916)
0.003 0.733(0.596-0.902)
0.017  0.749(0.591-0.95)
0.004 0.764(0.636-0.917)

33 ®©

NWwN®®

3o~

o
2 2 2 8 o 0 0000 9° 0000000

BAFF-R on transitional B cell 8 0.005 0.749(0.612-0.916)
CD19 on CD24+ CD27+ B cell 2 0.016 0.577(0.369-0.902)
CD19 on IgD+ CD24- B cell 4 0.035 0.581(0.351-0.962)
CD19 on memory B cell 2 0.016  0.538(0.325-0.89)
CD19 on unswitched memory B cell 4 0.05 0.573(0.328-1)

CD20 on IgD+ CD38+ B cell 5 |o- 0.026 1.887(1.078-3.306)
BAFF-R on B cell 10 ¢ 0.005 0.768(0.638-0.923)

CD3 on Terminally Differentiated CD8+ T cell

CD3 on HLA DR+ CD4+ T cell

CD3 on activated CD4 regulatory T cell

CD3 on activated & secreting CD4 regulatory T cell
CD3 on CD39+ CD4+ T cell

lo 0.041 2.411(1.035-5.619)
fo 0.024 1.843(1.085-3.131)
3 0.024 1.465(1.05-2.043)
3 0.024 1.457(1.05-2.023)
. 0.04 1.412(1.016-1.962)

2

2

4

4

4
CD123 on plasmacytoid Dendritic Cell 2 fo— 0.011  2.48(1.229-5.003)
CD123 on CD62L+ plasmacytoid Dendritic Cell 2 re— 0.011  2.5(1.231-5.077)
FSC-A on Natural Killer T 2 o 0.03 0.221(0.057-0.864)
CCR2 on plasmacytoid Dendritic Cell 2 « 0.048 0.565(0.321-0.994)
CCR2 on CD62L+ plasmacytoid Dendritic Cell 2 « 0.048 0.564(0.32-0.995)
CD80 on plasmacytoid Dendritic Cell 2 -o— 0.011  2.62(1.244-5.515)
CDB80 on CD62L+ plasmacytoid Dendritic Cell 2 re— 0.011 2.641(1.246-5.596)
SSC-A on plasmacytoid Dendritic Cell 5 > 0.01 2.508(1.243-5.059)
HLA DR on B cell 8 ¢ 0.01  0.674(0.499-0.909)

FIGURE 2
The causal effect of immunophenotypes on cervical cancer. (A) Adenocarcinomas of cervix; (B) Squamous cell neoplasms and carcinoma of cervix;
SNP(n), the number of single-nucleotide polymorphisms; OR, odds ratio; Cl, confidence interval.
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Immunophenotypes SNP(n) P value  OR(95% Cl)
Hematopoietic Stem Cell Absolute Count 2 o 0.014 0.588(0.384-0.9)
T cell %lymphocyte 2 e 0.031 0.353(0.137-0.911)
Natural Killer Absolute Count 3 - 0.045 2.722(1.025-7.229)
Natural Killer %lymphocyte 3 e 0.037 2.386(1.052-5.41)
CD45RA- CD28- CD8+ T cell %CD8+ Tcell 9 0.006 1.021(1.006-1.037)
CD45RA- CD28- CD8+ T cell %T cell 40 0.027 1.007(1.001-1.013)
BAFF-R on IgD- CD38+ B cell 3 —————— 0.007 2.864(1.337-6.135)
CD38 on IgD+ CD38+ B cell 3 —e 0.032 2.317(1.077-4.986)
CD28 on CD45RA+ CD4+ T cell 2 —— 0.02 2.27(1.136-4.535)
CD28 on CD28+ CD45RA+ CD8+ T cell 3 i J 0.008 2.111(1.217-3.664)
FSC-A on Natural Killer 3 . 0.021 0.346(0.141-0.851)
FSC-A on Natural Killer T 2 e 0.01  0.11(0.021-0.588)
CD64 on CD14- CD16- 3 e 0.003 0.276(0.116-0.652)
HLA DR on CD33- HLA DR+ 2 el 0.042 0.699(0.495-0.988)

T T

0 1 5

FIGURE 3

The causal effect of immunophenotypes on cervical cancer (Malignant neoplasm of cervix uteri). SNP(n), the number of single-nucleotide

polymorphisms; OR, odds ratio; Cl, confidence interval

monocyte (OR=0.824, 95%CI:0.73-0.93, P=0.002). However,
immune cells of different traits had opposing effects on ovarian
cancer in TBNK and Myeloid cell panels. HLA DR™ monocyte,
HLA DR on CD33" HLA DR" CD14dim, and HLA DR on CD33"
HLA DR" exhibited favorable effects. On the other hand, Monocytic
Myeloid-Derived Suppressor Cells and CD45 on B cell were
positively associated with the increasing risk of ovarian cancer.
The causal effect of immunophenotypes on ovarian cancer was
shown in Figure 5.

3.5 Vulvar cancer

The IVW analysis indicated that 9 highly probable
immunophenotype traits had causal relationship with vulvar
cancer (Figure 8, Table 3). Terminally Differentiated CD4™ T
cell Absolute Count (OR=3.135, 95%CI:1.247-7.883, P=0.015) and
HLA DR on B cell (OR=1.391, 95%CI:1.115-1.736, P=0.003) were
correlated with increased vulvar cancer risk. Whereas HLA DR*"

monocyte %leukocyte (OR=0.443, 95%CI:0.248-0.793, P=0.006),
CD20 on IgDJr CD24" B cell (OR=0.326, 95%CI:0.139-0.765,
P=0.010), CD4 on HLA DR" CD4" T cell (OR=0.239, 95%
CI:0.099-0.579, P=0.002), HLA DR on CD14" CD16 monocyte
(OR=0.69, 95%CI:0.543-0.876, P=0.002), HLA DR on CDI14"
monocyte (OR=0.682, 95%CI:0.533-0.873, P=0.002), HLA DR
on monocyte (OR=0.706, 95%CI:0.537-0.928, P=0.013), HLA
DR on CD33* HLA DR' CD14™ (OR=0.642, 95%CI:0.466-0.884,
P=0.007) were related to a reduced risk of vulvar cancer. In
addition, we also screened 5 possible immunophenotypes for
vulvar cancer. Figure 6 and Supplementary Table 3 presented
the detailed data.

3.6 Gynecologic carcinoma in situ

There are 65 possible immunophenotypes for gynecologic cancer
in situ, but we found only one highly probable immunophenotype
trait after FDR correction. There are 65 possible immunophenotypes

Immunophenotypes SNP(n) P value OR(95% CI)
CD25++ CD45RA+ CD4 not regulatory T cell %CD4+ T cell 4 o 0.009 1.152(1.036-1.282)
CD25++ CD45RA+ CD4 not regulatory T cell %T cell 4 o 0.009 1.16(1.038-1.297)
CD38 on IgD+ CD24- B cell 2 e~ 0.021 1.286(1.038-1.594)
IgD on IgD+ CD24- B cell 5 » 0.049 1.09(1-1.188)
IgD on IgD+ CD38dim B cell 5 b 0.046 1.096(1.001-1.199)
CD62L on CD62L+ plasmacytoid Dendritic Cell 3 o 0.037 0.831(0.699-0.989)
FSC-A on myeloid Dendritic Cell 3 @ 0.032 1.203(1.016-1.425)
FSC-A on Natural Killer 3 re- 0.032 1.269(1.021-1.578)
CD33dim HLA DR- Absolute Count 3 @ 0.042 1.184(1.006-1.394)
Basophil Absolute Count 3 L 0.047 1.18(1.002-1.389)
CD14- CD16+ monocyte %monocyte 2 o 0.036 0.465(0.227-0.953)
CD28- CD8+ T cell Absolute Count 2 ——e&———  0.083 2.471(1.076-5.675)
BAFF-R on IgD+ CD24+ B cell 6 gl 0.047 1.219(1.003-1.483)
BAFF-R on IgD- CD24- B cell 8 e 0.032 1.249(1.019-1.532)
BAFF-R on IgD- CD27- B cell 8 re- 0.032 1.249(1.02-1.529)
BAFF-R on IgD- CD38+ B cell 3 —— 0.018 1.915(1.12-3.273)
CCR7 on naive CD8+ T cell 2 e 0.038 2.298(1.047-5.039)
CD11c on myeloid Dendritic Cell 5 ——— 0.019 2.061(1.125-3.774)
T T
0 1 6

FIGURE 4

The causal effect of immunophenotypes on endometrial cancer. SNP(n), the number of single-nucleotide polymorphisms; OR, odds ratio; Cl,

confidence interval.
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A Immunophenotypes SNP(n) P value OR(95% CI)
Memory B cell %lymphocyte 2 . 0.045 0.565(0.323-0.989)
IgD+ CD24+ B cell %lymphocyte 2 . 0.039 0.571(0.336-0.972)
HLA DR++ monocyte %leukocyte 2 0.001 0.648(0.5-0.84)
Immature Myeloid-Derived Suppressor Cells %CD33dim HLA DR- CD66b- 2 . 0.032  1.264(1.02-1.566)
Monocytic Myeloid-Derived Suppressor Cells Absolute Count 5 o 0.003 1.205(1.067-1.361)
B cell %lymphocyte 2 o 0.04 0.581(0.346-0.976)
CD45RA+ CD28- CD8+ T cell Absolute Count 418 0.043 1(1-1)
CD3 on HLA DR+ CD4+ T cell 2 e 0.023  1.28(1.034-1.585)
CD16-CD56 on Natural Killer 8 o 0.026  1.187(1.02-1.38)
CD45 on B cell 2 . 0.012 1.855(1.146-3.001)
CD4 on HLA DR+ CD4+ T cell 2 ° 0.024 1.552(1.06-2.274)
HLA DR on CD14+ CD16- monocyte 5 o| P <0.001 0.823(0.74-0.916)
HLA DR on CD14+ monocyte 5 o P <0.001 0.819(0.734-0.913)
HLA DR on monocyte 4 o 0.002  0.824(0.73-0.93)
CD80 on myeloid Dendritic Cell 4 g 0.046 1.279(1.005-1.627)
CD80 on CD62L+ myeloid Dendritic Cell 3 o 0.03  1.345(1.029-1.758)
CD11c on myeloid Dendritic Cell 5 - 0.027 1.323(1.032-1.696)
HLA DR on myeloid Dendritic Cell 6 o 0.009 0.862(0.77-0.964)
HLA DR on CD33+ HLA DR+ CD14- 2 o 0.026 0.848(0.733-0.981)
HLA DR on CD33+ HLA DR+ CD14dim 3 . 0.003 0.769(0.646-0.915)
HLA DR on CD33- HLA DR+ 2 | ol | 0.009 _ 0.855(0.76-0.962)
B 0o 1 3
Immunophenotypes SNP(n) P value  OR(95% Cl)
Monocytic Myeloid—Derived Suppressor Cells Absolute Count 5 - 0.025 1.165(1.019-1.331)
B cell %CD3- lymphocyte 3 o 0.034 0.797(0.647-0.983)
CD28- CD8+ T cell %CD8+ T cell 3 —e———— 0.025 1.626(1.062-2.489)
BAFF-R on CD24+ CD27+ B cell 8 - 0.043 1.108(1.003-1.223)
BAFF-R on IgD+ CD24+ B cell 6 gl 0.044 1.11(1.003-1.229)
BAFF-R on IgD- CD38- B cell 7 re- 0.032 1.116(1.01-1.235)
CD27 on memory B cell 7 [o— 0.04 1.2(1.008-1.428)
CD38 on IgD+ CD38+ B cell 3 —— 0.02 1.402(1.054-1.864)
CD3 on Effector Memory CD8+ T cell 3 * 0.043 1.297(1.008-1.668)
CD3 on HLA DR+ CD4+ T cell 2 —e— 0.013 1.344(1.063-1.699)
CD3 on CD39+ CD4+ T cell 4 e 0.038 1.166(1.008-1.349)
CD64 on CD14+ CD16- monocyte 8 o~ 0.007 1.165(1.043-1.302)
HLA DR on CD14+ CD16- monocyte 5 o 0.015 0.866(0.77-0.973)
CD64 on CD14- CD16+ monocyte 2 ———e———— 0.026 1.764(1.071-2.906)
HLA DR on CD14+ monocyte 5 o 0.015 0.862(0.764-0.972)
CD64 on monocyte 8 | [l | 0.006 1.182(1.049-1.331)
0 1 3
FIGURE 5

The causal effect of immunophenotypes on ovarian cancer. (A) Malignant neoplasm of ovary; (B) Serous carcinoma of ovary; SNP(n), the number of

single-nucleotide polymorphisms; OR, odds ratio; Cl, confidence interval

for gynecologic cancer in situ, but we found only one highly probable
immunophenotype trait after FDR correction (Figure 10). Terminally
Differentiated CD4' CD8 T cell (OR=8.095, 95CI%: 2.206-29.699,
adj.P= 0.039) was significantly positive link with carcinoma in situ of
vulva risk.

In carcinoma in situ of cervix uteri, 26 causative links between
the immune cells and cervical carcinoma in situ have been identified
(Figure 7A, Supplementary Table 5). Compared to other panels,
TBNK had the greatest number of possible associations. CD8dim

T cell was linked in a higher incidence of cervical carcinoma in situ,
but NKT cell, HLA DR CD4" T cell, and HLA DR" NK cell were
protective immune factors. Treg cells also play an important role.
CD39" CD8" T cell %CD8" T cell (OR=1.14, 95%CI:1.012-1.284,
P=0.032), CD3 on activated CD4 regulatory T cell (OR=1.103, 95%
CI:1.007-1.208, P=0.035), CD3 on activated & secreting CD4
regulatory T cell (OR=1.1, 95%CI:1.006-1.204, P=0.036), CD3 on
CD39" CD4" T cell (OR=1.112, 95%CI:1.016-1.216, P=0.021) were
linked in a higher incidence of cervical carcinoma in situ.

Immunophenotypes SNP(n) P value QR(95% CI)
HLA DR++ monocyte %leukocyte 2 e 0.006 0.443(0.248-0.793)
Terminally Differentiated CD4+ T cell Absolute Count 2 e ——————— 0.015 3.135(1.247-7.883)
Effector Memory CD8+ T cell %CD8+ T cell 3 L2 0.038 0.682(0.474-0.98)
CD4+ CD8dim T cell %lymphocyte 3 —e— 0.047 1.607(1.007-2.563)
CD20 on IgD+ CD24+ B cell 2 L 0.01 0.326(0.139-0.765)
CD20 on IgD- CD27- B cell 4 gl 0.019 0.438(0.219-0.874)
CD20 on haive—-mature B cell 6 . 0.028 0.517(0.287-0.932)
CD4 on HLA DR+ CD4+ T cell 2 e 0.002 0.239(0.099-0.579)
HLA DR on CD14+ CD16- monocyte 5 Ll 0.002 0.69(0.543-0.876)
HLA DR on CD14+ monocyte 5 * 0.002 0.682(0.533-0.873)
HLA DR on monocyte 4 * 0.013 0.706(0.537-0.928)
HLA DR on CD33+ HLA DR+ CD14- 2 . 0.007 0.642(0.466-0.884)
HLA DR on B cell 9 o 0.003 1.391(1.115-1.736)

T T

o 1 8

FIGURE 6

The causal effect of immunophenotypes on vulvar cancer. SNP(n), the number of single-nucleotide polymorphisms; OR, odds ratio; Cl,

confidence interval.
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Endometrial carcinoma in situ was revealed to be causally
related to 28 possible immunophenotypes (Figure 7B,
Supplementary Table 5). The Treg panel’s characteristics were
still prominent in endometrial cancer in situ, similar to
carcinoma in situ of the cervix uteri.CD3 on T cell (OR=0.463,
95%CI:0.26-0.827, P=0.009), CD3 on activated CD4 regulatory T
cell (OR=0.576, 95%CI:0.377-0.882, P=0.011), CD3 on CD39"
activated CD4 regulatory T cell (OR=0.538, 95%CI:0.347-0.835,
P=0.006), CD3 on activated & secreting CD4 regulatory T cell
(OR=0.582, 95%CI:0.382-0.884, P=0.011), CD3 on CD39" CD4" T
cell (OR=0.598, 95%CI:0.394-0.909, P=0.016), CD3 on CD28"
CD4" T cell (OR=0.482, 95%CI:0.276-0.842, P=0.01), CD3 on
CD28" CD45RA™ CD8" T cell (OR=0.416, 95%CI:0.215-0.804,
P=0.009), and CD8 on CD28" CD45RA* CD8" T cell (OR=0.621,

10.3389/fonc.2024.1371309

95%CI:0.415-0.931, P=0.021) were inversely correlated with the
incidence of endometrium carcinoma in situ. In Myeloid cell panel,
CD45 on Immature Myeloid-Derived Suppressor Cells (OR=1.65,
95%CI:1.016-2.679, P=0.043) was linked in a higher incidence risk,
while CD33" HLA DR* CD14dim, Granulocytic Myeloid-Derived
Suppressor Cells, CD33 on CD14" monocyte, CD33 on CD33%™
HLA DR* CD11b", CD33 on CD33dim HLA DR* CD11b", and
CD33 on basophil were protective factors for carcinoma in situ of
endometrium. We also found that there were causal links between B
cells, T cell and cDC.

In carcinoma in situ of vulva, we identified 11 possible
immunophenotypes (Figure 7C, Supplementary Table 5). HLA
DR monocyte, CD20 on IgD* CD24" B cell, CD4 on HLA DR*
CD4" T cell, HLA DR on CD14" CD16 monocyte, HLA DR on
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FIGURE 7

The causal effect of immunophenotypes on gynecologic carcinoma in situ. (A) Carcinoma in situ of cervix uteri; (B) Carcinoma in situ of
endometrium; (C) Carcinoma in situ of vulva; SNP(n), the number of single-nucleotide polymorphisms; OR, odds ratio; Cl, confidence interval.
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FIGURE 8

Summary of associations of genetically predicted immunophenotype traits with cervical cancer, ovarian cancer and vulvar cancer.

CD14" monocyte, HLA DR on monocyte, and HLA DR on CD33"
HLA DR" CD14 had a negative association with vulvar carcinoma
in situ. The following factors might raise the incidence of vulvar
cancer in situ: CD25"" CD45RA™ CD4 not regulatory T cell,
Terminally Differentiated CD4" T cell, CD16" monocyte, HLA
DR" Natural Killer cell, CD40 on CD14" CD16" monocyte, and
CD45RA on naive CD8" T cell.

3.7 Sensitivity analysis

Sensitivity analysis was performed to ensure the robustness of
the causal evaluation because IVW methods are prone to weak
instrumental bias. The highly probable or possible
immunophenotypes showed no evidence of horizontal pleiotropy
when examined using the MR-Egger intercept method (all P > 0.05).
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Cochran’s Q statistic test did not reveal any evidence of
heterogeneity (all P > 0.05). The MR Steiger directionality test
additionally demonstrated the causative links between immune cells
and gynecologic malignancies. In our results, reverse causality was
not observed. (Supplementary Tables 7).

4 Discussion

The three most prevalent types of gynecological malignancies
are cervical cancer, endometrial cancer, and ovarian cancer (1).
Besides endangering a woman’s ability to conceive, the
gynecological cancers can be fatal in their advanced stages. In
addition, female patients will suffer serious psychological harm as
a result of the lesion’s location. More research is showing that
immunological imbalance is necessary for cancer developing, but
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FIGURE 9

Summary of associations of genetically predicted immunophenotype traits with endometrial cancer. * means “P value <0.05, but 0.05< adj.P value

<0.2 after FDR correction.

the function of the immune system in the progression of
gynecological cancers is still unknown. In this study, we used a
two-sample MR analysis to acquire information about the genetic
evidence links between immunophenotypes and four gynecologic
malignancies. With IVW techniques, we successfully managed to
determine 65 possible immunophenotype traits and 50 highly
probable ones. 19 traits in B cell panel, 8 in TBNK, 6 in c¢DC,
monocyte, and maturation stages of T cell, 4 in myeloid cell, and 2
in Treg composed the highly probable immunophenotypes. In
order to help the general public understand the excellent
outcomes, we also plotted a schematic summary figure in
Figure 11. The study revealed a more thorough and trustworthy
causation of immunophenotype in gynecologic cancers than
we anticipated.

We used 4 distinct MR analysis methods to conduct a large-
scale MR analysis for this work. Initially, we searched into the
potential connection between immune cells and four gynecologic
cancers, including preinvasive carcinoma. 206 pairs of significant
(P<0.05) causal associations were confirmed by the results of the
MR analysis (Supplementary Table 2). Nevertheless, we modified
the P-value to adj.P-value (FDR adjusted with Benjamini-Hochberg
method) in regard to multiple comparisons. Our research revealed
that 32 pairs had highly probable causative effects for cervical
cancer, 9 for ovarian cancer, and 9 for vulvar cancer.
Unfortunately, the findings failed to confirm a high probability of
a causal link between immunophenotype traits and endometrial
cancer. Thus, we identified the immunophenotypes that showed P
value <0.05; and 0.05< adj. P value <0.2 was considered to be
possible factors. Subsequently, 18 possible immunophenotypes for
endometrial cancer and 65 for in situ gynecologic carcinoma
were identified.

In assessing immunological components in the TME, T cells
and myeloid cells have been the subject of numerous investigations.
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But little research has been done on the function of B cells. In our
study, the B-cell panel showed the highest number of significant
associations in cervical cancer when compared to other panels, and
the majority of B cells panel (e.g. BAFF-R on CD24" CD27" B cell,
BAFF-R on IgD" CD24" B cell, BAFF-R on IgD* CD24- B cell,
BAFF-R on IgD" CD38- B cell, CD19 on CD24" CD27" B cell, and
CD19 on memory B cell) were protective factors against cervical
cancer. A recent investigation provided evidence that B-cells
performed an anti-tumorigenic effect on squamous cell
carcinomas associated with HPV. Furthermore, the findings
demonstrated that B-cell specific molecule (CD19) was a
predictive survival biomarker in head and neck squamous cell
carcinoma and cervical squamous cell carcinomas (32).
Additionally, Kim SS et al. discovered that B-cell depleted mice
had larger tumors and grew at a faster rate than matched mice with
controls, indicating a critical function for B-cells in the progression
of squamous cell carcinoma (32). Cao and colleagues mapped the
immunological landscape of cervical cancer using single-cell RNA
sequencing. The findings demonstrated that germinal center B cells
improved clinical outcomes and have anti-tumor abilities (33). The
diversity of B-cell subsets in anti-tumor responses was also
demonstrated by Cao et al. Our findings were consistent with the
aforementioned studies, which show that B cells significantly
improved the prognosis of cervical cancer patients.

Prior studies have indicated that the lymphocyte-to-monocyte
ratio (LMR) has been explored as a potential predictive marker for
ovarian cancer. Similarly, we discovered that monocytes (such as HLA
DR on CD14" CD16-monocyte, HLA DR on CD14" monocyte, and
HLA DR on monocyte) were linked to a lower risk of ovarian cancer.
According to a clinical trial, patients with a high LMR typically respond
better to chemotherapy, and the complete response (CR) rate differed
significantly between the LMR-low and LMR-high groups. (48.9% vs.
75.3%, P < 0.0001) (34). In patients with ovarian cancer, low LMR was
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FIGURE 10

Summary of associations of genetically predicted immunophenotype traits with gynecologic carcinoma in situ. * means “P value <0.05, but 0.05<

adj.P value <0.2 after FDR correction.

linked with poor survival outcomes, particularly poor OS and PFS,
based on the findings of a meta-analysis (35). Consistent with previous
research, our results showed that monocytes were positively correlated
with survival and may contribute to maintaining the equilibrium
between anti-tumor immune response and tumor promoting capacity.

This study is the first to investigate the causative relationships
between immunophenotype traits and gynecologic malignancies via
a two-sample Mendelian randomization. The study’s main strength
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is the MR method, which eliminated bias from other variables and
reverse causality. Our analysis’s broad coverage of immune cells and
large sample size, which outperformed comparable observational
studies in terms of statistical efficiency, are two of its main
advantages. An additional benefit is that our study was limited to
European participants, thereby decreasing the possibility of
heterogeneity. Thirdly, all IVs satisfied the criterion that F-
statistics > 10, confirming no weak IVs bias. Yet it is also
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A schematic summary figure for the positive results after the Bonferroni method. (Created with Figdraw). (A) Three important assumptions for

choosing instrumental variables (IVs); (B) The overview of the study design.

essential to note our study’s limitations. First off, since all the
GWAS summary data were from European populations, more
research is needed to determine whether our findings apply to
other racial or ethnic groups. Second, we are unable to do a stratified
analysis of the population in the absence of baseline information
(such as age, gender, TNM stage, and grade), which could
potentially muddy the causal link due to hidden population
structure. Thirdly, there are fewer SNPs accessible for some
immunophenotype features in this because of the stringent
screening IV cut-off, which could have resulted in bias.

5 Conclusions

To sum up, we discovered that the level of various
immunophenotypes was connected to a risk of gynecologic
malignancies based on a bidirectional two-sample MR study. Our
study presented intriguing results on the causative relationship
between immunological factors and gynecologic cancers.
According to our findings, immune cell-targeting lymphocyte
subset harmonies may be a viable intervention strategy for the
prevention of gynecologic cancers. These findings also offer
compelling justification for the creation of new immune cell-
targeting therapies and additional methods for diagnosis.
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Arachidonic acid (AA) is a crucial polyunsaturated fatty acid in the human body,
metabolized through the pathways of COX, LOX, and cytochrome P450 oxidase
to generate various metabolites. Recent studies have indicated that AA and its
metabolites play significant regulatory roles in the onset and progression of
ovarian cancer. This article examines the recent research advancements on the
correlation between AA metabolites and ovarian cancer, both domestically and
internationally, suggesting their potential use as biological markers for early
diagnosis, targeted therapy, and prognosis monitoring.

KEYWORDS

arachidonic acid, ovarian cancer, metabolic pathway, biological marker,
targeted therapy

1 Lipid metabolites in ovarian cancer

Ovarian cancer(OC) is a common gynecological malignant tumor with a hidden onset,
high degree of malignancy, and high mortality rate (1). Globally, there are nearly 240,000
new cases annually, with the ovarian cancer mortality rate expected to significantly increase
by 2040 (2). However, the lack of specific markers for ovarian cancer means that most
patients are diagnosed in the late stages of the disease (51% in stage III or 29% in stage IV),
missing the optimal timing for surgery, resulting in a 5-year survival rate of only 26-42%
(3). Therefore, there is an urgent need to develop new molecular markers for the prevention
and treatment of ovarian cancer. Extensive research indicates a close relationship between
abnormal lipid metabolism and tumor development, increasing the possibility of detecting
subtle metabolic changes in early tumor formation, making it a promising candidate as an
ideal biomarker for ovarian cancer diagnosis (4-6). Among them, arachidonic acid is
considered a key lipid metabolism product, playing a significant role in cell proliferation,
apoptosis, invasion, and metastasis. Therefore, research on arachidonic acid and other lipid
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metabolites can not only help us better understand the pathogenesis
of ovarian cancer but also offer new insights and methods for the
treatment and prevention of this disease.

2 Arachidonic acid metabolism
in cancer

Arachidonic acid (AA) is an essential omega-6 polyunsaturated
fatty acid in the human body (7). The endogenous generation of
arachidonic acid (AA) is derived from phospholipids in the cell
membrane, which is catalyzed by the superfamily of phospholipase
A2 (PLA2). This process is induced by various cellular activation
signals, including stimulation of tumor necrosis factor receptor
(TNFR) and toll-like receptor 4 (TLR4) in the course of
inflammation or infection. Among the members of the PLA2
enzyme superfamily, three contribute to eicosanoid production
and are involved in distinct functions within eicosanoid
metabolism (8-10). The cytosolic calcium-dependent PLA2 alpha
(cPLA20) primarily facilitates the production of free fatty acids
(FFAs) and generation of AA, which plays a crucial role in cellular
signaling (11). The cytosolic calcium-independent PLA2 alpha
(iPLA20) contributes to cellular homeostasis through synthesis of
specialized pro-resolving mediators (SPMs) and reacylation of free
AA, while secretory PLA2 (sPLA2), operating in a paracrine
manner, controls the release of free AA and induces local
inflammatory responses. In addition to PLA2 enzymes, other
enzymes known as phospholipase C (PLC) and phospholipase D
(PLD), generate AA via intermediate products such as
diacylglycerol(DAG) (12-14). Free AA is converted in three ways:
@ Cyclooxygenase (COX) enzymes catalyze the metabolic
conversion of arachidonic acid to prostanoids including
prostaglandins (PGs), prostacyclin, and thromboxane(TXs). @
Lipoxygenase (LOX) pathways catalyze the conversion of

10.3389/fonc.2024.1381894

arachidonic acid to leukotrienes and lipoxins. ® Cytochrome
P450 enzyme (CYP) pathway (15) (Figure 1). Previous studies
have demonstratedthat AA and its metabolites promote the
occurrence and development of tumors by regulating the process
of cell carcinogenesis, progression, and differentiation such as cell
proliferation, chemotaxis, mitosis, migration, and apoptosis (16—
18). Therefore, AA metabolism is considered to be one of the active

metabolisms in tumor metabolism.

2.1 The action of COX pathway in tumor

The COX enzyme is the initial catalyst in the arachidonic acid
pathway for prostaglandin (PG) and thromboxane (Tx) synthesis,
existing in three isomeric forms: COX-1, COX-2, and COX-3 (19).
Both COX-1 and COX-2 enzymes facilitate the conversion of cell
membrane phospholipids to arachidonic acid via phospholipase A2,
followed by its conversion to PGH2 through PGG2 (20)
(Figure 2).COX-1 is a constitutive enzyme essential for normal
physiological functions and widely distributed across various tissues
to safeguard cellular integrity (21). There is no significant difference
in the expression level of COX-1 between tumor tissues and normal
tissues (22).

COX-2 is an inducible enzyme that performs a crucial function
in the pathophysiological process of various cancers, including
pancreatic, breast, prostate, lung, liver, cervical, bowel, and skin
cancer (23-28). It is either not expressed or expressed at low levels
in most normal tissues. The expression of COX-2 is associated with
inflammation, cell survival, proliferation, angiogenesis, invasion,
and metastasis. In response to growth factors and endotoxins,
COX-2 is briefly but strongly expressed. The overexpression of
COX-2 significantly enhances the production of PGE2, leading to
increased cell aggressiveness (29). PGE2 contributes to the
development and progression of many cancers by activating the

Cell membrane phospholipids

Cancer cell
/Nucleus
/ °
cox LOX '/ CYP450
12-LOX 5-LOX
PGG2 5-HPETE
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FIGURE 1

Overview of the three pathways for AA metabolism in cancer. Upon cell stimulation, phospholipase A2 induces FFAs, primarily AA derived from the
lipid bilayer. The released AA is metabolized into bioactive lipid signaling molecules by three different enzymatic pathways. COX-1/2 metabolize AA
to a series of prostaglandins (PGD2, PGE2, PGF2, PGH2, and PGI2).5-LO metabolizes AA to 5-HETE, LTB4, and cysteine leukotrienes, and 12-LO
metabolizes AA to 12-HETE. Both subtypes of 15-LO metabolize AA to 15-HETE and, to a lesser extent, 12-HETE. Cytochrome P450 metabolizes AA

to 19-/20-HETEand so on.
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membrane receptors EP (including EP1, EP2, EP3, and EP4
receptors) and the nuclear receptor PPARS of target cells (30).
Other studies have indicated that high expression of COX-2 can
hinder the apoptosis of tumor cells, which is crucial in the early
stages of tumor formation (31). The overexpression of COX-2 can
result in increased synthesis of PG, which plays a significant
biological role in tumor growth and proliferation. PGE2 can
impede apoptosis induced by selective COX-2 inhibitors by
upregulating the anti-apoptotic protein bc-12 (32). Kajita et al.
discovered that the level of specific enzymes in the PG synthesis
pathway, such as TXA2 synthetase, increased in papillary thyroid
carcinoma. Additionally, the expression of COX-2 protein in
papillary thyroid carcinoma was higher than in normal thyroid
tissue and varied greatly, indicating that COX-2 could promote the
growth of the thyroid papillary gland (33). These findings suggest
that the increased expression of these enzymes may contribute to
the pathogenesis of tumors.

What’s more, angiogenesis is the physiological basis of solid
cancer growth and metastasis (34). The high expression of COX-2
and its metabolite PGE2 promotes angiogenesis by up-regulating
angiogenic factors such as vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) (35). COX-2
also promotes the metastasis and invasion of ovarian cancer by
inducing matrix metalloproteinases (MMPs) in the extracellular
matrix and the decomposition of collagen matrix, which may be
involved in the activation of the PI3K/AKT signaling pathway (36—
38). Inhibition of COX-2 with its specific inhibitor NS-398 can
increase the expression of E-cadherin and inhibit the expression of
slug, vimentin, MMP2, and MMP9, thereby suppressing the
invasion and metastasis of ovarian cancer cells under estrogen
treatment (39-41). Moreover, overexpression of COX-2 in
ovarian cancer cells can directly up-regulate Bcl-2 expression
through the increased synthesis of PGs. In addition, COX-2 can
inhibit the proliferation of T and B lymphocytes through its product
PGE2, and also inhibit the synthesis of cytokines to reduce the
cytotoxicity of natural killer cells (42). Therefore, the role of COX-2
and PGE2 in promoting tumor proliferation and invasion, reducing
tumor cell apoptosis, and promoting tumor angiogenesis has been
confirmed, and it proved that they play an important role in

Cancer cell

FIGURE 2
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carcinogenesis, and have the function of promoting tumor by
inhibiting the body’s immunity (43).

2.2 The action of LOX pathway in tumor

LOX is the initial enzyme in the leukotriene (LT) pathway of
arachidonic acid. Isoenzymes of LOX consist of 5-LOX, 12-LOX,
and two isomers of 15-LOX (15-LOX-1, 15-LOX-2). However, 5-
LOX, 12-LOX, and 15-LOX-1 have pro-tumor effects, while 15-
LOX-2 appears to have anticancer effects (44).

LOX catalyzes the oxidation of arachidonic acid to 5-HPETE,
which is subsequently metabolized to 5-HETE (5-
hydroxyeicosatetraenoic acid) and LTB4 (leukotriene B4) (45). As
a member of the arachidonic acid oxygenase family, 5-LOX is
composed of 674 amino acids and is a monomeric enzyme
containing iron ions. 5-LOX can be transcriptionally regulated by
transcription factor Er, Sp1, nuclear factor-xB (NF-xB), and GATA
(46). 5-LOX is activated by 5-LOX activating protein (FLAP) to
catalyze arachidonic acid, which is released from the phospholipid
bilayer by phospholipase A2 (47). Arachidonic acid is transformed
into 5-HPETE, which can be metabolized by glutathione peroxidase
into 5-HETE (48). The activity of 5-LOX leads to the formation of
unstable LTA4, which can be converted to LTB4, LTC4,LTD4 and
LTE4 (49). More significantly, the average endogenous level of LOX
metabolites such as 12-HETE (12-hydroxyeicosatetraenoic acid) in
primary prostate cancer were found to be significantly higher than
that in non-neoplastic prostate tissue. It is suggested that 12-HETE
is crucial in the progression of prostate cancer and the LOX
pathway may be a target for the treatment and prevention of
prostate cancer (50). 12-HETE has also been shown to play an
important role in cancer adhesion, invasion, and metastasis. It
stimulates NF-kB activation and NF-xB-dependent ICAM-1
expression through RhoA and PKCa signaling pathways, and the
Rho/Rac family of GTases also play a role in cell adhesion and
migration. 12-HETE can also promote the secretion of protease and
enhance the motor capacity of tumor cells (51)(Figure 3).

Various environmental and chemical carcinogens activate pro-
tumor mediators during carcinogenesis, including 5-LOX, whose
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Overview of the pathways for the COX-mediated AA metabolism in cancer.
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Overview of the pathways for the LOX-mediated AA metabolism in cancer.

metabolite 5S-HERE acts as a substrate for COX-2 to form bicyclic
and is further transformed into two pro-angiogenic mediators (52).
However, the specific role of these products in cancer development
needs better understanding, given the pro-angiogenic role of these
enzymes. As a result, 5-LOX is considered a new target for cancer
prevention and treatment, while LETA4 hydrolase is considered a
tumor promoter whose inhibitors can reduce tumor growth and
development (53). Although most of the metabolites synthesized by
the COX and LOX pathways can promote tumorigenesis.
Additionally, CYP450 monooxygenase-derived metabolites can
also regulate the occurrence and growth of cancer, playing both a
pro-tumor and anti-tumor role (54).

2.3 The action of CYP pathway in tumor

Cytochrome P450 (CYP) belongs to the group of hemoglobin
enzymes. It is a super-family gene encoding isoenzymes with a
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structure and function related to CYP. The combination of reduced
CYP and carbon monoxide (CO) has a special light absorption peak
at 450 nm (55). The expression of CYP surface oxidase is
significantly high in cancer tissues, while almost no expression is
found in adjacent normal tissues. This confirms that CYP surface
oxidase and its metabolites can regulate the occurrence and growth
of cancer, playing both a pro-tumor and anti-tumor role. It has been
shown that reducing the expression and activity of CYP450 has
anti-tumor effects, making it a promising anti-cancer treatment
method (56) (Figure 4).

Arachidonic acid produces epoxyeicosatrienoic acid (EETs) and
hydroxyeicosatetraenoic acid (HETEs) through the catalysis of
cytochrome P450 surface oxidase. EETs are further categorized
into four types: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET (57,
58). Recent studies have focused on the role and mechanism of
EETs in important biological processes of tumors, including
proliferation, apoptosis, and metastasis (59). These studies have
revealed that EETs can significantly enhance the proliferation of
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tumor cells and protect them from TNF-a-induced apoptosis by
up-regulating anti-apoptotic proteins Bcl-2 and Bcl-XL, while
down-regulating pro-apoptotic proteins Bax and Bak, thereby
reducing the activity of caspase-3 protein (60).

In light of the characteristics of the CYP gene superfamily,
research on the correlation between CYP and gynecologic tumors
primarily focuses on specific CYP polymorphisms involved in sterol
hormone metabolism. The polymorphisms of CYPIAI, CYPIBI,
CYPI7, and CYPI9 have garnered increasing attention in relation
to gynecologic tumors (61, 62). CYPlAl is an enzyme involved in the
metabolism of polycyclic aromatic hydrocarbons (PAHs), which are
significant metabolically active chemical carcinogens, and is
expressed in various sterol hormone-reactive tissues such as the
ovary, mammary gland, and prostate. Studies have shown that the
CYPIAI Ile/Val and Val/Val genotypes are significantly more
common in patients with epithelial ovarian tumors, indicating
that women with these genotypes are at higher risk for ovarian
cancer (63). CYP and its lipid metabolites play a role in the
development of ovarian tumors, and their expression may be a
crucial marker for tumor development (64).

3 Arachidonic acid metabolism in OC
3.1 Cox pathway in ovarian cancer

AA catalyzes the synthesis of prostaglandins (PGs) and
thromboxanes (TXs) through cyclooxygenase (COX). There are
two subtypes of COX: COX-1 and COX-2. COX-1 is widely
distributed in tissues, with no significant difference in expression
levels between tumor tissues and normal tissues. On the other hand,
COX-2 is closely associated with the development of inflammation
and tumors. Overexpression of COX-2 significantly promotes the
biosynthesis of prostaglandin E2 (PGE2). PGE2 stimulates the
occurrence and progression of various cancers by activating
membrane receptors EP and nuclear receptor PPARS in target cells.

Recently, Mauricio A. Cuello discussed the impact of COX-2 on
the immune spectrum of high-grade serous ovarian cancer
(HGSOC). Elevated levels of COX-2 may hinder NK cell activity,
promote the expression of cytotoxic T lymphocyte-associated
protein-4 (CTLA-4), affecting the efficacy of anti-CTLA-4
immunotherapy in HGSOC patients. Targeting COX-2 before
anti-CTLA-4 immunotherapy could be a promising strategy to
enhance the effectiveness of immunotherapy in ovarian cancer
patients (42). Additionally, Ning Ding’s research found that the
overexpression of COX-2 in SKOV3 cells (human ovarian cancer
cells) is associated with the acquisition of stem cell properties,
inflammatory microenvironment, enhanced tumor sphere
formation, increased cell proliferation, and enhanced metastatic
potential, all contributing to ovarian cancer progression and
metastasis (65). Based on current research, the roles of COX- and
LOX-derived class of diterpenes in cancer have been fairly well
studied. COX-1, COX-2, mPGES-1, EP1, and EP2 are mainly
expressed in epithelial cells of human epithelial ovarian cancer
(66). The expression of COX-2 in ovarian cancer cells is regulated
by various cytokines, such as EGF, vitamin D, IL-1f, which can
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stimulate the proliferation, migration, and angiogenesis of ovarian
cancer cells. It mainly enhances the proliferation and migration of
human ovarian cancer CAOV-3 cells by activating the
phosphatidylinositol 3 kinase/protein kinase B (PI3-k/Akt)
pathway (67). Moreover, by analyzing epithelial ovarian cancer
tissues and cell lines, COX-2 also regulates cell growth and
apoptosis through the PI3K/AKT signaling pathway in ovarian
cancer tissues (68).

3.2 LOX pathway family in ovarian cancer

In the Lipoxygenase (LOX) pathway, AA is catalyzed by the LOX
enzyme, undergoing an oxidation reaction at specific sites to form
hydroxyl-containing products, namely Hydroxyeicosatetraenoic acid
(HETEs, including 5-, 8-, 12-HETE, etc.). Additionally, there are
lipoxins (LXs), leukotrienes (LTs), and other products, which will not
be the focus here.

Research in ovarian cancer has found an increased expression
level of 5-LOX in the immune stroma of tissues, suggesting a
specific impact on the tumor microenvironment during tumor
initiation and progression (47). Under hypoxic conditions, the
transcription levels of 5-LOX and ALOX5AP in ovarian cancer
cell lines also increase, significantly correlating with poor overall
survival, progression-free survival, lymphatic infiltration after initial
treatment, rapid relapse, and other adverse clinical pathological
features. Current studies have discovered that various LOX pathway
metabolites, such as HETEs, play a role in inhibiting tumor cell
apoptosis, stimulating angiogenesis, enhancing cell proliferation,
and promoting metastasis. The presence of 12-HETE has been
identified in high-grade serous ovarian cancer and normal ovarian
epithelial tissues. The 12-LOX - 12-HETE system is present in two
epithelial ovarian cancer cell lines, OVCAR-3 and SK-OV-3, with
high levels of 12-LOX mRNA and protein (69, 70). Exposure to
arachidonic acid increases the production of 12-HETE in both
epithelial ovarian cancer cell lines. Numerous studies have
confirmed its ability to promote the proliferation, adhesion,
migration, and angiogenesis of various cancer cells such as breast,
prostate, and colon cancer. These findings collectively indicate that
metabolites produced by the LOX pathway can play a role in the
development of ovarian cancer through different isoenzymes (71).

3.3 CYP450 pathway in ovarian cancer

Most studies on gynecologic malignant tumors have focused on
the arachidonic acid oxygenase pathway, particularly examining the
roles of PGE2 and PGF2a along with their respective receptors.
While some research has touched upon the P450 cytochrome
epoxygenase pathway in ovarian cancer, there is a lack of in-
depth mechanistic studies in this area (72). Research indicates
that CYP2C8 and CYP3AS5 are prominently expressed in the
majority of ovarian tumors, showing higher THC staining
intensity of CYP3A5 and other CYP enzymes in primary ovarian
cancer tissues. In contrast, CYP3A4 is expressed at significantly
lower levels in ovarian cancer (73, 74).
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Arachidonic acid is converted into four eicosanoids (EETs) by
cytochrome P450 oxygenases (CYP oxygenases). Human EETs are
synthesized by the CYP2 family, including the CYP2C and CYP2]
families. EET' are intermediate products downstream of the VEGF
signaling pathway, regulating vascular tone and maintaining
vascular homeostasis. They have been shown to promote
endothelial cell proliferation, enhance endothelial cell migration
through pathways such as eNOS, MEK/MAPK, and PI3K, and
boost VEGF-mediated angiogenesis. Angiogenesis plays a crucial
role in tumor development, enabling tumors to access more
nutrients and oxygen for continued growth, spread, and
metastasis by providing pathways for tumor cells to travel
through the bloodstream to distant sites.

4 The arachidonic acid metabolism in
tumor microenvironment of
ovarian cancer

AA is a highly concentrated polyunsaturated fatty acid present in
the microenvironment of ovarian cancer, with multiple research
findings indicating its association with adverse clinical outcomes
(75). Enzymes and metabolites related to the AA metabolic pathway
regulate various pathophysiological processes in the cellular system,
establishing the tumor microenvironment (TME) (76). The
progression, metastasis, and spread of cancer, as well as the evasion
of tumor cells from immune surveillance, crucially depend on the
signaling network of the tumor microenvironment. In ovarian cancer,
ascites is a significant component of the peritoneal TME, containing
numerous tumor spheroids and immune cells, particularly tumor-
associated macrophages (TAMs), T cells, and NK cells (77). Studies
have reported a correlation between ovarian cancer survival and the
abundance of immunosuppressive CD163-CD206-high tumor-
associated macrophages (TAMs) and high levels of arachidonic
acid (AA) in the tumor microenvironment. A research also
indicates that the high expression of CD163 and CD206/MRC1 in
TAMs is closely related to the inhibition of cytokine-triggered signals,
reflecting impaired interferon and IL-6 transcriptional responses in
monocyte-derived macrophages by AA (78). How does arachidonic
acid affect the cytokine-triggered signals in macrophages? It
influences the signal transduction of cytokine-triggered signals in
macrophages by inhibiting the transcriptional responses to interferon
and IL-6. This inhibition of pro-inflammatory signals is caused by
dysfunction of homologous receptors, manifested as inhibition of
JAK1, JAK2, STATI, and STAT3 phosphorylation, as well as the
relocation of interferon receptor IFNAR1, STAT], and other immune
regulatory proteins in lipid rafts. Exposure to AA leads to significant
accumulation of free AA in lipid rafts, which appears to be a crucial
mechanism, as inhibiting its binding to phospholipids does not affect
AA-mediated interference with STAT1 phosphorylation. Therefore,
the association between arachidonic acid and TAM:s in the ovarian
cancer microenvironment involves high levels of arachidonic acid
impairing the signal transduction and transcriptional responses of
TAMs, leading to an immunosuppressive environment. Additionally,
macrophages play a key role in tumor growth, metastasis, immune
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suppression, and chemoresistance, contributing significantly to the
progression and treatment of drug resistance in ovarian cancer (79).

5 Targeted therapy and drugs for
arachidonic acid metabolism

An article entitled “Targeting LTA4H facilitates the reshaping
of the immune microenvironment mediated by CCL5 and sensitizes
ovarian cancer to Cisplatin” discusses the establishment of a
prognosis model for ovarian cancer based on pufa-related genes,
the role of the downstream LTA4H gene in the progression and
drug resistance of ovarian cancer, and potential treatment strategies
for ovarian cancer (80). The article highlights the significant role of
LTA4H in influencing tumor characteristics and the immune
microenvironment in the context of ovarian cancer. Positive
correlation between LTA4H and poor prognosis in ovarian cancer
has been observed, with the lack of LTA4H enhancing sensitivity to
Cisplatin. Knockdown of LTA4H has been shown to inhibit the
proliferation of ovarian cancer cells, while high expression of
LTA4H leads to a decrease in infiltrating CD8+ T cells, which are
crucial for anti-tumor immune responses. Furthermore, LTA4H is
associated with abnormal metabolism in the arachidonic acid (AA)
pathway, resulting in a reduction of certain chemokines such as
CCL5. The decrease in chemokines may lead to changes in the
composition of immune cells in the tumor microenvironment.
LTA4H has been identified as a potential therapeutic target.
Targeting LTA4H, whether through genetic manipulation or
chemical inhibition, can yield favorable therapeutic effects for
ovarian cancer. However, targeted therapies and drug researches
related to arachidonic acid metabolism in ovarian cancer are still in
the exploratory stage and have not yet been widely applied in
clinical settings. Due to the complexity of the biochemical
properties of AA and its metabolites, inhibitors of AA have been
continuously discovered to have effects in tumors. Additionally,
COX-2, HETEs, and key enzymes in their metabolic pathways may
become potential targets for early cancer detection and treatment.

COX-2, LOX-5, and HETEs, along with the key enzymes in
their metabolic pathways, could be potential targets for the early
detection and treatment of cancer. The standard initial treatment
for ovarian cancer is a combination of platinum and taxane (81, 82).
However, due to the complexity of the biochemical properties of AA
and its metabolites, the role of its inhibitors in tumors is continually
being uncovered.

The COX inhibitor SC-560 was initially used as a pharmacological
tool to study the role of COX-1-derived prostaglandins in inflammation
and pain. It was later found that at specific doses of COX-1 inhibition,
SC-560 exhibited mild to moderate inhibitory effects on tumor growth.
Its anti-tumor activity has been demonstrated in various ovarian and
colorectal cancer in vitro models and other types of tumor tissue. SC-
560 also enhanced the sensitivity of paclitaxel-resistant ovarian cancer
cell lines with MDRI1/p-glycoprotein upregulation to paclitaxel. It
belongs to a group of small molecules that may target specific genes
in ovarian cancer stem cells (OVCSC), suggesting that SC-560 could be
a promising lead compound for ovarian cancer (83).
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Reduced expression of COX-2 and PGE is positively associated
with decreased severity and occurrence of ovarian cancer.
Currently, COX-2 has been recognized as a new cancer
chemoprevention and therapeutic target. Selective COX-2
inhibitors like celecoxib, when used in combination with anti-
cancer drugs, can overcome multidrug resistance in various
cancers. They can also reduce cell growth, increase cleaved
caspase-3 activity, and induce cell cycle G1 phase arrest in a dose-
dependent manner in ovarian cancer cells (84).

Additionally, recent studies shown that the CYP4A/F-20-HETE
pathway has a positive feedback regulatory effect (85). The AA
pathway inhibits tumor cell migration and invasion by inhibiting
20-HETE synthesis. This is achieved by using the selective 20-HETE
inhibitor N-hydroxy-N’-(4-butyl-2-methylphenyl)formamidine
(HET0016), which significantly reduces the levels of vascular
endothelial growth factor responsible for tumor cell
communication with the microenvironment (86, 87), whether
used alone or in combination. It is worth noting that ovarian
cancer shows upregulation of CYP4A/F family enzymes involved
in 20-HETE production and widespread use of HET0016 as a
therapeutic approach against excessive proliferation (88).

Studies have also indicated that berberine, a natural compound
with low cytotoxicity in normal cells, effectively inhibits the
regeneration of post-chemotherapy ovarian cancer cells,
particularly SKOV3 cells induced by VP16 (82, 89). Berberine can
lower AA levels while increasing PGE2 levels, thus reversing the
caspase-3-iPLA2-AA-COX-2-PGE2 pathway induced by
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chemotherapy drugs in SKOV-3 cells (90). This confirms that
berberine can prevent recurrence of ovarian cancer, suggesting
that combining chemotherapy drugs with berberine may prove to
be an effective approach for preventing its recurrence (89).

6 Functional and signaling pathway
enrichment analysis of AA metabolism
related genes in OC

To comprehensively evaluate the function and signaling
pathways of AA metabolism related genes in OC, we obtained
transcriptome expression profile data from TCGA-OV cohort and
normal ovarian tissues, and after analysis, a total of 8885 differentially
expressed genes (DEGs) were identified (Figure 5A).Then, veen
analysis was utilized to identify the above DEGs and AA
metabolism related genes,resulting in a total of 34 overlapping
DEGs (Figure 5B). To further determine the function of 34
candidate genes with related signaling pathways in OC, enrichment
analysis was performed. Gene Ontology (GO)-biological process (BP)
analysis showed that candidate genes were primarily involved in
carboxylic acid metabolic process and monocarboxylic acid
biosynthetic process, while GO-cellular component (CC) analysis
showed that candidate genes were mainly located in endomembrane
system and organelle membrane, with molecular functions (MF)
mainly including aromatase activity, metal ion binding, and cation
binding (Figure 5C).
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To discover the potential prognostic significance of key genes of
AA metabolism, we performed a univariate Cox hazard regression
analysis. The expressions of 3 genes were found to be significantly
associated with OC patient with overall survival(OS) and 2 genes
associated with OC patient with progression-free survival (PES)
(Figures 5D, E).

7 Prospect

With the continuous development of research methods and
tools, it has been gradually discovered that AA and its metabolites
play important roles in the proliferation, metastasis, apoptosis,
angiogenesis, and inflammatory responses of various tumor cells
such as ovarian cancer, as well as in treatment and prognosis. High
levels of COX, LOX, CYP, and key enzymes in related metabolic
pathways may serve as potential targets for early detection and
treatment of ovarian cancer. These pathways have been utilized to
assess the progression of ovarian cancer, which is crucial for clinical
diagnosis of the disease, especially early diagnosis. As an important
metabolite of AA metabolism, an increased level of 15(S)-HETE has
been identified in various cancers, including non-small cell lung
cancer and breast cancer, which suggests that 15(S)-HETE could be
served as a potential biomarker for cancer diagnosis (44).245
epithelial ovarian cancer samples were explored by tissue
microarray and revealed a higher expression of 12-LOX.
Furthermore, it was found that free fatty acid metabolism via
LOX pathway leads to an elevated level of 8-HETE in women at
risk for developing ovarian cancer. Therefore, measuring levels of 8-
HETE could be proposed as an important indicator for assessing the
risk of ovarian cancer (91).

This review emphasizes the critical role of AA and its
metabolites in the occurrence, development, and metastasis of
ovarian cancer. However, due to the complex biochemical nature
of AA and its metabolites, their role in ovarian cancer remains
challenging. Further research into the relationship between AA and
tumor development is essential, requiring a more comprehensive
and systematic exploration of the association between inhibitors
and combination therapy efficacy. It is anticipated that with the
discovery of more biomarkers, AA will usher in a new era of gene-
targeted cancer therapy.
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Purpose: We prospectively analyzed the correlation between fasting plasma
glucose (FPG) and the risk of breast cancer in women; explored the independent
risk factors for breast cancer in women, and compared the effect of FPG level on
the risk of young and non-young breast cancer. Our study provides new
evidence and ideas for research into breast cancer etiology in China, improves
the accuracy of secondary prevention of breast cancer, and provides options for
the clinical diagnosis and treatment of breast cancer patients with diabetes.

Materials and methods: Three cohorts of women participating in the first health
examination of the Kailuan Group in 2006, 2008 and 2010 were assembled to
conduct a descriptive analysis of the baseline data on FPG. The cumulative
incidence of breast cancer in different groups over 13 years was calculated using
the Kaplan-Meier method and groups were compared using the log-rank test. A
Cox proportional hazards regression model was used to analyze the association
between FPG level and the risk of breast cancer.

Results: The cumulative incidence of breast cancer increased in people with FPG
higher than 5.29 mmol/L, but there was no significant difference in the effect of
different levels of FPG on the risk of young breast cancer in the population.
Different degrees of fasting glucose can affect the risk of non-young breast
cancer in the population.

Conclusion: The results of this study suggest that the risk of breast cancer can be
reversed by early intervention to control levels of FPG. Regular monitoring of FPG
may reduce the misdiagnosis rate of breast cancer in the population.

KEYWORDS

breast cancer, fasting blood glucose, TyG index, prospective cohort, young
breast cancer
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1 Background

As the “first killer” of women’s physical health, the risk factors for
the occurrence and development of breast cancer have always held the
attention of investigators. The occurrence of malignant tumors in
women is the result of various risk factors, one of which is elevated
fasting blood glucose (fasting plasma glucose, FPG), which has been
found to be a high-risk factor for the occurrence and development of
malignant tumors (1-4). There is a linear correlation between elevated
FPG levels and the risk of breast cancer (5-7). In addition, high levels of
FPG also increase the risk of postoperative recurrence (8) and distant
metastasis in women (9), and they significantly affect the efficacy of
postoperative chemotherapy in breast cancer patients (10). Meanwhile,
a high level of the triglyceride-glucose index (TyG) is an independent
risk factor for type 2 diabetes, and indirectly may also be one of the
potential risk factors for breast cancer. At present, research concerning
FPG and the cumulative incidence of female breast cancer is still
incomplete, as there are few comparative studies on the cumulative
incidence of young and non-young breast cancer; furthermore, the
conclusions of these studies are not consistent, requiring further data
support. The present study aims to prospectively explore the
cumulative risk for breast cancer caused by elevated FPG, covering a
follow-up period of 13 years. Moreover, we sought to determine if
controlling blood sugar may help prevent breast cancer and lower
recurrence and metastasis measures (11, 12). We further examined
whether timely detection of FPG and regular physical examinations can
improve the detection rate of female breast cancer and increase
secondary prevention of breast cancer. Finally, we studied the
relationship between the diabetes and breast cancer treatment, which
may provide perspective for the clinical diagnosis and treatment of
diabetic breast cancer patients.

2 Research method
2.1 Study participants and subgroups

We selected women who participated in the first physical
examination of the Kailuan Group in 2006, 2008 and 2010.
Patients with abnormal FPG caused by various factors were
excluded (see Figure 1).

A total 0f 27,891 women were selected to complete the first physical
examination of the Kailuan Group in 2006, 2008 and 2010.

There were 4 cases of people with malignant
tumors before removing the physical examination.

27604 participants were included.

283 patients with abnormal FPG values
were removed.

FIGURE 1
Inclusion and exclusion flowchart.

Frontiers in Oncology

59

10.3389/fonc.2024.1359839

Based on the large number of single-center clinical studies at
home and abroad, the participants were divided into three groups
according to FPG levels: Q1 (fasting glucose <4.72 mmol/L); Q2
(fasting glucose 4.72-5.29 mmol/L) and Q3 (fasting glucose >5.29
mmol/L). In addition, based on the TyG index, the participants
were also divided into three groups: W1 group: TyG index <8.17
mg/dl; W2 group: TyG index 8.17 mg/dl-8.70 mg/dl; and W3
group: TyG index >8.70 mg/dl.

2.2 Data collection

Epidemiological data collected included demographic data (age,
gender), health behavioral habits (smoking, alcohol consumption,
physical exercise, salt intake), anthropometric indicators (height,
weight, systolic and diastolic blood pressure), and blood
biochemical indicators, including FPG, triglycerides, total
cholesterol, high-density lipoprotein cholesterol, and low-density
lipoprotein cholesterol.

2.3 Relevant definitions

TyG index = Ln (fasting blood glucose * triglycerides/2) in mg/
dl. Waist-to-hip ratio = waist/hip circumference. Smoking: average
numbers of cigarettes per day in the previous year. Alcohol
consumption: in the previous 1 year, women drank on average
one standard alcohol drink/day (consisting of 100 g beer alcohol,
5.0 g alcohol; 100 g wine alcohol, 12.0 g; 100 g liquor alcohol, 40.0 g,
1 standard alcohol 14.0 g). Regular physical exercise was defined as
exercise three times per week for at least 30 min duration. Salt
intake: light daily intake of sodium chloride, <6 g; normal daily
intake of sodium chloride, 6-10 g; heavy daily intake of sodium
chloride, >10 g. Young breast cancer: breast cancer with an age of
onset <35 years of age; non-young breast cancer: 235 years (13).

2.4 Follow-up starting point and
endpoint events

The completion of the first health examination of the Kailuan
Group in 2006, 2008 or 2010 was adopted as the starting point of the
follow-up, while the endpoint event was breast cancer occurring during
the follow-up period. The definition and diagnostic criteria were
adopted from the World Health Organization criteria, namely, the
National Comprehensive Cancer Network guidelines. The time of the
starting point event and endpoint event were recorded, with
the endpoint event occurring no later than December 31, 2020. If the
participant did not have an endpoint event but died during the follow-
up period, the time of death was considered the end of follow-up.

2.5 Statistical methods

For descriptive analysis of baseline data of study participants,
normal measurement data were expressed as means * standard
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deviation (x * s) for variance analysis; as medians (M [P25, P75]) for
Kruskal-Wallis rank-sum tests for group comparisons; count data
were expressed by n (%); and comparisons between groups (2 test).
Missing values of covariates were filled by multiple interpolation.
The cumulative incidence of breast cancer in different groups
was calculated using the Kaplan-Meier method and compared using
the log-rank test. The Cox proportional hazards regression model
was used to analyze the association of FPG levels with the risk of
breast cancer disease. To test the stability of the results, we
performed a sensitivity analysis, using the Cox proportional
hazards regression model to analyze the role of the TyG index on
the risk of breast cancer disease. Two-sided tests at P < 0.05 were
considered to indicate statistically significant differences.

3 Results

3.1 Comparison of baseline data on breast
cancer disease in different groups

In the study population of 27,604 women, the mean age was
47.53 + 11.95 years. Compared with the Q1 group, age, triglycerides,
total cholesterol, LDL cholesterol, systolic blood pressure, diastolic
blood pressure, alcohol consumption and the smoking rate were
higher in the Q2 group, while measures of HDL cholesterol,
physical exercise frequency and salt intake was lower in the Q2 vs
Q1 group. Compared with the Q1 group, age, triglycerides, total
cholesterol, LDL cholesterol, systolic BP, diastolic blood pressure,
smoking rate, and physical exercise frequency were higher in the Q3
group, while measures of HDL cholesterol, alcohol consumption
and salt intake were lower (see Table 1 for details).

TABLE 1 Baseline data (N = 27,604).

10.3389/fonc.2024.1359839

3.2 Cumulative incidence and incidence
density of breast cancer disease in
different groups

During the mean follow-up period of 12.90 + 2.03 years, 375 of
the participants included in the study developed breast cancer
during the follow-up period. The cumulative incidence of breast
cancer in the three groups was 1.20% (103/9,091), 1.53% (126/
9,243) and 1.70% (146/9,270) in groups Q1l, Q2 and Q3,
respectively, (2 = 7.65, P = 0.02, see Table 2 and Figure 2). The
incidence density was 0.87/thousand, 1.06/thousand and 1.24/
thousand in groups QI, Q2 and Q3, respectively (see Table 2
for details).

3.3 Multivariate Cox regression analysis of
the effect of participant groups on disease
risk of breast cancer

In the entire population, the Q2 and Q3 groups had hazard
ratios (HR) of 1.21 (95% confidence interval [CI]: 0.93-1.57) and
1.30 (95% CI: 1.00-1.68; (see Table 3 for details).

3.4 Multivariate Cox regression analysis of
the effect of FPG on disease risk of young
and non-young breast cancer

The risk of young breast cancer (age of onset of breast cancer
<35 years) was not significantly correlated with FPG. For the
population with non-young breast cancer (>=35 years), the risk of
breast cancer was significantly increased in the Q2 and Q3 groups

Variable Q1 Q2 Q3 F/y? rate P rate
Age (X s, year) 45.82 + 12.53 45.99 + 11.96 50.74 + 11.35 503.62 <0.01
Waist-to-hipratio (X + s) 0.86 + 0.08 0.86 = 0.08 0.87 + 0.08 132.95 <0.01
Fasting blood-glucose (x+ s, mmol/L) 4.32 +0.33 4.99 + 0.16 6.57 +2.14 7,818.21 <0.01
Glycerin trilaurate [M (P,s, P75), mmol/L] 1.03 (0.72, 1.50) 1.07 (0.75, 1.55) 1.34 (0.93, 1.99) 1,097.63 <0.01
Cholesterol total (x + s, mmol/L) 4.78 £ 1.04 4.87 £ 1.02 512+ 1.14 247.02 <0.01
High density lipoprotein cholesterol (X + s, mmol/L) 1.59 + 0.47 1.55 + 0.38 1.57 £ 0.43 15.76 <0.01
anon‘:O(li/eLTity lipoprotein cholesterol [M (Ps, Ps), 209 (160,265) | 223 (1.74,2.78) | 244(192,3.02) 81688 <0.01
Systolic pressure (X + s, mmHg) 119.16 + 19.79 120.66 + 19.47 129.00 + 21.76 624.69 <0.01
Diastolic pressure (X + s, mmHg) 77.16 + 10.78 78.01 + 10.65 81.56 + 11.13 426.72 <0.01
Smoke [n (%)] 172 (1.89) 158 (1.71) 192 (2.07) 3.27 <0.01
Drink [n (%)] 601 (6.61) 630 (6.82) 517 (5.58) 13.75 <0.01
Do physical exercise regularly [n (%)] 1,199 (13.19) 1,048 (11.34) 1,407 (15.18) 59.44 <0.01
Salt habit the taste is light [n (%)] 1,036 (11.40) 974 (10.54) 1,012 (10.92) 10.33 <0.01
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TABLE 2 Cumulative incidence and incidence density of breast cancer disease among different participant groups.

Groups Number of incident cases/ Disease onset density (/thousand Cumulative incidence

total number person-years) rate (%)

Breast cancer disease

Q1 103/9,091 0.87 1.20 0.01
Q2 126/9,243 1.06 1.53
Q3 146/9,270 1.24 1.70

compared with the Q1 group, with HR values of 1.21 (95% CI: 0.92-  In our study, women with healthy physical examinations were
1.59) and 1.28 (95% CI: 0.98-1.67, respectively; see Table 4  classified according to FPG values. After follow-up, it was found that
for details). the incidence and density of breast cancer were positively associated
with FPG levels. Multivariate analysis showed that elevated FPG was a
risk factor for breast cancer. At the molecular level, hyperglycemia

3.5 Sensitivity analysis: multivariate Cox glycosylates protein structures non-enzymatically and promotes the
regression analysis of the effect of TyG production of various factors which affect the growth of tumor cells.
index on disease risk in breast cancer Hyperglycemia can also activate the polyol pathway by increasing the

expression and activity of aldose reductase, which subsequently

Compared with the W1 group, the HRs for the W2 and W3  increases the metabolic activity of breast cancer cells. In the process
groups were 1.19 (95% CI: 0.91-1.55) and 1.21 (95% CI: 0.91-1.60),  of catabolism, sugar produces reactive oxygen clusters such as
respectively; see Table 5. superoxide anions which aggravate the oxygen stress in tumor cells,
causing the obstruction or disorder of cell DNA and enzyme synthesis,

thus inducing carcinogenesis and promoting the occurrence and

4 Discussion development of breast cancer through a variety of pathways. In
breast cancer cells, insulin-like growth factor (IGF)-I and IGF-II

According to the latest statistics from the World Health  exert biological activity mainly through the IGF-1 receptor. After
Organization, breast cancer has become the most frequent malignant  ligand and receptor binding, the IGFs exert antiproliferation and
tumor in the world (14), which seriously damages the physical and  pro-phosphorylation effects on specific binding proteins and reduce
mental health of women and places a great burden due to its social and ~ their binding to the IGF-I receptor, thus promoting breast cancer
economic aspects. Therefore, the exploration of risk factors for breast  development. It is well known that the specific components of the IGF
cancer and secondary prevention strategies for early intervention have  system are ubiquitous, and the interference or disruption of any link in
received increasing attention. The latest research has shown that FPG ~ this system may cause growth retardation, atherosclerosis, insulin
level is closely related to the onset and prognosis of breast cancer.  resistance and even cancer. Influencing mechanisms may involve

Q1 @2 @

Logrank p=0.0141

0.9

Cumulative incidence(%)

0.6

0.3

f T T T T y T T
[ 2 4 6 8 10 12 14
the follow-up period(years)

Q1 9482 9466 9417 9357 9278 8726 7123 3778
Q2 9182 9151 9096 9042 8984 8497 6665 2802
Q3 9222 9163 9070 8964 8842 8329 6515 3088

FIGURE 2
Cumulative incidence of breast cancer in participants from different groups.
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TABLE 3 Multivariate Cox regression analysis of the effect of FPG on the risk of breast cancer.

HR rate (95% Cl) P rate

Model 1

Model 2
HR rate (95% Cl) P rate

The whole crowd (n = 27,604)

Triple tile of fasting blood glucose

Q1 1
Q2 1.22 (0.94, 1.58)
Q3 1.32 (1.03, 1.71)

P for trend = 0.03

1
0.14 1.21 (0.93, 1.57) 0.15
0.03 1.30 (1.00, 1.68) 0.05

P for trend = 0.05

For every 1 mmol/L increase in fasting blood glucose 1.03 (0.98, 1.09)

0.26 1.03 (0.97, 1.09) 0.40

For every 1 standard deviation increase in fasting
a 1.05 (0.96, 1.15)
blood glucose’

0.26 1.04 (0.95, 1.14) 0.40

Model 1 corrected for age; model 2 corrected for systolic blood pressure, waist-hip ratio <0.8 or waist-hip ratio = 0.8), triglycerides, total cholesterol, frequency of physical exercise (infrequent or
frequent), smoking (yes or no), alcohol consumption (yes or no), and salt intake (light or moderate). *1.57.

insulin, IGF-1, insulin resistance (15, 16), endogenous hormones (17),
leptin (18), adiponectin (19), inflammatory factors and other factors.
Moreover, both Chinese and international researchers have found that
FPG level is closely related to the efficacy of breast cancer and systemic
therapy, metastasis and death risk (20-23). Nevertheless, the long-term
impact of FPG on breast cancer risk and the specific biological
mechanism need further analysis.

We divided the breast cancer study population into young and
non-young breast cancer cohorts according to the age of onset, then
performed Cox regression analysis based on FPG levels. The results

suggest that FPG levels are not a risk factor for young breast cancer,
which may be due to the relatively small population base in the
young group, leading to some bias. The psychological neglect of
malignant tumor diseases in young people may also reduce the
diagnosis rate. Breast cancer is also associated with individual
differences in diet and exercise habits and family history (24, 25).
For patients with non-young breast cancer, FPG levels are a high-
risk factor for morbidity, and for every 1 mmol/L increase in FPG,
the risk increases (26). The average age of abnormal glucose
metabolism is between 40 and 50 years (27), while the average

TABLE 4 Multivariate Cox regression analysis of the effect of FPG on the risk of early-onset and late-onset breast cancer.

Model 1 (age)

Model 2 (Others)

HR rate (95% Cl) P rate HR rate (95% CI) P rate
Early onset breast cancer
Q1 1 1
Q2 0.92 (0.33, 2.55) 0.88 0.90 (0.33, 2.50) 0.84
Q3 1.04 (0.31, 3.46) 0.95 0.96 (0.28, 3.27) 0.94
P for trend = 0.99 P for trend = 0.91
For every 1 mmol/L increase in fasting blood glucose 0.98 (0.49, 1.95) 0.95 0.92 (0.46, 1.87) 0.83
For every 1 standard deviation increase in fasting
blood glucose® 0.99 (0.64, 1.52) 0.95 0.95 (0.61, 1.48) 0.83
Late onset breast cancer
Q1 1 1
Q2 1.22 (0.93, 1.59) 0.16 1.21 (0.92, 1.59) 0.17
Q3 1.30 (1.00, 1.69) 0.05 1.28 (0.98, 1.67) 0.07
P for trend = 0.05 P for trend = 0.07
For every 1 mmol/L increase in fasting blood glucose 1.03 (0.97, 1.09) 0.29 1.02 (0.97, 1.09) 0.43
For every 1 standard deviation increase in fasting
blood glucoseb 1.05 (0.96, 1.16) 0.29 1.04 (0.94, 1.15) 0.43

Model 1 corrected for age; model 2 corrected for systolic blood pressure, waist-hip ratio (<0.8 or 20.8), triglycerides, total cholesterol, frequency of physical exercise (infrequent or frequent),

smoking (yes or no), alcohol consumption (yes or no), and salt intake (light or moderate). “0.63, b1.68.
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TABLE 5 Multivariate Cox regression analysis of the effect of TyG index on disease risk in breast cancer.

Model 1 (age)

HR rate
(95% Cl)

Model 2 (Others)

HR rate
(95% CI)

P rate

Breast cancer disease

W1 1 1
w2 1.19 (0.91,1.55) 0.21 1.19 (0.91,1.55) 0.21
w3 1.20 (0.91,1.57) 0.19 1.21 (0.91,1.60) 0.19

P for trend=0.21

P for trend=0.21

For every 1 mmol/L increase 1.14 (0.98,1.33) 0.1 1.15 (0.98,1.36) 0.09
in TyG indexC
For every 1 mmol/L increase 1.09 (0.98,1.21) 0.1 1.10 (0.99,1.23) 0.09

in TyG index!

Model 1 corrected for age; model 2 corrected for systolic blood pressure, waist-hip ratio (<0.8 or 20.8), triglycerides, total cholesterol, frequency of physical exercise (infrequent or frequent),

smoking (yes or no), alcohol consumption (yes or no), and salt intake (light or moderate). 90.67.

age of early type II diabetes is around 33 (28), and studies have
shown that the FPG level increases the risk of breast cancer (29). We
can therefore conclude that routine testing of FPG in women aged
35 to 50 may be helpful for screening and early diagnosis and
treatment of breast cancer.

The TyG index takes the logarithm of FPG and lipid indices and
conducts multivariate analysis for the risk of breast cancer. Many
domestic and foreign studies have shown that an elevated TyG
index is independently associated with the increased risk of diabetes
and cardiovascular disease in adults, indicating that it may be a
reliable predictor of diabetes in high-risk groups (30-32). However,
the results of the present study showed that the TyG index is not a
risk factor for breast cancer, while FPG is a risk factor for the
cumulative incidence of breast cancer. Therefore, we can infer that
while blood lipids may affect the prognosis of breast cancer disease
(33), they are not a risk factor for breast cancer development (34).

In conclusion, we found an increased cumulative incidence of
breast cancer disease in people with high FPG but no significant
difference in the effect of different FPG levels on the risk of young
breast cancer among the population. It is rather a risk factor for
non-young breast cancer.
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Gene signatures of copper
metabolism related genes may
predict prognosis and immunity
status in Ewing's sarcoma

Yongqgin Chen', Wencan Zhang*", Xiao Xu?, Biteng Xu*,
Yuxuan Yang®, Haozhi Yu?, Ke Li*, Mingshan Liu®, Lei Qi*
and Xiejia Jiao™

Department of Orthopedics, Qilu Hospital of Shandong University, Jinan, Shandong, China, 2Sterile
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Orthopedics, The Second Hospital of Shandong University, Jinan, Shandong, China

Background: Cuproptosis is copper-induced cell death. Copper metabolism related
genes (CMRGs) were demonstrated that used to assess the prognosis out of tumors. In the
study, CMRGs were tested for their effect on TME cell infiltration in Ewing's sarcoma (ES).

Methods: The GEO and ICGC databases provided the mRNA expression profiles and
clinical features for downloading. In the GSE17674 dataset, 22prognostic-related
copper metabolism related genes (PR-CMRGs) was identified by using univariate
regression analysis. Subsequently, in order to compare the survival rates of groups with
high and low expression of these PR-CMRGs,Kaplan-Meier analysis was implemented.
Additionally, correlations among them were examined. The study employed functional
enrichment analysis to investigate probable underlying pathways, while GSVA was
applied to evaluate enriched pathways in the ES (Expression Set). Through an
unsupervised clustering algorithm, samples were classified into two clusters,
revealing significant differences in survival rates and levels of immune infiltration.

Results: Using Lasso and step regression methods, five genes (TFRC, SORD, SLC11A2,
FKBP4, and AANAT) were selected as risk signatures. According to the Kaplan-Meier
survival analysis, the high-risk group had considerably lower survival rates than the low-risk
group(p=6.013e-09). The area under the curve (AUC) values for the receiver operating
characteristic (ROC) curve were 0.876, 0.883, and 0.979 for 1, 3, and 5 years, respectively.
The risk model was further validated in additional datasets, namely GSE63155, GSE63156,
and the ICGC datasets. To aid in outcome prediction, a nomogram was developed that
incorporated risk levels and clinical features. This nomogram'’s performance was effectively
validated through calibration curves.Additionally, the study evaluated the variations in
immune infiltration across different risk groups, as well as high-expression and low-
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expression groups. Importantly, several drugs were identified that displayed sensitivity,
offering potential therapeutic options for ES.

Conclusion: The findings above strongly indicate that CMRGs play crucial roles in
predicting prognosis and immune status in ES.

KEYWORDS

Ewing’'s sarcoma, copper metabolism related genes, prognostic-related copper
metabolism related genes, functional enrichment, immune infiltration, risk model,

clinical features
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Flow chart. PR-CMRGs: prognostic-related copper metabolism related genes. DEGs, differentially expressed genes; GSVA, Gene Set Variation Analy-

1 Introduction

Ewing’s sarcoma (ES) is a very aggressive cancer that mostly
impacts the skeletal system and soft tissues in individuals who are in
their childhood or teenage years (1). The documented prevalence of
ES is 2.9 occurrences per million individuals annually (2). ES was
distinguished by the merging of the EWSRI1 gene with the FLI1 gene
in previous researches (3, 4). The FLI1 gene belongs to the ETS gene
group. A novel inhibitor of ETS proteins called TK216 has shown
clinical benefits for almost half of the patients (5). The dedication of
researchers and clinicians has advanced ES therapy. Traditionally,
the main approach for treating ES has been a combination of
surgery and radiation. However, despite comprehensive therapy,
approximately 30-40% of patients continue to encounter
recurrence or metastases. Less than 10% of ES patients with
metastases still survive after five years. Currently, treating ES
patients remains immensely challenging, necessitating the urgent
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identification of dependable intervention biomarkers to
advance therapy.

Copper plays a crucial role in mitochondrial respiration,
antioxidant defense, and programmed cell death (6).
Maintaining an appropriate copper concentration is crucial for
the survival of living organisms. Oxidative stress and cytotoxicity
result from excessive copper levels, while copper deficiency can
also be detrimental (7, 8). Cuproptosis is a novel kind of cellular
demise induced by copper. In the tricarboxylic acid (TCA) cycle,
copper ions bind to lipoylated components and engage in certain
cellular interactions. This leads to the clustering of these copper-
bound lipoylated proteins in the mitochondria, which in turn
reduces the levels of iron-sulfur (Fe-S) clusters. This process
causes proteotoxic stress and eventually leads to the death of the
cell (6). Cu fills an essential function in the advancement and
growth of cancer by stimulating the multiplication of cells, the
formation of new blood vessels, and the spread of cancer cells to
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other parts of the body. Recent research indicates that the Cu-
complex might be a promising target for cancer treatment. Cu has
been found to induce apoptosis and/or the formation of free
radicals, leading to the death of cancer cells (9, 10). Notable
advancements in copper metabolism have been made in recent
years. Several studies have revealed significant regulation of
metabolism by proteins involved in copper handling and
utilization in proliferating cells (11, 12). Cuproplasia, a novel
kind of copper-dependent cell growth and proliferation, has been
discovered (13). Both neoplasia and hyperplasia are included
under this phrase. Growing evidence underscores the deep
involvement of copper metabolism in cancer proliferation,
angiogenesis, and metastasis (14, 15). Copper dysregulation is
observed in cancer tissue than normal tissue (16-18). Various
cancers have exhibited elevated amounts of copper (19).
Additionally, copper imbalance is closely associated with
weakened immune responses in cancer. Hence, a potential
prognostic model based on CMRGs could effectively predict the
prognosis and immune status of ES.

There is no study suggested that the mechanism of TFRC, SORD,
SLC11A2, FKBP4, and AANAT in cuproptosis. In this study, we
identified five signatures (TFRC, SORD, SLC11A2, FKBP4, and
AANAT) based on CMRGs, which robustly predict ES prognosis.
TFRC, SLC11A2, FKBP4, and AANAT were demonstrated
associated with increased risk, while SORD was a favorable
prognostic factor. Furthermore, we elucidated the correlation
between these signatures and immune status. Ultimately, we
concluded that CMRGs play a pivotal role in ES prognosis and
immunity, providing valuable guidance for future research.

2 Manuscript formatting
2.1 Material and methods

2.1.1 Data collection and preprocessing

Using the Molecular Signatures Database (MSigDB: https://
www.gsea-msigdb.org/gsea/msigdb), we were able to identify 133
copper metabolism-related genes (Supplementary Table 1).Using
the “GEOquery” software, we extracted profile matrices and
clinical/survival data for this investigation from the GSE17674,
GSE63155, and GSE63156 datasets in the Gene Expression
Omnibus (GEO) database. We standardized all probe information
to corresponding gene symbols based on annotation files using a
consistent approach: when one gene symbol matched more than
one probe, we eliminated the probes that had multiple gene symbols
and chose the probe with the greatest expression value. GSE17674,
comprised of 44 ES and 18 muscle samples, used the GPL570
platform. The GSE63155 and GSE63157 datasets, each containing
39 and 46 ES samples, respectively, were generated by the GPL5175
platform. Additionally, we obtained clinical data and expression
profiles for 49 ES samples from the database of International Cancer
Genome Consortium (ICGC). We designated GSE17674 as the
training dataset, and GSE63155, GSE63156, and ICGC datasets as
external test datasets. The flow chart of the study as follows
(Graphical Abstract).
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2.1.2 Landscape of prognostic related CMRGs
in ES

To assess the prognostic significance of CMRGs, we conducted
univariate Cox regression analysis. We identified 22 CMRGs as
prognostically relevant (PR-CMRGs). Using the “ggplot2” package,
we visualized the results through a forest plot. Using the point_cut
function to determine the cutoff value for PR-CMRGs, we classified
the samples into categories based on their level of expression,
distinguishing between high and low expression. We performed
Kaplan-Meier analysis between these two expression groups using
the “tinyarray” package. Utilizing the same package, we investigated
the expression levels of PR-CMRGs in skeletal muscle and ES
samples. To analyze correlations among these prognostic genes, we
employed the “Pearson” method. The “corrplot” and “circlize”
packages were used to present the correlation analysis results. We
constructed a network of the 22 CMRGs using the “igraph” package
and visualized the chromosomal positions of PR-CMRGs using the
“RCircos” package.

2.1.3 Functional enrichment, PPl network
and GSVA

Using the “clusterProfiler” package, we performed functional
enrichment analysis (GO/KEGG) to uncover potential mechanisms
involving PR-CMRGs in ES. The results of the analysis were
visualized using the ggplot package. To gain insight into potential
interactions among PR-CMRGs, we identify protein interaction
networks (with a minimum required interaction score > 0.150) by
utilizing the STRING database (http://string-db.org/), and then
depicted these results using the “igraph” package.

Gene Set Variation Analysis (GSVA) was conducted based on
the “h.all.v7.5.1.symbols.gmt” gene set from the Molecular
Signature Database. Using the “limma” package, we identified the
differentially enriched scores of 50 pathways between ES and
normal tissue, and illustrated these findings with bar plots.

2.1.4 Construction of consensus
molecular clusters

Based on the PR-CMRGs matrix to identify distinct molecular
patterns that provide insight into the potential involvement of
CMRGs in ES, unsupervised clustering was employed. For this
task, we utilized the “ConsensusClusterPlus” package, known for its
interpretability. We utilized PCA and t-SNE methods to confirm
the differentiation of molecular clusters. To assess the survival
differences among these clusters, we employed Kaplan-Meier
curves. Additionally, we conducted an analysis of immune
infiltration to gain insights into the status of the tumor
microenvironment within these two clusters.

2.1.5 Establishment and validation of risk model

To streamline the PR-CMRGs, we conducted Lasso regression
analysis through the “glmnet” package. Utilizing the “survival”
package, we then employed stepwise regression to identify the
risk signature with the lowest Akaike’s information criterion
(AIC). In addition, we used the “ggplot2” package to present the
prognostic model via a forest plot.
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The subsequent equation: the prognostic risk model was
developed by conducting a study to calculate the risk score, which
is determined by multiplying the Ei coefficient of a gene with its
corresponding gene expression [risk score = Ei coefficient (gene i) x
expression (gene i)]. Using the “survminer” package, the samples in
the datasets were classified into high risk and low risk groups based
on a predetermined cutoff value. Heatmaps, scatter plots, and PCA
plots showed signature expression, survival status distribution, and
risk score in different risk groups. Applying the Kaplan-Meier
analysis with log-rank testing, survival curves were produced for
these categories. Furthermore, using the “timeROC” package, the
reliability of the risk model was confirmed by utilizing AUC values
and time-dependent ROC curves.

Additionally, we evaluated the AUC of clinical features and risk
model effectiveness in different clinical subgroups. Wilcoxon test
was used to examine risk scores distribution in clusters and clinical
subgroups. An alluvial diagram was employed to depict the link
among risk groups, molecular clusters and clinical features.

2.1.6 Establishment and validation of nomogram

We used Cox regression analysis to see if the risk score could act
as a prognostic indication apart from clinical data(including gender,
age, and stage status).Subsequently, using the “rsm” package, a
nomogram was developed at risk level and clinical data, which
facilitated prognosis prediction. Finally, evaluate the nomogram’s
prediction accuracy at one, three, and five years, calibration curves
were used.

2.1.7 Analysis of immune infiltration

We utilized the ssGSEA method, implemented using the
“GSVA” package to evaluate the differing amounts of 13
immunological pathways and 28 immune cells across groups
classified as high and low risk. Additionally, we investigated
immune cells variations in different signature expression groups.

We employed Spearman correlation analysis to explore how the
risk score, different immune cells, and the signature were connected.
These results were presented using lollipop diagrams created with
the “ggplot” package. Lastly, we used the mantel approach in
conjunction with the “ggcor” package to assess the link between
the risk signature matrix and PR-CMRGs.

TABLE 1 The sequences of the primers.

Gene Symbol Forward primer

10.3389/fonc.2024.1388868

2.1.8 Sensitivity of chemotherapeutic drugs

The “pRRophetic” package is designed for predicting clinical
chemotherapeutic responses based on gene expression levels in
various cancers, facilitating the evaluation of measured drug
responses. The sensitivity of chemotherapeutic medications was
tested across groups with high and low risk using this package.
Using the expression profile of ES from the training dataset and
expression data from Genomics of Drug Sensitivity in Cancer
(GDSC, www.cancerrxgene.org/), we predicted the half-maximal
inhibitory concentration (IC50) of drugs with a significance
threshold of p < 0.001.

2.1.9 Differentially expressed genes between risk
groups, functional enrichment and GSVA

Using the “limma” package, we detected differentially expressed
genes (DEGs) in different risk groups in the GSE17674 dataset
(|LogFC| > 1, p < 0.05). For a deeper understanding of DEGs
functions, based on |log2FC| > 1 and FDR value < 0.05, GO/KEGG
analysis was conducted by using the “clusterProfiler” software.
Visualization of the analysis results was done using the “ggplot”
package. For KEGG pathways with [NES| > 1, NOM p value < 0.05,
and FDR (p.adj) < 0.25, Gene Set Enrichment Analysis(GSEA) was
conducted. Visualization of the results was accomplished using the
“gseaplot2” and “ridgeplot” tools. We also conducted GSVA,
comparing the enriched scores of pathways between risk groups
using the Wilcoxon test. Heatmaps and boxplots were utilized to
display the results.

2.2 Validation of Hub PR-CMRGs by
RT-PCR

2.2.1 Cell source

For this experiment, American Type Cell Culture (ATCC)
provided RD-ES and A673 cells, and mesenchymal stem cells
(MSCs) from Cyagen (Guangzhou, China).

2.2.2 Real Time-PCR

Total RNA was extracted from cells using Trizol (Sigma, United
States) and reverse transcribed into ¢cDNA using a reverse
transcription kit (Takara, Japan). The SYBR Premix Ex Taq

Reverse primer

DAXX ACGTGCCCACTCTCTGTTTT CAGAGGGCTCATTGGAGGTG
CCS GGGAACTATTGACGGCCTGG GTCAGCATCAGCACGGACAT
MTEF2 GCATGTGGCGAAAAATACCG GCAGTTGCTCCTTCCCATTC

F8 GGCCATCAGTGGACTCTCTTT TAGCGAGTCAGTAACGGTGG
SLC11A2 GAGTGGTTACTGGGCTGCAT CACAGGATGACTCGTGGGAC
IL1A CTTCTGGGAAACTCACGGCA AGCACACCCAGTAGTCTTGC
FKBP4 TGCTATCGTGGAGGTTGCAC CTCCTTTCTCCATGCGCTGA
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Construction of the CMRGS in ES and validation of hub PR-CMRGs. (A) The forest map of hazard ratios displayed the outcomes of univariate regression.
(B) The result from the Kaplan-Meier analysis. (C) Boxplot of differentially expressed PR-CMRGs between Ewing and normal groups. (D) RT-PCR results

of DAXX, CCS, MTF2, F8, SLC11A2, IL1A, and FKBP4. (E, F) PR-CMRGs correlation in ES. (G) Chromosomal positions of PR-CMRGs. * means p < 0.05, **
means p < 0.01, *** means p < 0.001, **** means p < 0.0001 and ns means no significance (p>0.05).

(Takara, Japan) was utilized for real-time PCR, and the protocol
provided by the manufacturer was adhered. Primer design was done
using the “primerBank” website (pga.mgh.harvard.edu), and the
primer sequences are provided in Table 1. The data analysis
employed the 2-AACT method. At least three replications of each
experiment were conducted.

2.3 Statistical methods

R was utilized to execute bioinformatic analyses, and the
Wilcoxon rank sum test was employed to analyze data between
two groups. Spearman’s rank correlation was employed for the
correlation study. Statistics were considered significant if P<0.05.R
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4.1.3 (https://www.r-project.org) and GraphPad Prism 9.0

(GraphPad Software) were used for all statistical analyses.

3 Result

3.1 Landscape of prognostic related
CMRGs in ES

In our study, we investigated 133 CMRGs in GSE17674. Initially,
the p-value and hazard ratio for each gene were calculated using
univariate Cox regression. Subsequently, we identified 22 CMRGs
with p-values < 0.05 as prognostically relevant genes (PR-CMRGs). A
forest plot visualized the results, highlighting that among the 22
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CMRGs, 11 genes including TFRC, SNCG, SLC11A2, MTF2, MT3,
HAMP, FKBP4, DAXX, COA6, ATP13A2, and AANAT with HR > 1
were associated with worse survival (Figure 1A). The remaining 11
PR-CMRGs, which included SUMF1, STEAP3, SORD, PTEN,
PIK3CA, NFE212, IL1A, F8, COX17, CCS, and AKT1 with HR < 1,
were related to beneficial survival. Based on the levels of PR-CMRGs,
the samples were divided into two groups: high expression and low
expression. Kaplan-Meier analysis showed that there was a significant
difference in survival rates between the two groups (Figure 1B).
Among the 22 PR-CMRGs, 7 (DAXX, CCS, MTF2, F8,
SLC11A2, IL1A, and FKBP4) exhibited differential expression in
the training dataset. Specifically, F8 was found to be enriched, while
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DAXX, CCS, MTF2, SLC11A2, IL1A, and FKBP4 were significantly
down-regulated in ES samples compared to skeletal muscle
tissue (Figure 1C).

RT-PCR results demonstrated that in A673 cells, the relative
expression levels of seven hub PR-CMRGs were lower compared to
MSCs, except for F8 which was higher. But the expression of F8 has
not significant difference between them. In the RD-ES cell line, five
of the hub genes were also significantly down-regulated in tumors,
except for F8 and FKBP4 (Figure 1D).

Considering their biological function similarity, we explored the
correlation among these PR-CMRGs. Notably, TFRC exhibited
positive correlation with COA6 (r=0.71) while showing a negative
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correlation with PTEN (r=-0.62), underscoring TFRC’s central role
in ES progression (Figure 1E).

The gene network of PR-CMRGs depicted their expression
levels, correlations, and prognostic values in ES (Figure 1F).
Chromosomal positions were visualized, revealing that F8 was
located on the X chromosome, while the others were on
autosomes. Chromosomes 1 (ATP13A2, MTF2, and COA®6), 2
(IL1A, STEAP3, and NFE2L2), and 3 (COX17, PIK3CA, and
TFRC) harbored the most genes, with no genes found on
chromosomes 4, 5, 7, 8, 9, 13, 18, 20, 21, 22, and Y (Figure 1G).
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ns p < 0.01, *** means p < 0.001, **** means p < 0.0001 and ns means no

3.2 Functional enrichment, PPl network
and GSVA

The PR-CMRGs were subjected to functional enrichment
analysis, revealing involvement in processes like transition metal
ion transport, response to copper ion and copper ion transport. In
terms of cellular components, these genes were primarily located
in the late endosome, intercalated disc, and multivesicular body.
Molecular function analyses indicated participation in copper ion
binding, protein kinase activator activity, and kinase activator
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activity (Figure 2A). KEGG analysis highlighted associations with
various human cancers such as hepatocellular carcinoma,
melanoma, and glioma. These enrichment results strongly
emphasize the essential role of PR-CMRGs in carcinogenesis
and cancer progression (Figure 2B). The PPI network of PR-
CMRGs underscored the core positions of AKT1, TFRC, and
SLC11A2 (Figure 2C). GSVA results demonstrated enriched
scores for pathways like oxidative_phosphorylation,
fatty_acid_metabolism, and kras_signaling_dn, with t-values>1,
as well as pathways like wnt_beta_catenin_signaling,
mitotic_spindle,andnfolded_protein_response with t-values < -1,
when comparing ES and normal tissue (Figure 2D).

3.3 Consensus molecular
clusters construction

We conducted unsupervised clustering based on PR-CMRGs to
discern distinct patterns. The optimal number of patterns was
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determined as K=2. Consequently, the 44 ES samples in
GSE17674 were categorized into cluster A (n=23) and cluster B
(n=21) (Figures 3A-C). The separation between these clusters was
evident through PCA and t-SNE analyses (Figures 3D, E). In terms
of survival advantage, cluster B outperformed cluster A, showing
noticeably longer survival times.(p=4.727e-08) (Figure 3F).
Dysregulated PR-CMRGs were observed in both clusters, as
indicated by box plots (Figure 3G).

An analysis of immune infiltration unveiled that cluster A was
characterized by higher levels of infiltration of Immature dendritic
cells, Natural killer T cells, CD56dim natural killer cells, and
Activated CD8 T cells (Figures 3H, I). Significant differences were
observed between the two clusters in terms of immune function
and checkpoints such as T-cell co-stimulation, APC co-
stimulation, T-cell co-inhibition, and checkpoint genes
(Figure 3]). Additionally, TNF and CTLA4 were enriched in
cluster A. These findings collectively suggest that cluster A
exhibited greater immunogenicity but worse prognosis.
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3.4 Risk model construction and validation

Utilizing Lasso regression, we reduced the number of PR-
CMRGs to 10, and subsequently, 5 genes (TFRC, SORD,
SLC11A2, FKBP4, and AANAT) were identified as the prognostic
signature through stepwise regression, which yielded the lowest AIC
(n=144.54) (Figure 4A). The forest plot visualization of the
prognostic model indicated that TFRC, SLC11A2, FKBP4, and
AANAT with HR > 1 were associated with worse survival,
whereas SORD with HR < 1 correlated with favorable survival
(Figures 4B, C). All signatures had p-values < 0.05, indicating the
independence of each gene as a prognostic indicator. The
correlation of the risk signature was depicted (Figure 4D).
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The risk score prediction model was formulated as follows: RS =
TFRC * 0.649 + SORD * -0.503 + SLC11A2 * 0.886 + FKBP4 * 1.232 +
AANAT * 2.867. This algorithm was used to computed each sample’s
risk score.

The “surv_cutpoint” function was used to generate a cutoff
value, which was then applied to split the ES samples in GSE17674
into two risk groups. Upon examining risk scores distribution and
survival status, the high-risk group exhibited a more dismal
prognosis than the low-risk group, which became evident.
(Figures 5A, B). This distinction between risk groups was
validated using the PCA method (Figure 5C). The survival curve
for Kaplan-Meier with a p-value of 6.013e-09 indicated a
significant correlation between risk groups and survival rates
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(Figure 5D). The time-dependent ROC curve with AUC values of
0.876, 0.883, and 0.979 at 1, 3, and 5 years respectively
demonstrated the risk model’s strong performance in terms of
specificity and sensitivity (Figure 5E). A heatmap was created to
provide a clear visualization of the signature profile between the
two groups (Figure 5F).

To evaluate the risk model’s accuracy, we utilized the
signatures on three external datasets: GSE63155, GSE63156 and
the ICGC dataset. Employing the RS formula, we calculated each
sample’s risk score in the three test datasets. Samples were
classified as different risk groups based on the cutoff value
produced by the “surv_cutpoint” function (Figures 6A, B). Risk
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scores and survival status distribution was visualized, highlighting
worse outcome in the high-risk group. The PCA plot confirmed
the clear separation in the two groups (Figure 6C). Subsequently,
time ROC curves, heatmaps and K-M survival curves were
generated using methods similar to those in the training dataset
(Figures 6D-F). A parallel conclusion was drawn through Kaplan-
Meier survival analysis, revealing p-values of 5.173e-03, 8.152¢-03,
and 3.701e-03 in GSE63155, GSE63156, and the ICGC dataset,
respectively. The timeROC results reflected commendable AUC
values for 1, 3, and 5 years in GSE63155 (0.798, 0.813, 0.815),
GSE63156 (0.898, 0.843, 0.711) (Figures 7A-F), and the ICGC
dataset (0.797, 0.619, 0.712) (Figures 8A-F). These results
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substantiated the model’s ability to differentiate samples with
favorable and worse prognoses, thereby demonstrating its
potential for predictive prognosis.

3.5 Clinical features associated with
risk model

Using Kaplan-Meier survival method, we tested the risk model’s
prediction effectiveness across different clinical subgroups. It
demonstrated that the risk model was effective in predicting
prognosis for certain subgroups, including individuals aged 14
years and older (p<0.001), individuals less than 14 years
(p=0.007), females (p<0.001), males (p<0.001), individuals with
primary stage cancer (p<0.001), and those with metastatic stage
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cancer (p=0.002) (Figure 9A). The fact that risk scores produced the
greatest AUC values was confirmed by ROC curves that plotted risk
scores against clinical variables (age, sex, and stage) forl,3, and 5
years (Figures 9B, C). Furthermore, a box plot was employed to
display the distribution of risk scores across different molecular
clusters and clinical subgroups (Figure 9D). An alluvial diagram
showcased that samples associated with females, adults, metastasis,
and cluster A exhibited elevated risk scores (Figure 9E).

3.6 Establishment and validation
of nomogram

To assess the risk score prognostic independence, Cox
regression analysis was performed. According to both the
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univariate and multivariate regression analysis, the risk score
significantly affected ES prognosis, indicating that it was an
independent prognostic factor (p<0.05).While no significant
prognostic associations were observed with clinical features
(Figures 10A, B). Subsequently, the risk level and clinical features
were used to build a predictive nomogram. (Figure 10C). The 1-, 3-,
and 5-year calibration curves showed that the ideal and predictive
curves were well aligned (Figure 10D).

3.7 Immune infiltration analysis

Using ssGSEA analysis, we determined the abundance of
different immune cells. The results showed that whereas activated
CD4 T cells were more common in the high-risk group, central
memory CD4 T cells and plasmacytoid dendritic cells were much
more prevalent in the low-risk group (Figure 11A).
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Further analysis indicated that Type 2 T helper cells and
Activated CD4 T cells were significantly increasing in the high-
expression group of TRFC and SORD, whereas Central memory CD4
T cells and Immature B cells were more abundant in the group with
reduced expression of TRFC and SORD. In the case of FKBP4,
the low-expression group exhibited enrichment of Gamma delta T
cells, Type 1 T helper cells, Natural killer cells, and Central memory
CD4 T cells. On the other hand, the group with high expression had
elevated quantities of activated CD4 T cells. Low-expression of
AANAT was associated with enriched Type 1 T helper cells.
SLC11A2 groups did not exhibit differences in immune cells
(Figures 11B-F) (Table 2).

The heatmap and lollipop plots highlighted correlations between
immune cells and signatures (Figures 11G-I). Notably, the association
between TFRC and Activated CD4 T cells was positive, with the
highest r=0.73, while SORD displayed a negative correlation with T
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follicular helper cells and Neutrophils with r=-0.58. These findings
imply a potential collaboration between risk signatures and immune
cells in influencing ES clinical prognosis.

The findings presented above lend support to the notion that
samples in the low-risk group exhibit better prognoses, likely due to
heightened immune cell infiltration. These results offer potential
evidence for the feasibility of immunotherapy in ES. However,
further validation through additional studies is necessary to solidify
these findings.
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3.8 Sensitivity of chemotherapeutic drugs

Employing the “pRRophetic” package, clinical data was used to
investigate the differential chemotherapeutic response in different risk
groups. The findings showed that NU.7441 and ABT.263 were
expected to be beneficial for the low-risk group, whereas exhibited
greater benefit from AKT.inhibitor.VIII, AS601245, AUY922,
Bleomycin, Tipifarnib, PHA.665752, MG.132, JNK.9L, BMS.708163,
Erlotinib, and Imatinib in the high-risk group (Figure 12).
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3.9 Differentially expressed genes between
risk groups and functional enrichment

A total of ninety genes that exhibited differential expression were
discovered in the GSE17674 dataset, visualized through volcano and
circular heatmap representations (Figures 13A, B).GO terms like
Mitotic sister chromatid segregation, sister chromatid segregation,
and chromosome, centromeric region were shown to be prevalent,
according to functional enrichment analysis. In terms of KEGG
pathways, the analysis was primarily associated with DNA
replication, Cell cycle, and Ribosome biogenesis in eukaryotes
(Figures 13C, D).

The GSVA results indicated that the high-risk
group exhibited pathways enrichment, including pancreas_beta_cells,
spermatogenesis,e2f_targets,g2m_checkpoint,ras_
signaling_dn, and others. Conversely, pathways like heme_metabolism,
tgf_beta_signaling,androgen_response,apoptosis,interferon_
alpha_response,fatty_acid_metabolism,uv_response_dn,p53_pathway,
xenobiotic_metabolism,adipogenesis,peroxisome,interferon_
gamma_response,and kras_signaling up,pancreas_beta_cells,
spermatogenesis, e2f_targets, g2m_checkpoint, ras_signaling dn were
more prevalent in the group at low risk. (Figure 13E).
Byheme_metabolism,tgf_beta_signaling,androgen_response,apoptosis,
interferon_alpha_response,fatty_acid_metabolism,uv_response_dn,
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p53_pathway,xenobiotic_metabolism,adipogenesis,peroxisome,
interferon_gamma_responsekras_signaling up,and spermattogenesis
e2f targets g2m_checkpoint kras_signaling dn were showed in the
high risk group (Figure 13F).

4 Discussion

The prognosis of ES remains poor despite comprehensive
treatment strategies (20). Proto-oncogenes and tumor suppressor
genes undergo a number of genetic and epigenetic modifications
over the course of Ewing’s sarcoma development (21). As a vital
micronutrient, copper is involved in many different physiological
processes. According to earlier studies, altering copper metabolism
may prevent the growth and invasion of cancer cells (22).
Additionally, there have been the development of therapeutic
strategies that specifically focus on copper or proteins involved in
copper metabolism (23, 24).This work aims to examine the function
of CMRGs in ES, Given the significance of copper in cancer.

The purpose of this study is to investigate the prognostic
potential of CMRGs in ES. Using univariate Cox regression, we
identified 22 CMRGs as prognostic indicators. The Kaplan-Meier
analysis revealed notable disparities in survival rates between the
groups with high and low expression of these PR-CMRGs. Notably,
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FIGURE 11

(A) Evaluation of immune cell infiltration between high and low risk groups (high: blue vs. low: red). (B=F) Boxplot of immune cell infiltration in
differential TRFC,SORD,FKBP4,AANAT and SLC11A2 expression groups(high: blue vs. low: red). (G—1) Correlation of signatures and infiltrated immune
cells, immune related pathways. * means p < 0.05, ** means p < 0.01, *** means p < 0.001 and ns means no significance (p>0.05).

seven PR-CMRGs—DAXX, CCS, MTE2, F8, SLC11A2, IL1A, and
FKBP4—displayed differential expression in ES samples. Moreover,
the expressions of seven PR-CMRGs were valided in MSCs, RD-ES
and A673.Functional enrichment analysis, encompassing GO and
KEGG pathways, revealed key functions and pathways through
which these PR-CMRGs impact ES prognosis. These included
responses to metal ions, transition metal ion transport, copper
ion binding, and pathways related to various human cancers. These
findings emphasized the link between copper metabolism and the
formation and advancement of cancer.

To comprehend the molecular subtypes of ES based on PR-
CMRGs, unsupervised clustering identified two distinct molecular
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clusters with differing survival rates. Additionally, these
clusters exhibited distinct immune cell infiltration patterns,
highlighting the potential involvement of the immune system in
ES prognosis.

Prognostic risk models provide valuable insights into predicting
cancer results. Such models can offer information about survival
likelihood, risk of recurrence, and potential treatment responses,
assisting clinicians in making well-informed treatment decisions.
Given the significant role of CMRGs in ES, a risk model was
established based on these genes.

There is no study suggested that the mechanism of TFRC,
SORD, SLC11A2, FKBP4, and AANAT in cuproptosis. But in this
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TABLE 2 Differential immune cell infiltration in differential TRFC,SORD,FKBP4,AANAT and SLC11A2 expression groups.

TFRC

Activated CD4
T cell

Central
memory CD4
T cell

Gamma delta
T cell

High
expression

up

SORD

low
expression

High
expression

up

up

low
expression

up

SLC11A2

FKBP4

10.3389/fonc.2024.1388868

ANNAT

low
expression

low
expression

low
expression

High
expression

High
expression

High

expression

up

up

up

Immature
B cell

Natural
killer cell

Type I
Thelper cell

up

up

up

up up

Type 2

up

up

Thelper cell

study, it is demonstrated that TFRC, SORD, SLC11A2, FKBP4, and
AANAT associated with survival and immune infiltration. The
potential mechanism need further research. In this study, we
identified TFRC, SORD, SLC11A2, FKBP4, and AANAT as a risk
signature for ES. The prognostic model constructed using these
genes demonstrated that TFRC, SLC11A2, FKBP4, and AANAT,
each with a HR greater than 1, were associated with increased risk,
while SORD, with an HR less than 1, was a favorable prognostic
factor. The efficacy of the risk signature was comprehensively

assessed through the utilization of Kaplan-Meier survival and
ROC curves in training dataset and three validation datasets. The
correlation between the risk group and survival rates was
consistently observed, and the signature’s specificity and
sensitivity were robustly validated.

The TFRC gene in humans is responsible for encoding the
transferrin receptor protein 1, controlling intracellular iron levels.
Increased expression of TFRC promotes ferroptosis during CVB3
infection by recruiting Sp1 to the nucleus (25). TFR1, which mainly
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regulates cellular iron intake (26), binds to transferrin that is laden
with iron, becomes surrounded by vesicles coated with clathrin, and
then gets taken up by cells (27). TFRI imports extracellular iron into
cells, supporting the cellular iron store and being essential for
ferroptosis (28). There is a close relationship between the iron and
copper metabolic fares. The study demonstrated that the presence of
Cu and Zn hindered the absorption of Fe, whereas the presence of Fe
hindered the absorption of Cu (29). Thus, TFRC maybe change

Frontiers in Oncology 81

homeostasis of cellular iron to intervene copper metabolism.

SORD is a dehydrogenase/reductase protein and plays a role in the
metabolism of glucose (30). Studies have indicated SORD’s
involvement as a cuproptosis-related gene in coronary artery
disease (31). SLC11A2 is a key protein that aids the absorption of
iron and its influence extends to breast and colon cancer progression
(32, 33). Divalent metal ion transporter 1 (DMT1; often referred to as
SLC11A2) has the ability to transport several divalent metal ions such
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as Fe2+, Mn2+, Cu2+, Zn2+, Cd2+, and Pb2+. It is possible that
DMT1 also plays a role in the absorption of Cu. Therefore,
maintaining an appropriate copper concentration is crucial for
cellular function (34). The protein FKBP4, often referred to as
FKBP52, is an immunophilin. Linked to HSP90, it aids in
assembling various protein complexes (35, 36). Acting as a scaffold,
FKBP4 promotes interactions among key components of multiple
cancer-promoting signaling pathways (37, 38). FKBP52 is a
constituent of the copper efflux mechanism, potentially
contributing to neuroprotection against copper toxicity (39).
AANAT serves as the rate-limiting enzyme in melatonin synthesis.
However, it is unclear the role of AANAT in copper metabolism.
According to current study, O-GlcNAcylation of YY1 targets
SLC22A15 and AANAT, which promotes carcinogenesis in
colorectal cancer cells (40). To sum up, our results showed that
TFRC, SORD, SLC11A2, FKBP4, and AANAT maybe novel genes
played significant roles in Ewing’s sarcoma.

A nomogram visually presents a prediction model, forecasting a
patient’s prognosis based on clinical features. It also identifies
significant prognosis-affecting factors by comparing patient
survival rates. The risk score was validated as an independent
prognostic factor by both univariate and multivariate Cox
regression analysis. Subsequently, a nomogram was constructed
for convenient ES prognosis prediction. The accuracy of survival
prognosis prediction for ES was evaluated by calibration curves at 1,
3, and 5 years.

We use ssGSEA analysis to explore the functions of PR-CMRGs
in different risk groups. Remarkably, a significant number of
pathways connected to the immune system showed enrichment in
the low-risk group. Copper chelation in tumor cells increased CD8+
T and NK cell influx, resulting in slowing tumor growth (41).
Consequently, we hypothesized a close connection between copper
metabolism and anti-tumor immunity. We then proceeded to
scrutinize the variance in the TME between the two groups.
Notably, augmented levels of immune cell infiltration correlated
with a more favorable prognosis.

Given that the levels of immune checkpoints can predict
immunotherapy response (42), we conducted a more in-depth
examination of the differences in the levels of thirteen
immunological checkpoints in the two groups. Our findings unveiled
that NU.7441 and ABT.263 were benefit for the low-risk group, while
AKT inhibitor VIII, AS601245, AUY922, Bleomycin, Tipifarnib,
PHA.665752, MG.132, JNK.9L, BMS.708163, Erlotinib, and Imatinib
showed greater advantages for the high-risk group. These results
collectively pointed towards the potential of PR-CMRGs to offer
guidance for immunotherapy in individuals diagnosed with ES.

Nonetheless, this study remains certain limitations merit.
Initially, PR-CMRGs construction and validation depend on
public databases, necessitating subsequent validation through
future multicenter and prospective investigations. Secondly,
further experimental endeavors are imperative to authenticate the
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individual and collective functions of the five genes encompassed
within PR-CMRGs in ES.

To conclude, the study uncovered the significant influence of
the interplay between copper metabolism and immunity on the
progression of ES. For ES patients, the prognostic model based on 5
PR-CMRGs was developed and its prediction efficiency was well
demonstrated. This model can be conducive to prognostic
prediction and may provide a guidance on immunotherapy.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

YC: Conceptualization, Formal analysis, Investigation, Writing —
original draft, Writing — review & editing. WZ: Conceptualization,
Formal analysis, Methodology, Writing — original draft, Writing -
review & editing. XX: Data curation, Software, Validation, Writing —
original draft, Writing — review & editing. BX: Data curation, Software,
Validation, Writing — original draft, Writing — review & editing. YY:
Data curation, Software, Validation, Writing - original draft, Writing —
review & editing. HY: Data curation, Software, Validation,
Visualization, Writing — original draft, Writing - review & editing.
KL: Data curation, Software, Writing — original draft, Writing — review
& editing. ML: Data curation, Software, Writing — original draft,
Writing - review & editing. LQ: Conceptualization, Funding
acquisition, Investigation, Methodology, Project administration,
Supervision, Writing - original draft, Writing — review & editing. XJ:
Conceptualization, Investigation, Methodology, Project administration,
Supervision, Writing — original draft, Writing — review & editing,

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was funded by the Shandong Provincial Natural Science
Foundation, China. (grant number: ZR2023MH383).

frontiersin.org


https://doi.org/10.3389/fonc.2024.1388868
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Chen et al.

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

References

1. Balamuth NJ, Womer RB. Ewing's sarcoma. Lancet Oncol. (2010) 11:184-92.
doi: 10.1016/S1470-2045(09)70286-4

2. Eyre R, Feltbower RG, James PW, Blakey K, Mubwandarikwa E, Forman D, et al.
The epidemiology of bone cancer in 0 - 39 year olds in northern England, 1981 - 2002.
BMC Cancer. (2010) 10:357. doi: 10.1186/1471-2407-10-357

3. Griinewald TGP, Cidre-Aranaz F, Surdez D, Tomazou EM, Alava E, Kovar H,
et al. Ewing sarcoma. Nat Rev Dis Primers. (2018) 4:6. doi: 10.1038/s41572-018-0007-6

4. Gorthi A, Romero JC, Loranc E, Cao L, Lawrence LA, Goodale E, et al. EWS-FLI1
increases transcription to cause R-loops and block BRCA1 repair in Ewing sarcoma.
Nature. (2018) 555:387-91. doi: 10.1038/nature25748

5. Spriano F, Chung E, Gaudio E, Tarantelli C, Cascione L, Napoli S, et al. The ETS
inhibitors YK-4-279 and TK-216 are novel antilymphoma agents. Clin Cancer Res.
(2019) 25:5167-76. doi: 10.1158/1078-0432.CCR-18-2718

6. Chen L, Min ], Wang F. Copper homeostasis and cuproptosis in health and
disease. Signal Transduct Target Ther. (2022) 7:378. doi: 10.1038/s41392-022-01229-y

7. Gromadzka G, Tarnacka B, Flaga A, Adamczyk A. Copper dyshomeostasis in
neurodegenerative diseases-therapeutic implications. Int J Mol Sci. (2020) 21.
doi: 10.3390/ijms21239259

8. Chen J, Jiang Y, Shi H, Peng Y, Fan X, Li C. The molecular mechanisms of copper
metabolism and its roles in human diseases. Pflugers Arch. (2020) 472:1415-29.
doi: 10.1007/s00424-020-02412-2

9. Rezaei A, Falahati-Pour SK, Mohammadizadeh F, Hajizadeh MR, Mirzaei MR,
Khoshdel A, et al. Effect of a copper (II) complex on the induction of apoptosis in
human hepatocellular carcinoma cells. Asian Pac ] Cancer Prev. (2018) 19:2877-84.
doi: 10.22034/APJCP.2018.19.10.2877

10. Gupte A, Mumper RJ. Elevated copper and oxidative stress in cancer cells as a target
for cancer treatment. Cancer Treat Rev. (2009) 35:32-46. doi: 10.1016/j.ctrv.2008.07.004

11. Zhang G, Sun J, Zhang X. A novel Cuproptosis-related LncRNA signature to
predict prognosis in hepatocellular carcinoma. Sci Rep. (2022) 12:11325. doi: 10.1038/
541598-022-15251-1

12. Capriotti G, Piccardo A, Giovannelli E, Signore A. Targeting copper in cancer
imaging and therapy: A new theragnostic agent. J Clin Med. (2022) 12. doi: 10.3390/
jem12010223

13. Ge EJ, Bush Al Casini A, Cobine PA, Cross JR, DeNicola GM, et al. Connecting
copper and cancer: from transition metal signalling to metalloplasia. Nat Rev Cancer.
(2022) 22:102-13. doi: 10.1038/541568-021-00417-2

14. Wang X, Zhou M, Liu Y, Si Z. Cope with copper: From copper linked
mechanisms to copper-based clinical cancer therapies. Cancer Lett. (2023)
561:216157. doi: 10.1016/j.canlet.2023.216157

15. Wang Z, Jin D, Zhou S, Dong N, Ji Y, An P, et al. Regulatory roles of copper
metabolism and cuproptosis in human cancers. Front Oncol. (2023) 13:1123420.
doi: 10.3389/fonc.2023.1123420

16. Li Y. Copper homeostasis: Emerging target for cancer treatment. [UBMB Life.
(2020) 72:1900-8. doi: 10.1002/iub.2341

17. Chang W, Li H, Zhong L, Zhu T, Chang Z, Ou W, et al. Development of a copper
metabolism-related gene signature in lung adenocarcinoma. Front Immunol. (2022)
13:1040668. doi: 10.3389/fimmu.2022.1040668

18. Liu B, Liu Z, Feng C, Li C, Zhang H, Li Z, et al. Identification of cuproptosis-
related IncRNA prognostic signature for osteosarcoma. Front Endocrinol (Lausanne).
(2022) 13:987942. doi: 10.3389/fendo.2022.987942

Frontiers in Oncology

83

10.3389/fonc.2024.1388868

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.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1388868/
full#supplementary-material

19. Tisato F, Marzano C, Porchia M, Pellei M, Santini C. Copper in diseases and
treatments, and copper-based anticancer strategies. Med Res Rev. (2010) 30:708-49.
doi: 10.1002/med.20174

20. Gaspar N, Hawkins DS, Dirksen U, Lewis IJ, Ferrari S, Deley Le M-C, et al.
Ewing sarcoma: current management and future approaches through collaboration. J
Clin Oncol. (2015) 33:3036-46. doi: 10.1200/JCO.2014.59.5256

21. Li Z, Yu X, Shen J, Wu WK, Chan MT. MicroRNA expression and its clinical
implications in Ewing's sarcoma. Cell Prolif. (2015) 48:1-6. doi: 10.1111/cpr.12160

22. Ruiz LM, Libedinsky A, Elorza AA. Role of copper on mitochondrial function
and metabolism. Front Mol Biosci. (2021) 8:711227. doi: 10.3389/fmolb.2021.711227

23. Daniel KG, Gupta P, Harbach RH, Guida WC, Dou QP. Organic copper
complexes as a new class of proteasome inhibitors and apoptosis inducers in human
cancer cells. Biochem Pharmacol. (2004) 67:1139-51. doi: 10.1016/j.bcp.2003.10.031

24. Trackman PC. Lysyl oxidase isoforms and potential therapeutic opportunities
for fibrosis and cancer. Expert Opin Ther Targets. (2016) 20:935-45. doi: 10.1517/
14728222.2016.1151003

25. Yi L, Hu Y, Wu Z, Li Y, Kong M, Kang Z, et al. TFRC upregulatinn promotes
ferroptosis in CVB3 infection via nucleus recruitment of Spl. Cell Death Dis. (2022)
13:592. doi: 10.1038/s41419-022-05027-w

26. Fisher AL, Wang CY, Xu Y, Joachim K, Xiao X, Phillips S, et al. Functional role of
endothelial transferrin receptor 1 in iron sensing and homeostasis. Am ] Hematol.
(2022) 97:1548-59. doi: 10.1002/ajh.26716

27. Cao H, Krueger EW, McNiven MA. Hepatocytes internalize trophic receptors at
large endocytic "Hot Spots". Hepatology. (2011) 54:1819-29. doi: 10.1002/hep.24572

28. Feng H, Schorpp K, Jin J, Yozwiak CE, Hoffstrom BG, Decker AM, et al.
Transferrin receptor is a specific Ferroptosis marker. Cell Rep. (2020) 30:3411-23.e7.
doi: 10.1016/j.celrep.2020.02.049

29. Arredondo M, Martinez R, Nufiez MT, Ruz M, Olivares M. Inhibition of iron
and copper uptake by iron, copper and zinc. Biol Res. (2006) 39:95-102. doi: 10.4067/
S0716-97602006000100011

30. El-Kabbani O, Darmanin C, Chung RP. Sorbitol dehydrogenase: structure,
function and ligand design. Curr Med Chem. (2004) 11:465-76. doi: 10.2174/
0929867043455927

31. Zhang B, He M. Identification of potential biomarkers for coronary artery
disease based on cuproptosis. Cardiovasc Ther. (2023) 2023:5996144. doi: 10.1155/
2023/5996144

32. Li Y, Pan K, Chen L, Ning J-L, Li X, Yang T, et al. Deferoxamine regulates
neuroinflammation and iron homeostasis in a mouse model of postoperative
cognitive dysfunction. J Neuroinflammation. (2016) 13:268. doi: 10.1186/s12974-
016-0740-2

33. Chen C, Liu P, Duan X, Cheng M, Xu LX. Deferoxamine-induced high
expression of TfR1 and DMT1 enhanced iron uptake in triple-negative breast cancer
cells by activating IL-6/PI3K/AKT pathway. Onco Targets Ther. (2019) 12:4359-77.
doi: 10.2147/OTT

34. Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, et al.
Cloning and characterization of a mammalian proton-coupled metal-ion transporter.
Nature. (1997) 388:482-8. doi: 10.1038/41343

35. Xue X, Ramakrishnan SK, Weisz K, Triner D, Xie L, Attili D, et al. Iron
uptake via DMT1 integrates cell cycle with JAK-STAT3 signaling to promote
colorectal tumorigenesis. Cell Metab. (2016) 24:447-61. doi: 10.1016/
j.cmet.2016.07.015

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1388868/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1388868/full#supplementary-material
https://doi.org/10.1016/S1470-2045(09)70286-4
https://doi.org/10.1186/1471-2407-10-357
https://doi.org/10.1038/s41572-018-0007-6
https://doi.org/10.1038/nature25748
https://doi.org/10.1158/1078-0432.CCR-18-2718
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.3390/ijms21239259
https://doi.org/10.1007/s00424-020-02412-2
https://doi.org/10.22034/APJCP.2018.19.10.2877
https://doi.org/10.1016/j.ctrv.2008.07.004
https://doi.org/10.1038/s41598-022-15251-1
https://doi.org/10.1038/s41598-022-15251-1
https://doi.org/10.3390/jcm12010223
https://doi.org/10.3390/jcm12010223
https://doi.org/10.1038/s41568-021-00417-2
https://doi.org/10.1016/j.canlet.2023.216157
https://doi.org/10.3389/fonc.2023.1123420
https://doi.org/10.1002/iub.2341
https://doi.org/10.3389/fimmu.2022.1040668
https://doi.org/10.3389/fendo.2022.987942
https://doi.org/10.1002/med.20174
https://doi.org/10.1200/JCO.2014.59.5256
https://doi.org/10.1111/cpr.12160
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.1016/j.bcp.2003.10.031
https://doi.org/10.1517/14728222.2016.1151003
https://doi.org/10.1517/14728222.2016.1151003
https://doi.org/10.1038/s41419-022-05027-w
https://doi.org/10.1002/ajh.26716
https://doi.org/10.1002/hep.24572
https://doi.org/10.1016/j.celrep.2020.02.049
https://doi.org/10.4067/S0716-97602006000100011
https://doi.org/10.4067/S0716-97602006000100011
https://doi.org/10.2174/0929867043455927
https://doi.org/10.2174/0929867043455927
https://doi.org/10.1155/2023/5996144
https://doi.org/10.1155/2023/5996144
https://doi.org/10.1186/s12974-016-0740-2
https://doi.org/10.1186/s12974-016-0740-2
https://doi.org/10.2147/OTT
https://doi.org/10.1038/41343
https://doi.org/10.1016/j.cmet.2016.07.015
https://doi.org/10.1016/j.cmet.2016.07.015
https://doi.org/10.3389/fonc.2024.1388868
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Chen et al.

36. Martinez NJ, Chang HM, Borrajo Jde R, Gregory RI. The co-chaperones Fkbp4/5
control Argonaute2 expression and facilitate RISC assembly. RNA. (2013) 19:1583-93.
doi: 10.1261/rna.040790.113

37. Zong S, Jiao Y, Liu X, Mu W, Yuan X, Qu Y, et al. FKBP4 integrates FKBP4/
Hsp90/IKK with FKBP4/Hsp70/RelA complex to promote lung adenocarcinoma
progression via IKK/NF-kB signaling. Cell Death Dis. (2021) 12:602. doi: 10.1038/
541419-021-03857-8

38. Mangeé A, Coyaud E, Desmetz C, Laurent E, Béeganton B, Coopman P, et al.
FKBP4 connects mTORC2 and PI3K to activate the PDKI1/Akt-dependent cell
proliferation signaling in breast cancer. Theranostics. (2019) 9:7003-15. doi: 10.7150/
thno.35561

Frontiers in Oncology

84

10.3389/fonc.2024.1388868

39. Sanokawa-Akakura R, Dai H, Akakura S, Weinstein D, Fajardo JE, Lang SE, et al.
A novel role for the immunophilin FKBP52 in copper transport. ] Biol Chem. (2004)
279:27845-8. doi: 10.1074/jbc.C400118200

40. Zhu G, Qian M, Lu L, Chen Y, Zhang X, Wu Q, et al. O-GlcNAcylation of YY1
stimulates tumorigenesis in colorectal cancer cells by targeting SLC22A15 and
AANAT. Carcinogenesis. (2019) 40:1121-31. doi: 10.1093/carcin/bgz010

41. Voli F, Valli E, Lerra L, Kimpton K, Saletta F, Giorgi FM, et al. Intratumoral
copper modulates PD-L1 expression and influences tumor immune evasion. Cancer
Res. (2020) 80:4129-44. doi: 10.1158/0008-5472.CAN-20-0471

42. Ren D, Hua Y, Yu B, Ye X, He Z, Li C, et al. Predictive biomarkers and
mechanisms underlying resistance to PD1/PD-L1 blockade cancer immunotherapy.
Mol Cancer. (2020) 19:19. doi: 10.1186/s12943-020-1144-6

frontiersin.org


https://doi.org/10.1261/rna.040790.113
https://doi.org/10.1038/s41419-021-03857-8
https://doi.org/10.1038/s41419-021-03857-8
https://doi.org/10.7150/thno.35561
https://doi.org/10.7150/thno.35561
https://doi.org/10.1074/jbc.C400118200
https://doi.org/10.1093/carcin/bgz010
https://doi.org/10.1158/0008-5472.CAN-20-0471
https://doi.org/10.1186/s12943-020-1144-6
https://doi.org/10.3389/fonc.2024.1388868
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

& frontiers | Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY
Shivendra Vikram Singh,

St. Jude Children’s Research Hospital,
United States

REVIEWED BY
Sanjay Pandey,

Albert Einstein College of Medicine,

United States

Arig Ibrahim-Hashim,

Moffitt Cancer Center, United States
Uri Nir,

Bar-Ilan University, Israel

Amit Kumar,

University of Maryland, United States

*CORRESPONDENCE
Randall J. Kimple
rkimple@humonc.wisc.edu

RECEIVED 07 May 2024
ACCEPTED 10 September 2024
PUBLISHED 01 October 2024

CITATION
Gurel Z, Luy MS, Luo Q, Arp NL, Erbe AK,
Kesarwala AH, Fan J and Kimple RJ (2024)
Metabolic modulation of melanoma enhances
the therapeutic potential of immune
checkpoint inhibitors.

Front. Oncol. 14:1428802.

doi: 10.3389/fonc.2024.1428802

COPYRIGHT
© 2024 Gurel, Luy, Luo, Arp, Erbe, Kesarwala,
Fan and Kimple. 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 Oncology

TvPE Original Research
PUBLISHED 01 October 2024
D01 10.3389/fonc.2024.1428802

Metabolic modulation of
melanoma enhances the
therapeutic potential of immune
checkpoint inhibitors

Zafer Gurel', Michael S. Luy?, Qianyun Luo®, Nicholas L. Arp?,
Amy K. Erbe’, Aparna H. Kesarwala®, Jing Fan®**®
and Randall J. Kimple™®*

Department of Human Oncology, University of Wisconsin School of Medicine and Public Health,
Madison, WI, United States, 2Morgridge Institute for Research, Madison, WI, United States,
sDepartment of Radiation Oncology, Winship Cancer Institute, Emory University School of Medicine,
Atlanta, GA, United States, “Cellular and Molecular Biology Graduate Program, University of
Wisconsin-Madison, Madison, WI, United States, *Department of Nutritional Sciences, University of
Wisconsin-Madison, Madison, WI, United States, *University of Wisconsin (UW) Carbone Cancer
Center, University of Wisconsin School of Medicine and Public Health, Madison, WI, United States

Introduction: Lactate is a pivotal molecule with diverse functions in the
metabolic reprogramming of cancer cells. Beyond its role in metabolism,
lactate exerts a modulatory effect within the tumor microenvironment; it is
utilized by stromal cells and has been implicated in the suppression of the
immune response against the tumor.

Methods: Using in vitro assays (including flow cytometry, live-cell imaging and
metabolic analyses), the impact of lactate dehydrogenase inhibitors (LDHIs) on
melanoma cells were assessed. The therapeutic potential of LDHIs with immune
checkpointinhibitors (IClIs) were tested in vivo in murine models of melanoma tumors.

Results: A potent anti-proliferative effect (via both cell cycle alterations and
enhanced apoptosis) of LDHIs, Oxamate (Oxa) and methyl 1-hydroxy-6-phenyl-
4-(trifluoromethyl)-1H-indole-2-carboxylate (NHI-2), was found upon
treatment of melanoma cell lines. Using a combination of Oxa and NHI-2, a
synergistic effect to inhibit proliferation, glycolysis, and ATP production was
observed. Metabolic analysis revealed significant alteration in glycolysis and
oxidative phosphorylation, while metabolite profiling emphasized
consequential effects on lactate metabolism and induced energy depletion by
LDHIs. Detection of increased RANTES and MCP-1, with Oxa and NHI-2
treatment, prompted the consideration of combining LDHIs with ICls. In vivo
studies using a murine B78 melanoma tumor model revealed a significant
improvement in treatment efficacy when LDHIs were combined with ICls.

Conclusions: These findings propose the potential of targeting lactate
metabolism to enhance the efficacy of ICl treatments in patients with melanoma.

KEYWORDS

melanoma, cancer metabolism, lactate, LDH, oxamate, NHI-2, immune checkpoint inhibitors
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1 Introduction

The metabolism of cancer cells differs markedly from that of
non-malignant cells. One of the major metabolic hallmarks of
cancer cells, the Warburg effect, was reported almost a century
ago (1). The Warburg effect is defined as an increased dependence
on glycolysis for ATP synthesis, even in the presence of oxygen,
diverging from the conventional oxidative phosphorylation
pathway (2). Subsequent studies have revealed that the metabolic
adaptations in tumors extend beyond the Warburg effect (3).
Cancer cells demonstrate notable metabolic plasticity, enabling
them to swiftly adjust to the dynamically changing tumor
microenvironment (TME) (4). This metabolic plasticity, coupled
with genetic and epigenetic alterations contributes to heterogeneity
within the tumor, resulting in chemo/radio-resistance, immune
escape, and tumor recurrence (5-7).

Lactate is a metabolic byproduct that has long been considered a
waste product of glycolysis. Although the initial reports of lactate
accumulation in muscles date back to the early 1900s (8, 9), it is only
within the last two decades that we have started to unravel novel
biological functions associated with this molecule. Lactate is now
recognized as both an important carbon source for cellular
metabolism and as a signaling molecule, particularly in
chronically inflamed and cancerous tissues (10). However, the
cellular response to lactate in the TME is quite different to that
occurring in the context of chronic inflammation. Therefore,
further studies are required to understand the role of lactate in
the TME.

Given the metabolic diversity among tumor cells, there is a
postulation that glycolytic and oxidative cells engage in symbiotic
interactions. Glycolytic cells export lactate to the TME, while
oxidative cells import it and utilize lactate as an energy source
(11). This symbiotic relationship becomes particularly crucial as
tumors grow, leading to a hypoxic microenvironment in the tumor
center and better oxygenation near blood vessels (12). The
utilization of lactate as an energy source by perivascular cells in
tumors could elucidate the correlation between elevated lactate
concentrations in the TME and the subsequent development of
nodal or distant metastases in various cancers (13-19).

Moreover, high TME lactate levels play a crucial role in
modulating immune cell function and fostering immune escape
within tumors by suppressing the tumor-specific CD8" T
lymphocytes and macrophages (20-22). Additionally, lactate-
driven immune cell modulation includes an influx of suppressive
immune subsets, with Treg cells adapting to the high-lactate/low-
glucose environment by upregulating FOXP3 expression (23). This
multilayered impact of lactate highlights its significance in tumor
progression and immune response modulation.

In the landscape of melanoma treatment, immune checkpoint
inhibitors (ICI) have emerged as a cornerstone over the past decade,
revolutionizing therapeutic strategies for many patients. However,
both innate and acquired resistance to ICI treatment present
substantial challenges, limiting the therapeutic impact of ICI
therapy in melanoma. Several checkpoint inhibitors, including the
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anti-CTLA-4 and the anti-PD-1 monoclonal antibodies, are
approved for the treatment of advanced melanoma. Studies
dedicated to melanoma treatment report response rates of 20%
for anti-CTLA-4 and 40% for anti-PD-1, accompanied by 5-year
progression-free survival (PFS) rates of 8% and 20%, respectively
(24-27). These insights highlight the existing challenges and
emphasize the need for innovative approaches to enhance the
efficacy of ICI treatments in melanoma. Several clinical trials are
in progress to evaluate the efficacy of combining glycolysis
inhibitors with immune modulator therapies, predominantly
focusing on the AKT/mTOR pathway (NCT03190174,
NCT03772561, NCT04895748, NCT04591431). However, none of
these clinical trials focus on melanoma patients and there are only a
limited number of pre-clinical studies that utilize lactate
dehydrogenase inhibitors (LDHIs) with ICIs in animal tumor
models (28, 29).

Lactate dehydrogenase (LDH) is a critical enzyme in the
metabolic process, serving a pivotal role in the interconversion of
lactate and pyruvate, alongside the concomitant interconversion of
NADH and NAD+ (30). LDH comprises multiple isoenzymes,
among which LDHA and LDHB are the primary subunits that
combine to form the various LDH isoforms present in human
tissues (31). These subunits are encoded by distinct genes, LDHA
and LDHB, respectively, and their expression and activity are finely
tuned according to the metabolic demands and oxygen availability
of specific tissues. The link between elevated serum LDH levels and
poor prognosis in melanoma is well established, indicating the
significance of LDH as a prognostic biomarker (32-35).
Additionally, high baseline LDH levels and lactic acid
accumulation have been correlated with less favorable outcomes
in patients receiving ICIs, indicating that targeting LDH could
enhance the efficacy of ICI therapies in melanoma (36-39).

This study aimed to disrupt the energy metabolism within
melanoma tumors by targeting LDH enzymes, specifically LDHA
and LDHB, with the goal of enhancing the efficacy of ICI
treatments. We observed strong anti-proliferative effects of two
LDHIs, namely Oxamate (Oxa) and Methyl 1-hydroxy-6-phenyl-4-
(trifluoromethyl)-1H-indole-2-carboxylate (NHI-2), on melanoma
cell lines. Oxa, acting as a pyruvate analog inhibits LDHA (40),
whereas NHI-2 functions as a NADH competitor to inhibit both
LDHA and LDHB (41). The observed synergistic interaction
between Oxa and NHI-2 revealed an impact on melanoma cell
metabolism that extends beyond glycolysis inhibition, including
oxidative phosphorylation and macromolecule synthesis. These
findings point to a more complex mechanism of action,
underscoring the potential significance of this drug combination
in targeting melanoma cells. Additionally, screening for changes in
cytokines and chemokines showed an elevation in the release of
specific chemokines, including regulated upon activation, normal T
cell expressed and secreted (RANTES), and monocyte
chemoattractant protein-1 (MCP-1) in the B78 melanoma cell
line following LDHI treatment. In vivo studies showed a
significant improvement in treatment efficacy when Oxa and
NHI-2 were combined with immune checkpoint inhibitors
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(aPD-L1+aCTL4) in a B78 melanoma tumor model. Therefore, this
study not only indicated the potential strategy of disrupting
melanoma cell metabolism through LDHIs but also emphasized
the innovative approach of enhancing ICI efficacy through
this combination.

2 Results

2.1 Synergistic anti-proliferative effects of
LDH inhibitors on melanoma cell lines

The impact of LDHIs, specifically Oxa and NHI-2, on the
proliferation of B78 (mouse amelanotic melanoma B78-D14),
B16-F10 (mouse skin melanoma), and M21 (human metastatic
melanoma) cell lines, was screened via real-time cell counting
through an IncuCyteTM S3 live cell imaging system. The anti-
proliferative effects of Oxa and NHI-2 became evident within 12
hours. Higher concentrations of Oxa (30 and 60 mM) led to a
complete blockade of B78 cell proliferation (Figure 1A), and EC50
value was calculated as 20 mM for Oxa (Figure 1B). NHI-2 was
effective in uM levels and 40 pM NHI-2 led to a complete blockade
of B78 cell proliferation (Figure 1C). The EC50 value was calculated
as 25 uM for NHI-2, according to inhibition of B78 cell
proliferation (Figure 1D). Consistent outcomes were replicated in
B16 and M21 cell lines (Supplementary Figure S1). At lower doses,
such as 15 mM Oxa or 18 uM NHI-2, their combined application
demonstrated an effective suppression of B78 cell proliferation,
surpassing the outcomes observed with either vehicle control or
single-drug treatments (Figure 1E).

The synergistic effects of the combination treatment of Oxa and
NHI-2 on melanoma cell proliferation were assessed by subjecting
cells to various concentrations of these inhibitors, administered
either individually or in combination. Normalized results were
analyzed using the SynergyFinderPlus tool, incorporating diverse
models such as highest single agent (HAS), Bliss independence,
Loewe additivity, and zero interaction potency (ZIP) to compute the
synergy score (42). The recently developed ZIP model combines the
strengths of the Loewe and Bliss models, assuming that non-
interacting medicines cause modest modifications in their dose-
response curves (43). The ZIP model analysis revealed an average
synergy score of 20.88 (p < 2e—324) for the interaction between Oxa
and NHI-2 in B78 cells (Figure 1F). Scores exceeding 10 indicated a
synergistic effect. The synergy score reached up to 40 for certain
concentrations, such as a combination of 15 mM Oxa and 18 uM
NHI-2. Consistent with this, both the HSA and Bliss models
affirmed the synergistic impact of the Oxa and NHI-2
combination treatment in B78 cells (Supplementary Figure S2).
While M21 cells displayed less sensitivity to LDHIs than B78 cells,
the combination of Oxa and NHI-2 still exhibited a synergistic
effect, with an average ZIP score of 14.17 (p = 1.08e-23)
(Supplementary Figure S3).

Opverall, the interaction landscape indicates that the combined
treatment of Oxa and NHI-2 exerts a synergistic effect on the

survival of melanoma cell lines.
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2.2 Impact of LDH inhibitors on cell
viability and cell cycle in B78
melanoma cells

To assess the impact of LDHIs on apoptosis, apoptotic cell ratios
were calculated using NucView® caspase-3 substrate. This substrate
allows the detection of caspase-3/7 activity in live cells via the
IncuCyte® imaging system. While individual administration of Oxa
and NHI-2 did not induce a notable rise in caspase-3/7 activation, a
significant increase in apoptosis was observed when 40 uM NHI-2 was
combined with either 30 or 60 mM Oxa in B78 cells (Figure 2A).
Specifically, 24 hours after treatment, the apoptotic cell ratio increased
to 8.88% in the 30 mM Oxa + 40 pM NHI-2 group and to 9.12% in the
60 mM Oxa +40 uM NHI-2 group, compared with 0.14% in the vehicle
control group. Lower doses of the drugs, even in combination, did not
significantly alter the apoptotic cell ratio, according to caspase-3/7
activity (Supplementary Figure S4).

To further investigate apoptosis and cell death, cells were
treated with various concentrations of Oxa and NHI-2 for 24
hours. Subsequently, Annexin V/PI staining and flow cytometric
analysis were conducted. The flow data, consistent with caspase-3/7
results, demonstrated an increase in early apoptotic (Annexin V
positive) cell ratios, particularly with the combination of 40 pM
NHI-2 with either 30 or 60 mM Oxa (Figure 2B). The early
apoptotic cell ratio was 1.25% for the vehicle treatment, 5.82% for
30 mM Oxa + 40 pM NHI-2, and 3.09% for 60 mM Oxa + 40 uM
NHI-2. Furthermore, the late apoptotic/dead (Annexin V + PI
positive) cell ratio moderately increased in the 40 uM NHI-2 group
to 23.64%, and it significantly increased in the 30 mM Oxa + 40 uM
NHI-2 to 48.53% and 60 mM Oxa + 40 uM NHI-2 to 67.15%
groups compared to the vehicle control, which was at 12.98%.

Furthermore, alterations in cell cycle distribution in B78 cells
were analyzed after 24 hours of treatment with Oxa and NHI-2
either alone or in combination. Flow cytometry was employed to
analyze changes in the cell cycle after PI staining. The results
demonstrated that Oxa induced accumulation in the GI phase of
the cell cycle, whereas NHI-2 led to an increased cell population in
the S and G2 phases, as evidenced by the gating strategy and
quantification model employed (Figures 2C, D).

Together, these findings suggested that Oxa and NHI-2 may
affect distinct pathways, and their combination has detrimental
effects on B78 cells.

2.3 Metabolic impacts of Oxa and NHI-2
on glycolytic and oxidative pathways

To elucidate the metabolic alterations induced by Oxa and
NHI-2 in B78 cells, the extracellular acidification rate (ECAR) and
mitochondrial oxygen consumption rate (OCR) were quantified
using a Seahorse XFe96 analyzer. Oxa treatment at 7.5- and 15-mM
concentrations resulted in a dose-dependent decrease in ECAR,
indicating reduced glycolytic activity. Furthermore, cells pre-treated
with Oxa displayed a diminished ECAR upsurge in response to the
ATP synthase inhibitor oligomycin, suggesting a compromised
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FIGURE 1

LDH-inhibitors oxamate and NHI-2 exhibit potent and synergistic anti- proliferative effects on B78-D14 melanoma cells. Cell proliferation was
monitored in real time with the continuous presence of (A) Oxa (Oxamate) and (C) NHI-2 treatments for 72 hours using an IncuCyte ® S3
instrument. The changes in cell number are used as a surrogate marker of cell proliferation. Data shown are the mean + SEM (n = 3). Cell viability
curves and EC50 values for B78 cell lines treated with (B) Oxa and (D) NHI-2 for 48 h at various concentrations. EC50 values were calculated in
GraphPad Prism using the non-linear fit curve method. (E) The graph and statistical analysis demonstrate the enhanced effectiveness of Oxa and
NHI-2 combination treatments on B78 cell proliferation compared to single-agent usage, as indicated by the concentrations on the graph (Two-way
ANOVA; ****p < 0.0001; **p < 0.01; *p < 0.05). Stau (Staurosporine) was used as positive control. (F) Synergy analysis for the Oxa and NHI-2
combination treatment in the B78 cell line, conducted using synergyfinderplus.org. The results are compared using three distinct synergy correlation
method: ZIP (zero interaction potency) model, with a synergy score Mean of 20.88 (p < 2e-324). A synergy score exceeding 10 indicates a

pronounced synergistic effect.

glycolytic compensatory mechanism (Figure 3A). NHI-2 at 12-and
18-uM concentrations elevated the basal glycolytic rate as reflected
by ECAR measurements. However, at a 25 UM concentration, NHI-
2 significantly decreased both basal and oligomycin-stimulated
glycolytic processes (Figure 3B). Crucially, co-treatment with Oxa
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and NHI-2 led to an effective suppression of glycolysis at even lower
doses, as evidenced by the ECAR data (Figure 3C, Supplementary
Figure S5).

OCR data demonstrated that Oxa moderately increased both
basal and maximal mitochondrial respiration (Figure 3D). NHI-2
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significantly inhibited basal respiration in a dose-dependent
manner, rendering cells unresponsive to FCCP (carbonylcyanide-
p-trifluo romethoxy-phenyl-hydrazone) stimulation (Figure 3E).
The combination of low doses of Oxa (7.5 mM) and NHI-2
(12 pM) resulted in a modest additional reduction in basal
respiration compared to NHI-2 alone, likely due to the already
substantial efficacy of NHI-2 in inhibiting basal respiration even at
low doses as a single agent (Figure 3F).

Overall, ECAR measurements indicated the enhanced anti-
glycolytic efficacy of the combination of Oxa and NHI-2,
particularly at lower doses, surpassing the outcomes of individual
treatments. Additionally, OCR data reveals that NHI-2 may also

A

80

10.3389/fonc.2024.1428802

suppress oxidative phosphorylation (OXPHOS), suggesting its
broader impact on cellular energy production.

2.4 Metabolic profile alterations in B78
cells treated with Oxa and NHI-2

To understand the effects of Oxa and NHI-2 treatments on
metabolic pathways, metabolite levels in B78 cells were analyzed
using liquid chromatography-mass spectrometry (LC-MS). This
approach enabled the detection and quantification of sixty-six
intracellular metabolites (Figure 4A). Only the combination
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Higher doses of Oxamate and NHI-2 are required to induce apoptosis and disrupt the cell cycle in B78 cells. (A) Caspase-3/7 activation was assessed
using the IncuCyte® live-cell analysis system, and apoptotic cell percentages were calculated alongside total cell numbers. Annexin V and/or PI-
positive cell ratios were determined in non-fixed B78 cells at 24 hours post-treatment via flow cytometry analysis. Data represents the mean of 3
independent wells per condition + SEM, with a noticeable increase in apoptotic and dead cell ratios observed only at higher doses of Oxa and NHI-2
combined treatment. (B) Cell cycle phases were assessed by flow cytometry analysis after Pl staining of fixed cells. Data represents the mean of 3
independent repeats per time condition + SEM. The untreated control sample serves as a reference for (C) the gating strategy and (D) the
quantification model for the G1, S, and G2/M phases of the cell cycle. Analysis was performed using ModFit LT V5.0.9 software. Notably, Oxa
treatment led to the accumulation of cells primarily in the G1 phase, whereas NHI-2 treatment resulted in the accumulation of cells in the S phase of

the cell cycle.
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FIGURE 3

Oxamate and NHI-2 represent distinct effects on cellular bioenergetics. The continuous extracellular acidification rate (ECAR) values were monitored
and analyzed employing a Seahorse XFe96 extracellular flux analyzer. B78 cells were treated with Oxa and NHI-2 one hour prior to loading the plate
into the analyzer. The arrows indicate the time points of injections by the instrument. Sequential injections of 5 mM glucose, 1 uM oligomycin, and
50 mM 2-deoxy-D-glucose (2-DG) were introduced into the medium. Representative data are presented for the application of (A) Oxa, (B) NHI-2 as
single agents, and (C) the combination of both. The continuous oxygen consumption rate (OCR) values were monitored and analyzed employing an
XF94 extracellular flux analyzer. B78 cells were treated with Oxa and NHI-2 one hour prior to loading the plate into the analyzer. The arrows indicate
the time points of injections by the instrument. Sequential injections of 1 uM oligomycin, and 0.5 pM FCCP (and 0.5 pM Rotenone/Antimycin A were
introduced into the medium. Representative data are presented for the application of (D) Oxa, (E) NHI-2 as single agents, and (F) the combination of
both. Error bars represent the mean + standard error of the mean (SEM) (n = 5).

treatment of Oxa (15 mM) and NHI-2 (18 uM) resulted in a
significant reduction in intracellular lactate levels, underscoring the
importance of inhibiting LDHA and LDHB enzymes concurrently for
efficient suppression of lactate production (Figure 4B). Increased
ratios of ADP/ATP and AMP/ATP, especially evident in the
combination treatment group when compared to the untreated
control, suggest cellular energy depletion (Figures 4C, D). This
state of energy depletion could account for the observed significant
inhibition of cell proliferation. The KEGG pathway analysis of altered
metabolites revealed that Oxa and NHI-2 had an impact not just on
glycolysis but also on other related metabolic processes such as the
tricarboxylic acid (TCA)cycle, arginine biosynthesis, pyrimidine
metabolism, aminoacyl-tRNA biosynthesis, and alanine, aspartate,
and glutamate metabolism (Figures 4E-G). The combination
treatment of Oxa and NHI-2 exhibited greater significance scores
for numerous pathways, as highlighted in Supplementary Table S1.
The extensive inhibition of metabolic pathways, spanning from
energy generation to macromolecule production, likely underlies
the robust impact of the Oxa and NHI-2 combination on B78 cells.
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2.5 Cytokine and chemokine profile
modulation following LDH
inhibitors treatment

Considering the data that highlight the potent anti-proliferative
effects of LDHIs but also emphasizing the need for high
concentrations to induce cell death, the study explored the
potential of using LDHIs in combination to enhance the efficacy
of current melanoma treatment regimens. In line with this approach,
screening of cytokines, chemokines, and growth factors was conducted
to assess potential alterations with LDHI treatments, employing
Luminex xMAP technology. The results indicated the modulation of
a group of components under LDHI treatments (Figure 5A).
Particularly noteworthy was the substantial increase observed in
RANTES and MCP-1 (Figures 5B, C). The elevation of these
chemokines holds significant promise due to their positive effects on
the recruitment of various immune cells (44, 45). The concurrent
increase in these chemokines induced by LDHISs suggests the potential
for enhancing immune cell response, making LDHIs promising
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FIGURE 4

Oxamate and NHI-2 alter metabolite profiles and synergistically impair lactate and ATP production. B78 cells were exposed to drugs 24 hours prior to
harvest. Metabolite samples were analyzed using a Thermo Q-Exactive mass spectrometer coupled to a Vanquish Horizon UHPLC. The metabolites
reported were identified based on exact m/z and retention times determined with chemical standards. Data were analyzed with MAVEN. To quantify
changes in relative metabolite levels, metabolite abundance measured by ion count in LCMS analysis were normalized to total protein content
determined by BCA. (A) Log2 fold changes between the treatment and control groups represented in heatmap. Intracellular lactate, AMP, ADP, and ATP
levels were quantified using LC-MS. Relative levels of (B) lactate, ATP, ADP, and AMP in B78 cells were expressed as peak areas normalized to the protein
content. (C) ADP/ATP and (D) AMP/ATP ratios were calculated using the peak area data normalized to the protein content. Values represent the mean
+/- SD of three technical runs for each sample. Statistical analysis was performed using one-way ANOVA; titititi p < 0.0001; titip < 0.01; tip < 0.05. The
web-based platorm, MetaboAnalyst 5.0, was employed for pathway analysis, with enriched pathways predicted through the mummichog algorithm.
Graphs illustrate the impacted pathways for (E) 15 mM Oxa, (F) 18 uM NHI-2, and (G) combination treatment groups. The sizes of the data points are

based on their x values, while the colors correspond to their y values.
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FIGURE 5

Combined Oxamate and NHI-2 treatment with ionizing radiation upregulates RANTES and MCP-1 expression in B78 cells. Multiplex analysis was
conducted using the ProcartaPlex Mouse Immune Monitoring Panel 48plex, allowing for the simultaneous assessment of 48 cytokines, chemokines,
and growth factors in B78 cell media following a 24-hour incubation with Oxamate (Oxa), NHI-2, and/or radiation therapy (RT). The data presented
show the fold changes in detectable targets relative to the vehicle control. (A) Heatmap illustrating alterations in cytokine and chemokine levels in
B78 cell media after 24-hour incubation with Oxa, NHI-2, and/or RT. Representative data highlight the levels of (B) RANTES and (C) MCP-1 in
response to different treatments, including Oxa, NHI-2, and RT. Error bars represent the mean + SEM (n = 2).

candidates for further investigation to elevate the efficacy of current
immune therapies in the treatment of melanoma.

2.6 Enhanced efficacy of immune
checkpoint inhibitors via LDH inhibitors

Because we observed increased levels of specific chemokines
following Oxa and NHI-2 treatment, the potential of LDHIs to
enhance the efficacy of current melanoma treatment regimens,
namely ICIs, was tested. The LDHIs+ICIs regimen was assessed
using an established B78 melanoma tumor model (Figure 6A),
where the combination of ICIs and radiation therapy (RT) has
previously demonstrated a reduction in tumor development
without achieving complete eradication (46). In this study, we
administered ICIs at intervals of 6 to 7 days. This dosing schedule
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was intentionally selected based on recent evidence suggesting that
extending the intervals between ICI treatments can reduce adverse
effects while maintaining their therapeutic effectiveness (47-51).
Additionally, the timing of ICI administration was evaluated using
current murine model. The results suggest that a 7-day interval
between doses is as effective, if not more effective, than a more
frequent 3-day schedule (data not shown). These findings support
the feasibility of extending dosing intervals without compromising
therapeutic efficacy.

The combined analysis of data from two distinct experiments
yielded a total sample size of n=16 per group. In comparison to the
RT alone group, the treatment of either LDHIs or ICIs alongside RT
individually showed a modest inhibition of tumor growth.
However, the treatments combining RT with LDHIs, and RT with
LDHIs and ICIs (RT+LDHIs+ICIs) exhibited significantly greater
efficacy in reducing tumor growth (Figure 6B) and led to the cure of
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FIGURE 6

LDH inhibitors increase the therapeutic efficacy of immune checkpoint inhibitors in B78 tumors. (A) Schematic representation of the single-tumor
mouse model and the treatment protocol. C57BL/6 mice were intradermally implanted with B78 syngeneic melanoma cells. When tumors reached
an average volume of ~80 mm3, mice were randomized for intra-tumoral injections of Oxa and NHI-2 (depicted in purple and pink) or PBS
(depicted in black and green) daily from day O to 15. On day 4, all mice received a 12Gy radiation therapy (RT) applied to the right flank. Anti-PDL1
and anti- CTLA4 (depicted in green and pink) or PBS (depicted in black and purple) were injected intraperitoneally on days 5, 12, and 18. (B) Average
+/- SEM tumor volume from two individual experiments, total n=16 mice/group. Statistical analysis was performed using one-way ANOVA tests with
Tukey Post-Hoc test; ****p < 0.0001; ***p < 0.001; **p < 0.01. (C) Individual tumor volumes from two individual experiments. (D) While no
significant differences were observed in the CD8:Treg cell count ratio following RT+ICls (pink) compared to RT alone (black) or following RT+LDHls
(green) compared to RT alone, the combination of RT+LDHIs+ICls (purple) led to a significantly increased CD8:Treg cell ratio compared to RT
+LDHls (tip < 0.05) and to RT alone (titip < 0.01). Flow cytometry data represent the compilation of n=8 mice/group. One-way ANOVA tests with
Tukey Post-Hoc test.

13 out of 16 mice compared to RT+ICIs (7/16, p < 0.05) or RT
+LDHIs (2/16, p < 0.0001) (Figure 6C).

Furthermore, in the evaluation of the immune landscape on day 8
after treatment, only minor changes in the myeloid populations were
observed following RT+LDHIs or RT+LDHIs+ICIs treatments
(Supplementary Figure S6). Similarly, no significant alterations
were detected in NK and NKT cell populations with any treatment
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groups compared to RT alone (Supplementary Figure S7). However, a
significant enhancement of the ratio of CD8 to T regulatory cells
(CD8:Tregs) was detected in the tumor samples of the combination of
RT+LDHI+ICIs group compared to RT alone (Figure 6D). No
significant differences were observed in any other treatment groups
compared to RT alone. These data suggest that the addition of LDHIs
to RT+ICIs (i.e., RT+LDHIs+ICIs) enhances CDS8 effector infiltration
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—potentially linked to increased RANTES stimulation from B78
melanoma cells—while reducing immunosuppressive Treg cells in
the TME. Taken together, these in vivo studies demonstrated that the
combination of ICIs (a-PDL1 and a-CTLA4) with LDHIs (Oxa and
NHI-2) enhances the efficacy of ICIs in a melanoma tumor model.

3 Discussion

Cancer metabolism has emerged as a significant area of focus in
the development of new treatment regimens for various
malignancies. Unlike their non-cancerous counterparts, most
cancer cells exhibit a remarkable ability to withstand oxidative
and nutritional stresses through metabolic reprogramming. This
reprogramming enables cancer cells to meet the high energy and
biosynthetic requirements for tumor formation while also playing a
role in the development of resistance to various treatments in
tumors (17, 52, 53).

This study aimed to target the LDH enzyme, considering the
preference of cancer cells to utilize glycolysis for energy
production even in the presence of oxygen (Warburg effect) (1)
and their ability to adapt their metabolism to changing TME
conditions. The results indicated that the LDHA inhibitor Oxa
alone could reduce the rate of ECAR but not completely halt it
(Figure 3A), so it could not block lactate production completely in
B78 cells (Figure 4A). This aligns with recent findings suggesting
that both LDHA and LDHB contribute to pyruvate-to-lactate
conversion, requiring the simultaneous knockout of both LDHA
and LDHB to stop lactate production in LS174T (human
colorectal adenocarcinoma) and B16-F10 (mouse melanoma)
cell lines (54). Indeed, NHI-2, an LDHA and LDHB inhibitor,
demonstrated significant inhibition of ECAR (Figure 3B) and ATP
production (Figures 4C, D) when applied at a dose of 26 UM in
B78 cells. However, NHI-2 was not effective at reducing ECAR
levels at lower concentrations (12 and 18 uM). Similarly, NHI-2
exhibited no effect on B78 cell proliferation at lower
concentrations. However, a marked decrease in cell proliferation
was observed at concentrations beginning from 26 uM. The
observed threshold effect, coupled with the low solubility of
NHI-2, poses challenges in achieving its effective concentration
within tumors. To address this, our study explored the combined
application of Oxa and NHI-2, revealing synergistic interactions
between the two compounds. This combination effectively
inhibited cell proliferation and the production of glycolysis,
lactate, and ATP, even at lower concentrations of each
compound that were not effective when each compound was
applied individually.

Cell cycle analysis revealed that Oxamate induced arrest in the
G1 phase, while NHI-2 caused cell accumulation in the S and G2
phases (Figure 2B). The energy shortage and altered metabolic
environment caused by Oxamate may lead to cell cycle arrest in the
G1 phase as the cells are unable to accumulate the necessary energy
and biosynthetic precursors required for DNA replication.
However, NHI-2, as an LDH inhibitor and NADH competitor,
not only affects glycolysis but also impacts mitochondrial
metabolism and the NAD+/NADH balance, which are critical
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during DNA synthesis and cell division. The disruption of these
processes during the S phase (DNA replication) and G2 phase
(preparation for mitosis) can lead to cell cycle arrest at these points.
These results indicated that using Oxa and NHI-2 together could be
a promising therapeutic strategy because they exert complementary
effects on the cell cycle and metabolism. Oxamate impedes the
initial commitment to DNA synthesis, while NHI-2 disrupts later
stages of cell division, leading to a comprehensive blockade of
cancer cell proliferation. This dual approach could potentiate the
effects of each inhibitor, making it more difficult for tumor cells to
escape therapy.

Furthermore, metabolic flux analysis and metabolomic results
demonstrated that NHI-2 not only inhibited ECAR but also had an
impact on OXPHOS. This may be explained by a close link between
glycolysis and the TCA cycle, and disruptions in one pathway often
have downward effects on the other. Inhibition of LDH can lead to a
bottleneck in glycolysis, reducing the supply of substrates (e.g.,
acetyl-CoA) and cofactors (NAD+) necessary for optimal TCA
cycle function. Additionally, NHI-2 acts as a NADH competitor,
directly impacting the NAD+/NADH cycle, which may further
disrupt enzyme activities within the TCA cycle. Given the ability of
cancer cells to alter their metabolic pathways and the cellular
heterogeneity within tumors, this dual effect of NHI-2 can be
advantageous for therapeutic purposes. Metabolite profiling
further confirmed the enhanced effects of the combination
treatment on lactate metabolism and revealed broader impacts on
other metabolic pathways, providing insights into the mechanisms
underlying the anti-proliferative effects of Oxa and NHI-2.

Besides disturbing the energy flow in cancer cells, LDHIs also
possess the potential to regulate the immune response within the
TME. Recent studies have highlighted that lowering lactate levels in
the tumor can enhance immune responses, primarily by boosting
the activity of immune cells through the reduction of acidity in the
TME (21, 28, 55). Studies have also shown that metabolically active
tumor cells can outcompete T cells for essential nutrients such as
glucose and glutamine, leading to T cell exhaustion and reduced
efficacy of immune responses (56, 57). NHI-2, through its dual
effects, may disrupt the metabolic activity of tumor cells, thereby
reducing this metabolic competition and enhancing T cell-mediated
immune responses. Furthermore, a recent study has introduced a
novel perspective, suggesting that LDHIs may directly regulate the
immune response by inhibiting suppressive immune subsets (23).
Given the observed outcomes, this study explored the potential of
targeting LDH to improve the TME for ICI treatments in
melanoma. The B78 melanoma tumor model was employed to
evaluate the combination treatment of LDHIs and IClIs, revealing a
significant enhancement in treatment efficacy upon the
incorporation of LDHIs into the ICIs treatment regimen.

While ICIs have revolutionized cancer treatment, the resistance
to these therapies remains a significant challenge. Therefore, novel
approaches to enhance ICI efficacy are needed. The findings of this
study have important implications for the development of new
therapeutic strategies for melanoma. Targeting LDH could enhance
the efficacy of ICIs and RT, potentially leading to more robust and
durable patient responses. By understanding the complex interplay
between lactate metabolism and immune cell modulation, new
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approaches can be explored to overcome the limitations of current
treatments and improve patient outcomes.

The development and utilization of more specific LDHIs will
further validate the specificity and safety of the effects observed in
this study, opening the way for clinical trials. Such trials could assess
the efficacy of combining LDHIs with ICIs and RT in a clinical
setting, potentially leading to the approval of new treatment
protocols. Moreover, these findings provide valuable insights into
novel therapeutic strategies for cancer management, not only for
melanoma but potentially for other cancer types that exhibit similar
metabolic characteristics.

The integration of anti-metabolic approaches with
immunotherapy holds great promise for advancing cancer
treatment. This combination strategy could be particularly
beneficial in overcoming resistance mechanisms that limit the
effectiveness of current therapies. As such, our study lays the
foundation for future research exploring the therapeutic potential
of targeting lactate metabolism, which could ultimately lead to
improved clinical outcomes for a broader range of cancer patients.

4 Materials and methods

4.1 Study design

The study was designed to evaluate how LDHIs both directly
hinder melanoma cell growth and enhance anti-tumor immunity
when combined with ICIs in a preclinical model. This objective was
addressed by (i) detecting the impact of Oxamate and NHI-2,
individually or combined, on melanoma cell proliferation,
viability, and cycle by further exploring changes in metabolic
pathways, metabolites, and cytokine profiles in B78 melanoma in
vitro, and (ii) assessing the efficacy of the combination of LDHIs
and ICIs on a B78 melanoma tumor model.

Sample sizes were determined with the Biostatistics and
Bioinformatics Core at University of Wisconsin-Madison to ensure
that all studies were sufficiently powered, and that data were properly
analyzed and interpreted. The exact sample size (n numbers) and
statistic methods used in each experiment are indicated in the
respective figure legends. The drug concentrations presented in the
manuscript were determined by the authors based on preliminary cell-
based experiments and initial findings from a pilot animal study. Cell-
based assays were conducted in triplicate to ensure reproducibility,
whereas animal studies were replicated twice, with the resulting data
being aggregated for analysis. In the animal experiments, mice were
randomized according to tumor volume at the initiation of the
treatment protocol (about 80 mm?). Body weights were measured
on a weekly basis. Tumor dimensions and overall health assessments
were performed twice weekly, and mice were euthanized when any
mean tumor diameter reached or exceeded 20 mm. The study tasks —
including randomization, administration of treatments, tumor sizing,
and health evaluations — were conducted by different individuals
under a double-blind arrangement. All animal experiments were in
accordance with the guidelines of the Institutional Animal Care and
Use Committee at the University of Wisconsin-Madison. Immune
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profiling experiments were performed blinded by a person without the
knowledge of the treatment conditions.

4.2 Cell lines

B16-F10 [Mouse skin melanoma], M21 [Human metastatic
melanoma] and the B78-D14 cell line were obtained from Dr.
Paul Sondel (University of Wisconsin-Madison). Cells were grown
in RPMI 1640 or DMEM (Gibco) media and supplemented with
10% fetal bovine serum (FBS), 2 mM L- glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin. Cells were maintained in
culture below 80% confluence for all passages, and early passages
after thaw (3-8) were used for all experiments. Cell authentication
was performed per American Type Culture Collection guidelines
using morphology, growth curves, and mycoplasma testing within 6
months of use.

4.3 IncuCyte imaging for dynamic cell
proliferation and apoptosis analysis

To facilitate tracking of cell proliferation, a lentivirus-based
method was employed to introduce a nuclear-localized fluorescent
protein/mKate2, into the target cells, ensuring bright and consistent
labeling throughout (Supplementary Figure S4). Subsequently, cells
were cloned to obtain a population with uniformly labeled nuclei.
Proliferation assays were performed using the IncuCyte live cell
imaging system (Sartorius, Germany). This system enables real-
time cell counting by analyzing florescence-labelled cell images over
time. Briefly, 2x10° cells were seeded in 96-well TC-treated
microplates in 100 pL culture medium containing 5 mM glucose
and grown for 24 h. The next day, the cells were exposed to LDH
inhibitors and subsequently placed in the IncuCyte live cell imaging
system. Simultaneously, NucView" 488 Caspase-3 Enzyme
Substrate (Biotium, Fremont, CA) were added to wells to
determine the rate of apoptotic cells. Entire well images were
captured at 6-hour intervals over the course of 4 consecutive
days. This continuous imaging provided a dynamic view of total
and apoptotic cell numbers over time. Each experiment consisted of
three independent replicates. The cell numbers were plotted and
analyzed by GraphPad Prism software.

4.4 Flow cytometric detection of apoptosis
and cell death

FITC Annexin V Apoptosis Detection Kit I (BD Biosciences,
San Jose, CA) was used to detect apoptosis by flow cytometry.
Briefly, cells were trypsinized and washed twice with cold PBS, and
then resuspended in 1X Binding Buffer at a concentration of 1 x
10° cells/mL. Next, 100 yl of this cell suspensions (equivalent to 1
x 10° cells) were transferred to a 5-mL culture tube, and 5 pl each
of FITC Annexin V and PI were added and then were incubated
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for 15 min at room temperature in the dark. 400 pl of 1X Binding
Buffer was added, and the cells were promptly analyzed by flow
cytometry using an Attune NxT flow cytometer and analyzed
using FlowJo version 10.7.1. Annexin V is a calcium-dependent
phospholipid-binding protein that has a high affinity for the
membrane phospholipid phosphatidylserine (PS) and is useful
for identifying apoptotic cells with exposed PS. Propidium Iodide
(PI) is a standard flow cytometric viability probe and is used to
distinguish viable from nonviable cells. Viable cells with intact
membranes exclude PI, whereas the membranes of dead and
damaged cells are permeable to PI. Cells that stain positive for
FITC Annexin V and negative for PI are undergoing apoptosis.
Cells that stain positive for both FITC Annexin V and PI are either
in the end stage of apoptosis, are undergoing necrosis, or are
already dead. Cells that stain negative for both FITC Annexin V
and PI are alive and not undergoing measurable apoptosis.

4.5 Flow cytometric detection of cell cycle

Cells were harvested and then resuspended in PBS. Cold
ethanol was added dropwise to the pelleted cells to achieve a
final concentration of 70% and fixed on ice for two hours. Cells
were washed in PBS and were resuspended in staining buffer [0.1%
Triton X-100, RNase A (100 pg/mL) and PI (50 pg/mL)]. Samples
were incubated overnight at 4°C in the dark. Data acquisition was
carried out on an Attune NxT flow cytometer and analyzed
using ModFit 5.

4.6 Real-time cell metabolic analysis

Metabolic characterization of B78 cells was performed using a
Seahorse XFe96 Extracellular Flux Analyzer (Agilent Technologies,
Santa Clara, CA). Mitochondrial stress and glycolytic parameters were
measured via Oxygen Consumption Rate (OCR) and ECAR,
respectively. Briefly, 2x10> cells were seeded into the Seahorse XF
Cell Culture Microplate in 100 uL RPMI-1640 medium containing 5
mM glucose, one day before the experiment. For analysis, cells were
resuspended in seahorse XF RPMI medium supplemented with 5 mM
glucose (Sigma-Aldrich), 1 mM pyruvate (Sigma-Aldrich), and 2 mM
glutamine (Sigma-Aldrich). In this step, LDH inhibitors were added to
the designated wells with medium. After incubating the plate in a 37°C
non-CO, incubator for 45 min, The Cell Mito Stress Test was
performed using 1.5 uM oligomycin, 0.5 uM FCCP, 0.5 uM
rotenone, and 0.5 UM antimycin A (RotAA) purchased from
Agilent Technologies.

Another plate was prepared as described above, but Seahorse
XF Base Medium was used for Glycolysis Stress Test. After
incubating the plate in a 37°C non-CO, incubator for 45 min,
Glycolysis Stress Test was performed using 5 mM Glucose, 1.0 uM
oligomycin, and 50 mM 2-Deoxy-D-glucose purchased from
Agilent Technologies. Metabolic parameters were exported and
calculated according to the manufacturer’s instructions using the
Seahorse Wave desktop software (Agilent Technologies).
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4.7 Metabolite extraction and liquid
chromatography-mass
spectrometry analysis

B78 cells were washed three times with Phosphate Buffer Saline
(PBS) and intracellular metabolites were extracted with cold 80%
(v/v) LC-MS grade methanol. Samples were dried under nitrogen gas
and resuspended in LC-MS-grade water. Metabolite samples were
analyzed using a Thermo Q-Exactive mass spectrometer coupled to a
Vanquish Horizon UHPLC. Analytes were separated on a 100 x 2.1
mm, 1.7 uM Acquity UPLC BEH C18 Column (Waters), with a
gradient of solvent A (97:3 H20: methanol, 10 mM TBA, 9 mM
acetate, pH 8.2) and solvent B (100% methanol) at 0.2 mL/min flow
rate. The gradient was: 0 min, 5% B; 2.5 min, 5% B; 17 min, 95% B; 21
min, 95% B; 21.5 min, 5%. Data were collected in full-scan negative
mode. Setting for the ion source were: 10 aux gas flow rate, 35 sheath
gas flow rate, 2 sweep gas flow rate, 3.2kV spray voltage, 320°C
capillary temperature, and 300°C heater temperature.

The metabolites reported were identified based on exact m/z
and retention times determined with chemical standards. Data were
analyzed with MAVEN. To quantify changes in relative metabolite
levels, metabolite abundance measured by ion count in LC-MS
analysis were normalized to total protein content determined by
bicinchoninic acid (BCA) assay. The web-based platform,
MetaboAnalyst 5.0, was employed for pathway analysis, with
enriched pathways predicted through the mummichog algorithm.

4.8 Comprehensive profiling of immune
factors in B78 cell culture medium

B78 cell culture media, collected after 24 hours of Oxa + NHI-2
treatment, underwent cytokine, chemokine, and growth factor
measurement using the ProcartaPlex " Mouse Immune
Monitoring Panel 48-Plex (ThermoFisher) protocol. Briefly, cell
culture supernatants were prepared by centrifuging samples at 1,400
rpm for 10 min at 4°C. The plate was prepped by adding the capture
bead mix and washing it using a hand-held magnetic plate washer.
Standards and samples were then added to the wells based on the
plate map. The plate was shaken at 600 rpm overnight at 4°C. The
next day, a washing step was followed by the addition of the
biotinylated detection antibody mix to the plate. After shaking at
600 rpm for 30 min at room temperature and washing off unbound
antibodies, Streptavidin-PE (SA-PE) was added, and the plate was
shaken at 600 rpm for 30 min at room temperature. Final washes
were performed before adding reading buffers to the wells. The plate
was run on a xMAP' " instrument and analyzed following the
operation manual for the Luminex " instrument.

4.9 Animal study

All mouse procedures were conducted in accordance with the
Institutional Animal Care and Use Committee at the University of
Wisconsin-Madison. C57BL/6 female mice aged 6 to 8 weeks were
purchased from The Jackson Laboratory. B78 flank tumors were
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engrafted by intradermal flank injection of 2 x 10 cells diluted in
100 uL PBS (58). Tumor volume was assessed twice weekly by a
blinded observer, and mice were euthanized when tumors exceeded
20 mm in any direction, or mice were assessed to be in distress by
changes to posture, activity, or grooming. Tumor size was
determined by precision caliper measurement and tumor volume
was approximated using the formula (tumor volume in mm?®) =
[(tumor width in mm)* x (tumor length in mm)]/2. Mice were
randomized to treatment groups when tumors reached enrollment
size (80 mm?), which normally required 2-4 weeks following initial
tumor implantation. Approximately 10% of mice failed to develop a
suitable tumor, and these mice were excluded from randomization.
A course of LDHIs was integrated into an ICIs treatment regimen,
as described previously (46, 59). The protocol was further optimized
by updating the ICI administration strategy, extending the dosing
intervals to 6-7 days, based on recent evidence supporting the
efficacy of this approach (47-50). The first day of treatment with
LDH inhibitors was defined as “day 1”. Intra-tumoral (IT) injections of
LDH inhibitors (given daily on days 1-15) were performed via a single
percutaneous needle puncture followed by injection of a 100 pL volume
with needle redirection to distribute the injected material in the tumor.
Oxa and NHI-2 dosages were 250 mg/kg and 1 mg/kg, respectively.
radiation therapy (RT) (12 Gy) was delivered to primary B78 tumors
using an Xstrahl Small Animal Radiation Research Platform on day 3.
Mice were immobilized using custom lead jigs that exposed the dorsal
right flank as previously described. Radiation was delivered in one
fraction to a maximum dose of 12 Gy. Anti-CTLA-4 (2.5 mg/kg) and
anti-programmed cell death-ligand 1 (anti-PD-L1) (5 mg/kg) were
administered in 100 uL PBS by intraperitoneal (IP) injection on days 5,
12, and 18.

4.10 Flow cytometry method

Tumors were harvested from euthanized mice on day 15 and
minced into 1-2 mm pieces. The small tumor pieces were collected
into a 50-mL conical tube containing 5 mL of RPMI 1640 + 10%
fetal bovine serum, protein transport inhibitors (ThermoFisher),
100puL of DNAse I (2.5 mg/mL, Sigma-Aldrich) and 100 uL
collagenase IV (25 mg/mL, Gibco) and placed in an incubator/
shaker at 200 RPM at 37°C for 30 min. After dissociation, the
tumors were filtered through a 70 uM cell strainer, washed with 10
mL PBS, and centrifuged at 350 x g for 5 min. Cells were
resuspended in 500uL PBS, transferred to flow tubes, and
incubated with 0.5 UL GhostRed780 (Tonbo Biosciences) at 4°C
for 30 min. Samples were then washed with 2 mL of flow buffer (PBS
+2% FBS) and centrifuged at 350 x g for 5 min. TruStain FeX'™
PLUS (BioLegend) was added to each sample, and samples were
divided into 2 separate flow tubes for analysis of a myeloid antibody
panel or a T/NK cell antibody panel. The myeloid master mix
antibody markers included: CD45-FITC, CD206-PE, F4/80-PE-
Dazzle594, CD3-PE-Cy5, Ly6g-PE-Cy7, MHCII-BV510, Ly6C-
BV605, CD11b-BV711, CD11c-APC. The T/NK cell antibody
panel included a surface stain of: CD45-FITC, CD4-AF700, CD8-
BV605, CD25-BV711, NK1.1-PE-Dazzle594, CD3-PECy5; and an

Frontiers in Oncology

10.3389/fonc.2024.1428802

internal stain with: FoxP3-PE Cy7 (ThermoFisher). Cells were
stained with surface markers for 30 min at 4°C in the dark and
then washed in flow buffer. The myeloid panel data were acquired
after wash was performed. For the T/NK cell antibody samples after
surface staining the cells were then fixed using eBioscience' " Foxp3/
Transcription Factor Staining Buffer Set (ThermoFisher) following the
manufacturers protocol. Cells were washed in 1X permeabilization
buffer and were then incubated in overnight with FoxP3 antibody in
the dark at 4°C. The following day, samples were washed once with
permeabilization buffer, centrifuged at 500 x g for 5 min, followed by a
wash with flow buffer and centrifugation at 500 x g for 5 min. All data
were acquired on an Attune' ™' NxT flow cytometer (Thermo Fisher)
with manufacturer provided acquisition software. Data were analyzed
using FlowJo version 10.7.1 (FlowJo LLC, Becton Dickinson &
Company (BD) 2006-2020). Gates were determined using
Fluorescence Minus One (FMOs).

4.11 Statistical analysis

Cell proliferation and tumor volume curves were analyzed by
simple linear regression followed by one-way ANOVA with Tukey’s
post-hoc test for statistical considerations. One-way ANOVA
followed by Tukey’s post-hoc test for multiple comparisons were
performed in flow cytometry studies of immune subsets, and to
determine statistical differences for cell count and intracellular
lactate levels.
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Zinc is an essential trace element in the human body, playing a crucial role in
cellular metabolism.Dysregulation of zinc homeostasis can lead to abnormal
cellular metabolism, contributing to diseases and closely related to tumor
development. Adequate zinc intake can maintain zinc homeostasis in the body
and support normal cellular metabolism. This review discusses the metabolic
processes of zinc in the human body and its close relationship with
tumorigenesis. It briefly describes zinc absorption, transport, storage, and
release, as well as its important role in gene expression, signal transduction,
oxidative stress, immune response, and apoptosis. It focuses on the abnormal
cellular metabolism caused by excessive or insufficient zinc, the relationship
between zinc homeostasis disruption and metabolic syndrome, and the
mechanisms involved in tumor development. It analyzes how changes in the
expression and activity of zinc transporters may lead to disrupted zinc
homeostasis in tumor tissues. It points out that zinc deficiency is associated
with various cancers, including prostate cancer, hepatocellular carcinoma,
pancreatic cancer, lung cancer, ovarian cancer, esophageal squamous cell
carcinoma, and breast cancer. The summary emphasizes that zinc
metalloproteins could serve as potential targets for cancer therapy, and
requlating the expression and activity of zinc transport proteins may offer new
methods and strategies for clinical cancer treatment.

KEYWORDS

zinc, zinc metabolism, metabolic syndrome, cancer therapy, controversy

1 Introduction

Zinc is a vital trace element for the human body, playing a key role in protein
composition within cells and participating in metabolic processes. Zinc is involved in the
conformation and function of nuclear transcription factors, facilitating protein synthesis,
and it also acts as a component of superoxide dismutase (SOD), providing strong

100 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1457943/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1457943/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2024.1457943&domain=pdf&date_stamp=2024-12-05
mailto:ybwcy@163.com
mailto:736564145@qq.com
https://doi.org/10.3389/fendo.2024.1457943
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2024.1457943
https://www.frontiersin.org/journals/endocrinology

Yao et al.

antioxidant activity. Additionally, zinc plays a role in processes such
as apoptosis and immune response (1). Dysregulation of zinc
homeostasis can lead to disturbances in cellular metabolic
functions and human diseases, with the relationship between zinc
metabolism disorders and metabolic syndrome and tumors needing
further investigation. However, there is currently no definitive
conclusion regarding the correlation between zinc metabolism
and metabolic syndrome, as existing studies show contradictory
results, and the specific mechanisms supporting their relationship
remain unclear. More research is needed to explore this issue, as
numerous studies have proposed a link between zinc homeostasis
disruption and cancer (2). This article briefly summarizes zinc
absorption, transport, and its involvement in metabolic processes
within the human body. It summarizes diseases related to abnormal
zinc metabolism and focuses on the relationship between zinc
homeostasis disruption, metabolic syndrome, and tumors. It
discusses issues and controversies regarding zinc in cancer
treatment, offering insights for cancer diagnosis and therapy.

2 Zinc absorption, transport, and
its functions

The main source of zinc in the human body is from dietary
intake, and it can also be transported from reserves in the liver,
muscles, and other tissues to other parts of the body. In the
stomach, zinc forms complexes with proteins in food under the
action of gastric acid. It is mainly absorbed in the upper part of the
small intestine through zinc transporters on the apical membrane of
intestinal epithelial cells, particularly the ZIP4 transporter. After

ZnTs

MT

Constituting /

metal enzymes

Zn inhibits

FIGURE 1
Transmembrane transport of Zinc via ZIPs, ZnTs.
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absorption, zinc is transported into the plasma through zinc ion
channels and the ZnT1 transport protein located on the basolateral
membrane of intestinal epithelial cells, and subsequently delivered
to body tissues (3). Zinc participates in vital cellular activities (4). It
is primarily found in the liver, pancreas, muscles, bones, and
prostate, playing significant roles in human health.

Zinc is transported across membranes via transporters ZnT or
ZIP (as shown in Figure 1), with ZIP family proteins facilitating the
influx of zinc ions from the extracellular space or from intracellular
vesicles and organelles into the cytoplasm (5). Currently, at least 14
types of ZIP proteins and 10 types of ZnT proteins have been
identified in the human body, which exhibit tissue-specific
differential expression (6). These zinc transporters exhibit
structural homology as well as differences, and their varying
tissue distribution and functions have been a popular research
topic (7). Zinc binds to metallothioneins (MT) in the cytoplasm,
which consist of four subtypes; MT-1 and MT-2 are present in all
cells of the body, regulating intracellular levels and flux of zinc and
copper while detoxifying heavy metals. MTs are also involved in
nuclear transcription and play a role in immune function through
their chelation of metals (8).

Zinc homeostasis within cells is maintained by the ZIP (zinc
transporter) and ZnT (zinc transport protein) families, as well as
metallothioneins (1, 9). These proteins are all regulated during their
functions and interact with other metabolic and signaling pathways.
Once zinc ions enter the cells, they are transported to various
organelles, with a significant presence in mitochondrial
metalloproteins. Many zinc metalloproteins are secreted or reside
in organelles such as the endoplasmic reticulum, Golgi apparatus,
and secretory vesicles (1). Zinc ion signaling regulates cellular
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proliferation, differentiation, ion transport, and secretory
functions (10).

Zinc exists in two forms within human cells (11). One form of
zinc is bound to proteins, serving as an essential component of
many proteins in the human body (12). It can chelate with
negatively charged parts of molecules, such as cysteine and
histidine, providing structural bridges to maintain the three-
dimensional conformation of polypeptides, known as zinc
metalloproteins or zinc metallozymes. Currently, over 3,000 types
of such metalloproteins have been identified (1). This includes
oxidoreductases, transferases, hydrolases, lyases, isomerases, and
ligases, which are involved in processes such as oxidative stress,
apoptosis, and immune responses within cells (12). The other form
is mobile zinc bound to non-protein ligands, the nature of which is
still unknown (13). This type of zinc ion forms a loose association
with non-protein ligands, known as free zinc ions, which serve as a
pool for exchangeable zinc (11).

Zinc plays a crucial role in metabolic processes such as gene
expression, signal transduction, oxidative stress, immune response,
and apoptosis. It is involved in the conformation and function of
nuclear transcription factors, such as zinc fingers and nuclear
receptors, both of which are stabilized by four coordinated zinc
ions. By stabilizing zinc finger structures, zinc executes important
functions in cells, playing significant roles in DNA replication and
repair, transcription and translation, cellular proliferation and
maturation, as well as apoptosis regulation (14). Zinc, as a
component of superoxide dismutase (SOD), exhibits strong
antioxidant activity. SOD exists in three isoenzymatic forms in
the body: copper-zinc superoxide dismutase, found in the
cytoplasm; manganese superoxide dismutase (Mn SOD), located
in the mitochondria; and extracellular superoxide dismutase (EC-
SOD), which is present in extracellular spaces and fluids (15). These
three forms of SOD work together to protect cells from the toxic
effects of excessive reactive oxygen species. Zinc also acts as a
cofactor in the formation of active thymosin (Zn FTS) released by
thymocytes (9). Zn FTS regulates the differentiation of mature T
cells in the thymus and the function of mature T cells in peripheral
blood, having less impact on B cell development compared to T cells
(16). It promotes the host defense functions of the immune system.

3 Disorders related to zinc
homeostasis imbalance

Both excess and deficiency of zinc can lead to dysregulation of
zinc homeostasis, and ultimately resulting in human diseases.
Excessive zinc intake releases soluble zinc salts in acidic gastric
fluid, which can directly irritate the gastrointestinal mucosa and
lead to ulcer formation (17). This condition manifests as symptoms
such as nausea, vomiting, decreased appetite, abdominal cramps,
and headaches (18). Excessive zinc, once absorbed into the
bloodstream, inhibits normal metabolic processes involving zinc
(19). For example, high levels of zinc in the blood can suppress the
antioxidant pathways in red blood cells, leading to oxidative
damage to the cell membranes, which increases the risk of
hemolysis, coagulopathy, and even triggers disseminated
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intravascular coagulation (DIC) (20). Systemic hypoxemia can
then lead to liver dysfunction, pancreatitis, coagulation-related
disorders, acute renal failure associated with tubular damage, and
neurological abnormalities (19).

Mild micronutrient deficiencies in the human body can lead to
chronic and subtle metabolic disturbances, resulting in DNA or
mitochondrial damage, which may accelerate aging and contribute
to cancer and degenerative diseases (21). Zinc deficiency is
associated with diabetes, cirrhosis, inflammatory bowel disease,
malabsorption syndrome, and sickle cell anemia (22-28). Zinc
deficiency can lead to or exacerbate issues such as immune
deficiencies, gastrointestinal problems, endocrine disorders,
neurological dysfunction, cancer, aging, and degenerative diseases
(19). Zinc deficiency affects all metabolic processes involving zinc
(Figure 2), as evidenced by several aspects: first, certain intracellular
transcription factors, hormone receptors, and many enzymes
require zinc to maintain structural integrity. Zinc stabilizes the
tertiary folding of smaller proteins, thereby contributing to the
maintenance of their functional activity (29). Zinc also plays a
structural role in ribosomes, cell membranes, and nucleic acids (30).
Zinc deficiency can lead to protein structural abnormalities and
impaired enzyme activity. Secondly, like calcium or nitric oxide
(NO), zinc acts as an intracellular and intercellular messenger,
activating intracellular signaling pathways and altering gene
expression patterns. Free or exchangeable zinc (loosely bound
zinc) can serve as a second messenger to control various
functions, including gastric acid secretion, hormone release, and
cardiac electrophysiology (31). Zinc, as a signaling molecule,
functions similarly to other neurotransmitters and possesses
neuromodulatory capabilities (32). In the immune system, zinc
plays a role in intracellular, extracellular, and intercellular signaling.
A classic sign of zinc deficiency in humans is impaired innate and
cell-mediated immune functions, characterized by thymic atrophy,
lymphopenia, reduced leukocyte function, and recurrent infections
(33). Zinc deficiency leads to abnormalities in cellular signaling and
neuromodulatory functions. Thirdly, redox reactions and
antioxidant activities become dysregulated. Zinc can directly
protect cell membranes from oxidative damage (34). Zinc can
also indirectly reduce potential free radical formation and lipid
peroxidation, as well as oxidative damage to proteins and DNA
(34). Zinc deficiency is associated with increased oxidative stress
factors and inflammatory biomarkers. Zinc supplementation can
reduce biomarkers of oxidative stress, such as thiobarbituric acid
reactive substances (TBARS) and malondialdehyde (MDA) levels
(35). Most reactive oxygen species (ROS) are produced by NADPH
oxidase (NOX), and zinc can scavenge ROS, exerting antioxidant
effects. Zinc levels influence the activity and levels of copper-zinc
superoxide dismutase (36). Zinc deficiency leads to abnormal thiol
redox status in cell membranes, resulting in increased permeability
and fragility of red blood cell membranes, as well as inactivation of
calcium channel proteins in the membranes (30). The activities of
antioxidant enzymes such as Cu/Zn superoxide dismutase, catalase,
and peroxidase are affected, leading to weakened antioxidant
defenses and accelerating the process of mitochondrial oxidative
aging (37). Fourth, the processes of cell growth, development,
proliferation, and apoptosis become dysregulated. Zinc deficiency
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Graphic abstract of metabolic abnormalities caused by Zinc homeostasis disorder.

affects the structure of key enzymes and transcription factors
involved in DNA repair and replication, including DNA
polymerases, DNA-dependent RNA polymerases, and reverse
transcriptases (38). Abnormal formation of zinc finger proteins,
such as transcription factors, transcriptional repressors, steroid
receptors, thyroid receptors, vitamin D receptors, and retinoic
acid receptors occurs (39). These enzyme and protein
abnormalities contribute to disruptions in cellular growth,
development, and proliferation. Zinc deficiency also promotes
apoptosis, primarily in rapidly growing tissues such as intestinal
crypt cells, the thymus, and other embryonic and fetal tissues (40).
Fifth, the metabolism of carbohydrates, lipids, and proteins, as well
as cellular respiration, becomes abnormal. Within mitochondria,
zinc inhibits mitochondrial respiration, terminal oxidation, and
ATP production by altering the function of mitochondrial enzymes
and the cytochrome electron transport chain (41). Zinc-containing
enzymes and proteins participate in the metabolism of nucleic acids,
proteins, carbohydrates, and lipids by interacting with hormone
receptors, transcription factors, and enzyme systems (19). When
zinc is deficient, the functions of the aforementioned metabolic
enzymes are hindered. Additionally, zinc deficiency affects the
regulatory roles of zinc-dependent metalloproteins or their
antioxidant membrane-stabilizing effects, leading to diminished
protection against metal toxicity and other harmful substances (42).

Currently, there is no definitive conclusion regarding the
relationship between zinc metabolism-related diseases and
metabolic syndrome. Metabolic syndrome is a cluster of
conditions associated with obesity, hypertension, hyperglycemia,
hyperlipidemia, and hyperuricemia (43). Some animal studies have
suggested that zinc nanoparticles improve obesity-induced
cardiovascular diseases by reducing blood pressure, oxidative
stress, cardiac iron accumulation, insulin resistance, and
inflammatory markers (44). Althanoon Zeina et al. also suggested
that zinc supplementation in patients with metabolic syndrome is
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associated with improvements in systolic blood pressure, body mass
index, and metabolic parameters, reccommending the correction of
zinc deficiency in these patients (45). These studies suggest that
there may be a connection between zinc and factors associated with
metabolic syndrome. However, current research remains
controversial regarding whether there is a link between zinc
metabolism and metabolic syndrome (46). Research shows that
adequate dietary zinc consumption is linked to a decrease in the risk
of MetS (47-49). A study in China has also indicated that zinc levels
in children are indeed associated with components of metabolic
syndrome (50). A meta-analysis of observational studies by Ding J
et al. indicated that dietary zinc intake is negatively correlated with
metabolic syndrome (46). Wu Y et al. found that higher blood zinc
concentrations are associated with adverse changes in metabolic
risk factors related to metabolic syndrome, particularly concerning
BMI and LDL-c, and this relationship exhibits gender differences,
mainly affecting women (51). In Aydogdu A’s study, serum zinc
levels were significantly elevated in children with metabolic
syndrome (52). Due to limited evidence, more well-designed
prospective cohort studies are needed to clarify the relationship
between serum zinc levels and metabolic syndrome. The specific
mechanisms linking zinc to metabolic syndrome remain unclear; a
case-control study suggested that higher serum zinc levels might be
related to the number of metabolic factors, independent of BMI and
insulin resistance (48). Research on this issue is limited,
necessitating further studies to clarify the role of zinc status in the
mechanisms associated with metabolic syndrome and to determine
the optimal range of blood zinc levels in the body (51). In contrast, a
cross-sectional study conducted in Iran on the relationship between
serum zinc levels and metabolic syndrome in children and
adolescents suggested that there is no association between serum
zinc levels and metabolic syndrome in children (53). A case-control
study by Ennes Dourado Ferro F et al. also indicated that there is no
relationship between zinc nutritional status and biochemical
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markers of metabolic syndrome (54). In summary, current research
on the relationship between zinc metabolism and metabolic
syndrome is contradictory, and the specific mechanisms in
studies supporting their correlation remain unclear, necessitating
further investigation into this issue.

4 Zinc metabolism abnormalities
and tumor

Approximately two-thirds of tumors in the human body are
related to addictive behaviors, diet, lack of exercise, excessive sun
exposure, or infections. Zinc can protect cells from damage caused
by inflammation and oxidative stress, leading to the hypothesis that
zinc has anti-cancer properties (55). As mentioned earlier, zinc
stabilizes the structure of proteins, DNA, RNA, and ribosomes
within cells, and regulates gene expression through zinc finger
transcription factors, thereby altering the expression of different
components in the DNA damage response (DDR) (56). Zinc
deficiency is involved in various aspects of cancer cell generation
and growth. Changes in zinc ion concentration can directly and
specifically affect the activity of YY1 (YY1 is an intrinsically
disordered transcription factor, a protein regulator of gene
expression that has been shown to be related to the progression
of many cancers), leading to altered gene expression patterns and
potentially resulting in tumor transformation or progression (57).
Zinc deficiency (ZD) is present in various tumors and affects their
occurrence and progression. For instance, zinc levels in the serum
or plasma of breast cancer patients are significantly reduced (58-
61). The serum zinc levels are significantly reduced in patients with
acute leukemia (62). Similarly, serum zinc levels are also
significantly lower in bladder cancer patients, as well as in those
with esophageal squamous cell carcinoma (ESCC), malignant
prostate cancer, and ovarian cancer (63). This decrease in serum
zinc levels may be due to the increased uptake by tumor cells and
enhanced enzyme activity, leading to a higher demand for zinc in
cancerous tissues (64). Conversely, some studies have found that
higher toenail zinc levels in men are associated with an increased
risk of prostate cancer (65).

4.1 Zinc metabolic abnormalities and
tumor-related mechanisms

Disruption of zinc homeostasis is associated with tumor
development, and the role of zinc varies across different types of
cancer (66). Zinc indirectly affects tumor cells by influencing gene
expression and cell survival, and directly impacts tumor cells by
regulating the activation, function, and/or survival of immune cells
(67). Under physiological conditions, Th2 and Thl cells
collaboratively engage in anti-tumor immunity, with cytokines
like IL-4, IL-5, and IL-6 promoting B lymphocyte antibody
synthesis and contributing to cancer prevention, and zinc is
essential for activating this series of responses (67). Zinc
deficiency disrupts processes such as oxidative stress, DNA
damage, DNA repair, cell cycle, apoptosis, metabolic changes,
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microRNA expression, and inflammatory factors, thereby
promoting cancer development (36). Zinc deficiency reduces the
number of T and B cells in the thymus and bone marrow, increasing
the body’s susceptibility to infections and weakening its defenses,
which results in a higher incidence of tumors. Another potential
mechanism by which zinc inhibits tumor growth is closely related to
its suppression of the activity of the nuclear transcription factor NF-
kB (68, 69). NF-kB in its active form induces the expression of
approximately 200 genes, which are related to angiogenesis,
metastasis, and cell proliferation. Zinc influences gene expression
at the nuclear level by stabilizing structures and regulating various
transcription factors, including NF-xB (69). The NF-xB
transcription factor can enhance inflammatory responses,
particularly by boosting the production of pro-inflammatory
cytokines by macrophages. Zinc ions negatively regulate NF-kB
activity through proteins like A20 with zinc finger structures and by
reversibly inhibiting phosphodiesterase (PDE), thus suppressing
inflammatory responses and cancer development. The tumor-
suppressing effect of zinc is also related to its antioxidant
properties. Established cancer cells generate large amounts of
reactive oxygen species (ROS), and the clearance of these ROS
relies on the activity of antioxidant enzymes. However, zinc can
protect healthy cells from the cytotoxic and genotoxic effects of
hydrogen peroxide, but in tumor tissues, it can exacerbate the
toxicity of H202, leading to oxidative stress dysregulation in cancer
cells (70). The mechanism of zinc and cancer is shown in Table 1.

Altered expression levels of zinc transporters are one of the
reasons for zinc homeostasis disruption in tumor tissues (85). For
example, current studies show that zinc levels are high in prostate
tissue cells, and this elevated intracellular zinc level facilitates the
production and secretion of citrate in prostatic fluid, as well as aids
normal cells in exerting cytotoxic effects to eliminate harmful cells.
In contrast, prostate tumor cells exhibit reduced zinc levels, which
may be due to low expression of the ZIP1 transporter protein,
leading to low intracellular zinc and consequently promoting tumor
cell proliferation (86, 87). In ER-positive breast cancer, elevated
expression levels of ZIP7 increase zinc levels in ER-positive breast
cancer cells. ZIP7 is activated by serine phosphorylation and is
involved in the pathways that promote the progression of ER-
positive breast cancer (88).

4.2 Zinc and tumor therapeutic targets

The mechanisms by which zinc homeostasis dysregulation leads
to tumors have given rise to different anticancer targets for various
cancers. Zinc transport proteins may serve as potential targets for
cancer therapy, as modulating their function or zinc levels could
offer new strategies for cancer treatment (89). Zinc transport
proteins serve as targets for cancer therapy. Messenger RNA
analysis in pancreatic cancer cells shows overexpression of ZIP4,
while other ZIP variants are downregulated. ZIP4 promotes cell
proliferation and tumor progression, and interfering with the RNA
involved in the generation of ZIP4 can inhibit tumor cell
proliferation and invasion; however, more research is needed to
further explore the related mechanisms (90). Excess zinc
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TABLE 1 Literature summary table on the relationship between zinc and cancer.

Relationship between
zinc and cancer

Zinc proteins

Action mechanism Reference

Overexpression of ZNF322A activates genes related to metastasis, tumor
stemness and angiogenesis, thereby promoting the progression of (71)
lung cancer.

Oncogenic zinc finger protein ZNF687 activates PI3K/Akt/mTOR
signaling pathway to accelerate lung adenocarcinoma cell proliferation and (72)
tumor progression.

Zinc finger protein CXXC5 promotes breast cancer by regulating TSC1/

Carcinogenic effect of zinc Zinc finger protein(ZNFs)

cell lung cancer by up-regulating interleukin 33 and inhibiting autophagy.

73
mTOR signaling pathway. 73)
GATA zinc finger protein p66p acts as a co-activator of Snail to promote 74)
breast cancer cell migration
ZNF692 promotes proliferation, migration and invasion of osteosarcoma 75)
cells through TNK2-mediated MEK/ERK pathway activation.
ZNF554 inhibits the progression of endometrial cancer by regulating 76)
RBM5 and inactivating WNT/B-Catenin signaling pathway.
Zinc finger protein 263 promotes the malignant progression of non-small 77

Metallothionein(MTs)

Activation of esterase D (ESD) promotes its interaction with MT2 A,
reduces the protein level of MT2 A, up-regulates the concentration of free (78)
zinc ions, and inhibits the migration of A549 lung cancer cells in vitro.

Metallothionein family proteins act as zinc ion regulators to synergistically
enhance the anticancer effect of cannabidiol in human colorectal (79)
cancer cells.

The anti-cancer effect of zinc
Zinc finger protein(ZNFs)

Zinc finger protein ZNF575 promotes the transcription of p53 to inhibit
the growth of colorectal cancer.

The protein expression of ZNF746 is significantly increased in colorectal
cancer. ZNF746 plays an important role in the invasion and migration of (81)
colorectal cancer (CRC) cells.

(80)

accumulates in breast tumor cells, and this excess zinc has a toxic
effect on them. Breast tumor cells increase the expression levels of
ZnT2, which transports the excess zinc into vesicles, thereby
reducing its toxic effects. Inhibiting the activity of ZnT2 in breast
tumor cells can release excess zinc from these vesicles, resulting in
cytotoxic effects on malignant breast cancer cells (91). In esophageal
squamous cell carcinoma (ESCC), ZIP6 promotes cancer cell
proliferation, invasion, and metastasis by increasing intracellular
zinc levels, thereby activating the PI3K/AKT and MAPK/Erk
pathways. Targeting ZIP6 may represent a potential strategy for
treating the aggressiveness of ESCC (92). In various tumor cells, the
expression levels of zinc transporters differ (see Table 2), and
regulating the expression or activity of these transporters could
also serve as a strategy for cancer treatment. The increased
expression of MT has been linked to the proliferation rate of
tumor cells (93), indicating that MT could be a potential target
for future cancer suppression research (93). Zinc finger proteins
(ZNFs) regulate the expression of various target genes, influencing
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Zinc finger protein 671 plays a tumor suppressor role in colorectal cancer

esophageal squamous cell carcinoma EC109 cells.

82
by inhibiting Notch signaling pathway. (82)
Zinc exerts its anti-tumor effect by acting on the central cytotoxic T cells 83)
of cellular immunity.
Zinc deficiency promotes the proliferation, migration and invasion of (84)

tumor occurrence, progression, and patient prognosis. ZNFs are
also expected to serve as new biological markers or therapeutic
targets for malignant tumors (94).

4.3 The controversy of zinc
supplementation in tumor treatment

Zinc supplementation is beneficial for the treatment of many
tumors. Studies have found that zinc supplementation can induce
cytotoxicity in pancreatic cancer cells and reduce their invasiveness
(95). Zinc oxide nanoparticles can also promote apoptosis in liver
and ovarian cancer cells by inducing autophagy (96, 97). Metal
chelators can form stable complexes with metals, reducing the
consumption of metal ions. The antibiotic chloroquine is a metal
chelator that can chelate zinc, increasing intracellular zinc levels in
tumor cells and enhancing anti-cancer effects (98). Metal chelating
compounds (such as disulfiram, chloroquine, and dithiocarbamate
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TABLE 2 Expression of zinc transporters in different types of cancer.

Type of cancer

Expression of zinc transporters

10.3389/fendo.2024.1457943

Potential tumor markers

Pancreatic cancer ZIP4 increased Z1P4
Prostate cancer ZIP1 ZIP4 decreased. MTs
ER-positive breast cancer ZIP7 increased Z1P7
non-small cell lung cancer ZIP4 increased, ZnTs decreased Z1P4
Hepatocarcinoma ZIP14 ZIP2 ZIP9 decreased ZIP14
stomach and colon cancer ZIP10 increased

ovarian cancer ZIP4 increased Z1P4
advanced kidney cancer ZIP10 increased ZIP10
cervical cancer ZIP7 increased ZIP7
Nasopharyngeal carcinoma ZIP4 increased ZIP4
bladder cancer ZnT1 increased ZnT1

oral squamous cell carcinoma ZIP4 increased

derivatives) serve as coordination complexes targeting metals like
copper, zinc, and gold in the ubiquitin-proteasome pathway,
potentially acting as anti-cancer drugs (99). However, zinc
chelation may also produce side effects. Some studies suggest that
ferroptosis is a cell death mechanism that can be targeted for cancer
treatment, but zinc chelation may inhibit this mechanism (100).
This presents a major controversy in the use of metal chelates for
cancer treatment, and further research is needed to confirm the
impact of these side effects. The use of metal chelators should
consider the specific characteristics of the cancer being treated. The
benefits and risks of targeted therapies involving zinc in different
types of tumors still require further investigation.

The application of zinc supplementation in cancer treatment is
becoming increasingly common, but there remains significant
controversy regarding its therapeutic use and effects for some
tumors. Current studies have many shortcomings, and the benefits
and risks of zinc supplementation for cancer treatment require
further investigation. A study examining whether a combination of
antioxidant vitamins and minerals can reduce the risk of skin cancer
(SC) randomly assigned 7,876 French women and 5,141 French men
to receive either a daily antioxidant capsule (containing 20 mg of
zinc) or a matched placebo. With a median follow-up time of 7.5
years, the results indicated that zinc-containing antioxidant
supplements had differential effects on SC incidence, increasing the
risk in women but not in men (101). Taking prostate cancer, which
has been extensively studied, as an example, there is considerable
controversy regarding the therapeutic and preventive roles of zinc in
this context. Numerous experimental studies have confirmed that the
application of zinc derivatives and supplements can inhibit the
proliferation, migration, and invasion of prostate cancer cells.
However, some studies suggest that the efficacy of zinc
supplementation in any form appears to be limited (87), primarily
because malignant tumor cells with ZIP1 deficiencies cannot uptake
and accumulate zinc from increased plasma zinc concentrations.
Additionally, zinc supplementation formulations, especially those
containing cadmium and lead, may have potential contaminants,
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and the bioavailability of different zinc compounds (such as sulfates,
gluconates, and less commonly used citrates) varies (102). Some
research has suggested that direct intratumoral injection of zinc can
inhibit the growth of prostate cancer cells in xenograft mice (103), but
the practicality of this intratumoral administration method in
humans remains to be debated. Another controversial aspect of
zinC’s use in prostate cancer treatment is that zinc levels in
metastatic and late-stage hormone-independent prostate cancer
have not been established, and effective treatments for advanced
malignant prostate tumors and metastases are lacking. A large
prospective cohort study found that low-dose zinc supplementation
(1 to 24 mg/d) after diagnosis was associated with a reduced risk of
lethal prostate cancer in men with non-metastatic prostate cancer
(104). Conversely, another 30-year follow-up study indicated that
daily supplementation of more than 75 mg of zinc or
supplementation for more than 15 years could significantly increase
the risk of lethal and aggressive prostate cancer (102). Therefore, the
potential risks and benefits of low-dose zinc supplementation after
diagnosis, as well as the duration of supplementation, require further
investigation regarding prostate cancer survival.

In summary, the trace element zinc is involved in the formation
of intracellular proteins and plays a crucial role in cellular processes
such as gene expression, signal transduction, oxidative stress,
immune response, and apoptosis. Both excess and deficiency of
zinc can lead to metabolic abnormalities in cells, resulting in
disease; therefore, it is essential to ensure an appropriate zinc
intake to maintain zinc homeostasis and normal cellular
metabolism. Current research on the relationship between zinc
metabolism and metabolic syndrome is contradictory, and the
specific mechanisms supporting their correlation remain unclear,
necessitating further studies to explore this issue. Cancer is a major
disease impacting human health, and zinc homeostasis is closely
related to cancer; zinc deficiency can disrupt cellular immune
responses and oxidative stress, thereby promoting cancer
development. Zinc supplementation has been shown to be
beneficial for various cancers, including pancreatic, colorectal,
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liver, ovarian, and cervical cancers. The role of zinc in cancer varies
by cancer type, allowing for the selection of different therapeutic
targets based on specific mechanisms of action. The expression
levels of zinc transport proteins vary across different cancer cells;
thus, regulating the expression or activity of these transport proteins
is also a therapeutic approach for cancer treatment. Many studies
currently focus on zinc transport proteins as targets for cancer
therapy, but further exploration is needed. Other proteins involved
in zinc metabolism, such as metallothioneins and zinc finger
structures, may also serve as potential research directions for
future tumor suppressive targets, providing new approaches for
clinical cancer treatment.
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Background: Ferroptosis is a cell death mode caused by excessive accumulation
of lipid peroxides caused by disturbance of intracellular metabolic pathway,
which is closely related to iron and cholesterol metabolism homeostasis. Its
regulation within the hypoxic metabolic tumor microenvironment (TME) has the
potential to improve the effectiveness of tumor immunotherapy. The predictive
role of ferroptosis in gastric cancer (GC) hypoxia TME, particularly in relation to
TME immune cell infiltration, has not been fully explained.

Methods: By analyzing the mRNA expression data of ferroptosis and hypoxia-
related genes, a prediction model was constructed to evaluate further the
predictive value of immune cell infiltration, clinical characteristics, and
immunotherapy efficacy of gastric cancer, and the essential genes were validated.

Results: Two distinct molecular states of ferroptosis-hypoxia were identified in
GC. Notably, patients with high ferroptosis-hypoxia risk scores (FHRS) displayed
significant levels of hypoxia and epithelial-mesenchymal transition (EMT), which
were associated with unfavorable prognosis, increased chemoresistance, and
heightened immunosuppression.

Conclusions: This study demonstrates that ferroptosis under hypoxic conditions
significantly affects the modulation of the tumor immune microenvironment.
The FHRS can independently predict prognosis in gastric cancer. Assessing the
molecular status of ferroptosis-hypoxia in individual patients will help in selecting
more suitable immunotherapy regimens by providing a better understanding of
TME characteristics and predicting immunotherapeutic outcomes.
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1 Introduction

The latest global cancer statistics report highlights gastric cancer
as one of the top five prevalent malignancies worldwide. The far-
reaching public health impact of gastric cancer underscores the
urgent need for an in-depth study of molecular biological
mechanisms and improved treatment outcomes (1). Although
chemotherapy and molecular targeted therapy have effectively
prolonged the survival of gastric cancer patients, drug resistance
remains a significant challenge. The molecular mechanism of drug
resistance in gastric cancer remains incompletely understood,
resulting in a lack of effective prevention and intervention in
clinical practice (2). The advent of immunotherapy has led to a
notable improvement in the survival rate of patients with advanced
gastric cancer, challenging the dominance of chemotherapy and
targeted therapy. Nevertheless, the efficacy of immune checkpoint
blockade (ICB) therapy is constrained by the complicated tumor
microenvironment and the inactivation of the immune system,
which results in disparate outcomes. Consequently, there is a
pressing necessity to develop more precise markers to assess the
malignant process and forecast treatment response. Identifying
these markers will facilitate the development of personalized
therapeutic approaches, thereby enhancing patient outcomes and
survival rates.

The concept of ferroptosis was initially developed in the context
of tumor research (3). Researchers discovered this particular form
of cell death, searching for a method to selectively induce death in
cancer cells carrying RAS mutations. Recent evidence indicates that
drug-induced ferroptosis can reverse drug resistance, a crucial
tumor suppressor mechanism (4). In addition, ferroptosis
enhances the infiltration and activity of tumor immune cells and
decreases the recruitment and function of immunosuppressive cells,
thereby reducing immunosuppression and promoting tumor
immunosurveillance and immune-mediated tumor clearance. The
study by Li Y et al. proposes a novel strategy to enhance
immunogenic cell death (ICD) and the cascade effect of T-cell
activity through ferroptosis for effective tumor therapy (5, 6).
Although the mechanisms of interaction between ferroptosis and
ICB therapy are still under investigation, current evidence suggests
that the facilitating role of ferroptosis may provide a new strategy
for enhancing the response to ICBs in certain refractory tumors.
Further studies are required to elucidate the specific mechanisms of
these interactions and to validate the efficacy of the combination
strategy of ferroptosis inducers and ICB therapy in clinical trials.

Hypoxia profoundly affects tumor metabolism and
microenvironment, including angiogenesis, cell proliferation,
invasion, and metastasis. These processes reduce apoptosis,
differentiation, and ferroptosis, thereby promoting tumor
immunosuppression and escape (7-9). Ameliorating hypoxia can
reshape the immunosuppressive tumor microenvironment by
reducing the intratumoral invasion of M2-type tumor-associated
macrophages and decreasing PD-L1 expression in tumor cells (10).
Furthermore, hypoxia can induce EMT in cancer cells, which
promotes the stem-like features of cancer cells and leads to tumor
therapy resistance. In human cancer cell lines and organoids, a
highly mesenchymal state unequivocally implies a selective
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susceptibility associated with ferroptosis (3, 11). The central
molecule in the cellular response to hypoxia is the hypoxia-
inducible factor (HIF). The HIF signaling pathway senses
metabolic changes due to cellular hypoxia, regulates cell
proliferation, and induces inflammatory responses (12). It was
found that HIF-1ow upregulates SLC1A1 to enhance glutamate-
cystine transport efficiency, thereby driving solid tumor resistance
to ferroptosis (13). Additionally, LDHA-activated lactate
accumulation is promoted by HIF-lo to enhance ferroptosis
resistance (14, 15). Another researcher prepared nanoparticles
(CI@HSA NPs) encapsulating capsaicin (CAP) and the
photosensitizer IR780 to enhance the efficacy of photodynamic
therapy (PDT) on osteosarcoma. The nanoparticles were designed
to release capsaicin, which has been demonstrated to promote
osteosarcoma ferroptosis and improve the hypoxic microenvironment
(16). Combining HIF-1o. inhibitors with ferroptosis inducers represents
a novel strategy for solid tumor therapy. These findings elucidate the
molecular mechanism of hypoxia-induced ferroptosis resistance in solid
tumors and provide new theories and strategies for solid
tumor treatment.

This study integrated genomic and clinical data from gastric
cancer samples from four datasets to identify and comprehensively
evaluate two ferroptosis clusters. Additionally, two hypoxia
molecular subtypes were identified using the same method. Both
molecular types were closely associated with the prognosis and
immune cell infiltration signaling pathway in gastric cancer
patients, suggesting that both ferroptosis and hypoxia play an
integral role in shaping the specific characteristics of the
individual tumor microenvironment. Consequently, these
molecular subtypes were combined into a two-dimensional index,
designated the ferroptosis-hypoxia subtypes. Further analysis
demonstrated that the ferroptosis-hypoxia subtypes were closely
associated with prognosis, tumor immune cell infiltration, and
mesenchymal characteristics of gastric cancer patients. Based on
these findings, we developed a scoring system that quantifies the
ferroptosis-hypoxia status of individual patients. The scoring
system enables the selection of individualized treatment regimens
for patients and the optimization of treatment strategies by
assessing the ferroptosis-hypoxia status.

2 Materials and methods
2.1 Data preparation

The gastric cancer gene expression data and clinical annotations
were acquired from The Cancer Genome Atlas (TCGA) database,
which is publicly accessible at https://portal.gdc.cancer.gov/
repository. Validation cohort data from GSE112302, GSE84437,
and ACRG/GSE62254 were downloaded from the Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo) database.
TCGA-STAD copy number variation (CNV) data were also
extracted from the UCSC Xena database (https://xena.ucsc.edu/).
The anti-pd-1 treatment cohort PRJEB25780 data was obtained
from the Tumor Immune Dysfunction and Exclusion Database
(TIDE, http://tide.dfci.harvard.edu/) (17). The clinical information,
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including microsatellite instability (MSI) status, remission, and
Lauren typing, was extracted from the manuscript of Mayakonda
et al. (18). A total of 1,121 GC patient samples were included in
this study.

The “ComBat” function provided by the R package “sva”
removed the batch effect. “ComBat” is a classical Bayesian-based
analysis that utilizes known batch information for the correction of
high-throughput data, ensuring that the comparisons across
datasets are accurate and meaningful (19, 20).

Ferroptosis-related genes (FRGs) were obtained from the
FerrDb website (http://www.zhounan.org/ferrdb), which is the
first database of ferroptosis regulatory factors, biomarkers, and
ferroptosis disease associations (21). We removed duplicate genes
and obtained 380 FRGs for subsequent analyses (Supplementary
Table 1). Hypoxia-related genes (HRGs) were obtained from the
Molecular Signatures Database (MSigDB, https://www.gsea-
msigdb.org/gsea/msigdb) (22). HIF-1 pathway target genes were
downloaded from the Kyoto Encyclopedia of Genes and Genomes
database (KEGG, https://www.kegg.jp/; ID:map04066), including
genes associated with “increasing oxygen delivery” and “decreasing
oxygen consumption”. The negative and positive regulator genes of
ferroptosis were downloaded from the Gene Ontology database
(GO, https://geneontology.org/; GO: 0160020, GO: 0110076).

All data in TCGA, GEO, TIDE, FerrDb, KEGG, GO, and
MSigDB are publicly available and adhere to the data access and
release policies of the respective databases.

2.2 Detection of ferroptosis molecular
subtypes and hypoxia molecular subtypes

The FPKM values of the RNA sequencing data from the TCGA-
STAD dataset were transformed into TPM using the R package
“TCGAbiolinks” (23). The differentially expressed FRGs and HRGs
(FDR<0.01, [logFC|>1) were analyzed and screened from gastric
cancer and para-carcinoma samples utilizing the R package
“limma” (24). Unsupervised cluster analysis was performed with
the “ConsensusClusterPlus” package to identify ferroptosis and
hypoxia molecular subtypes based on the mRNA expression
profiles of the differentially expressed genes (DEGs) (25). A
consensus clustering algorithm was used to determine cluster
number and stability. The analysis was repeated 1000 times to
ensure classification stability. Subsequently, patients from the
TCGA-STAD, GSE84437, GSE62254, GSE112302, and
PRJEB25780 cohorts were categorized for subsequent analysis.

2.3 Tumor microenvironment
characterization and functional
enrichment analysis

To further enhance comprehension of how ferroptosis impacts
the tumor immunological microenvironment, we applied the
CIBERSORT analysis (http://cibersort.stanford.edu/) (26). The
publication of CIBERSORT was released in the scientific journal
Nature Methods in 2015. It is the most commonly referenced
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instrument for estimating and analyzing the infiltration of
immune cells. We utilized CIBERSORT computations to conduct
analyses on immune cell infiltration to identify the properties of the
immunological microenvironment.

The ESTIMATE algorithm, which estimates the level of
infiltrating stromal and immune cells in malignant tumor tissues,
employs expression data to generate scores. These scores are used to
calculate the level of infiltrating stromal cells and immune cells, as
well as tumor purity.

GO and KEGG analyses were conducted on DEGs (FDR<0.05)
using the “clusterProfiler” R package (27). To investigate the
biological processes, we downloaded the gene set “c2.cp.kegg.
v7.4” from the MSigDB database to perform Gene Set Variation
Analysis (GSVA) enrichment analysis. GSVA is an unsupervised
approach for quantifying alterations in biological pathways and
processes within expression dataset samples. A collection of
signaling pathways was examined to investigate the matrix state
within the tumor microenvironment, including TGF-EMT, MAPK,
NOTCH, KRAS, HALLMARK HYPOXIA, and HIF-1 (28).
Subsequently, we employed single-sample Gene Set Enrichment
Analysis (ssGSEA) to investigate the mechanisms underlying the
generation of TME features (29). We acquired a collection of genes
associated with EMT markers from Mariathasan et al., including
EMTI1, EMT2, EMT3, angiogenic signature, TGF-f3 response
signature of pan-fibroblasts (Pan-FTBRS), and WNT targets (30).

2.4 Identification of characteristic
molecular subtypes of ferroptosis-hypoxia

We proceeded to combine the above ferroptosis and hypoxia
status into a two-dimensional index. The patients were classified
into three groups: the ferroptosis-hypoxia (F-H) molecular subtypes
A, B, and Mix. Patients belonging to both the ferroptosis cluster A
and the hypoxia cluster A were identified as F-H subtype A, patients
belonging to both the ferroptosis cluster B and the hypoxia cluster B
were classified as F-H subtype B, and the remaining patients were
classified as F-H subtype Mix. The F-H subtype expression profiles
in groups A and B were compared to identify DEGs(FDR<0.001,
[log FC|>1). Unsupervised clustering analysis was performed on the
DEGs mentioned above to construct gene subtypes related to the
F-H molecular subtypes.

The DEGs were overlaid with FRGs and HRGs and subjected to
univariate Cox analysis. The ferroptosis-hypoxia-related prognostic
DEGs were identified for further analysis (p<0.05). In order to
reduce overfitting, we constructed a prognostic model utilizing
Lasso-penalized Cox regression analysis (31). The Lasso algorithm
was employed for variable selection and shrinkage, and the R
package “glmnet” was utilized to filter out variables with less
information. The model was constructed using the TCGA dataset
as the training set and the GSE62254 dataset as the independent test
set to obtain the optimal combination of variables. The regression
model used the normalized expression matrix of candidate
prognostic DEGs as independent factors. Meanwhile, OS and
patient status in the TCGA were considered response variables.
The penalty parameter (A) of the model was chosen using tenfold
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cross-validation according to the minimal criteria, which
corresponds to the value of A that minimizes the partial
likelihood deviation. Risk scores for patients were computed by
utilizing the normalized expression levels of each gene and their
related regression coefficients. The formula is as follows: score =
gum (each gene’s expression x its corresponding coefficient) G b quently,
patients were divided into high-risk and low-risk groups based on
the median risk score. Time-dependent ROC curve analysis of
subjects at 1, 3, and 5 years was performed using the “timeROC”
R package to assess the predictive power of the gene signature.
Additionally, the AUC values of survival ROC curves were
calculated to assess the performance of prognostic prediction
models. Regression models were constructed by integrating risk
scores and other clinical factors. Nomogram plots were employed to
visually represent the relationship between variables in the
prediction model. These plots were displayed on the same plane
and at a specific scale. Prognostic calibration plots were used to
analyze the fit of the model to the actual situation, with the objective
of testing the consistency of the nomogram survival probability
prediction with the actual observation.

2.5 Assessment of the correlation between
clinical characteristics and predictive
risk scores

The Kruskal-Wallis test assessed the disparities between clinical
characteristics and risk scores generated by multiple data analyses.
Spearman correlation analysis was employed to determine the
correlation between risk scores. Furthermore, a Kaplan-Meier
survival analysis (log-rank test) was conducted to evaluate the
impact of patients on overall survival.

2.6 Analysis of the association between
somatic mutations and risk scores

The WES data, obtained from the TCGA portal and analyzed
using VarScan2, included single nucleotide variants (SNVs),
insertions (INS), single nucleotide polymorphisms (SNPs), and
deletions (DEL). The somatic mutation data were displayed
employing the “maftools” software package, which is capable of
processing Mutation Annotation Format (MAF) files (18). The
calculation method for the tumor mutation burden (TMB) of
each patient is as follows: the total number of variants was
divided by the total exon length.

2.7 Therapeutic strategies based on
ferroptosis-hypoxia risk scores

Jiang et al. established the Tumor Immune Dysfunction and
Exclusion (TIDE) to mimic tumor immune escape mechanisms,
including T-cell dysfunction and T-cell rejection (32).
Consequently, TIDE can be employed to forecast the efficacy of
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immunotherapy. A higher TIDE score reflects an immune escape
phenotype in the tumor and a poorer response to ICBs.

The Immunophenoscore (IPS) was obtained from The Cancer
Immunome Atlas (TCIA, https://tcia.at/home). As a molecular
marker of the immune response, the IPS provides an excellent
indication of the immune landscape within the tumor. It was
determined that a scoring scheme could be created by identifying
genes related to the immune system. A higher IPS score is indicative
of higher immunogenicity levels. In this context, IPS can be
employed to assess immunotherapy efficacy in GC patients.

The Genomics of Drug Sensitivity in Cancer (GDSC) database
was utilized to evaluate the susceptibility of ferroptosis-hypoxia
states to chemotherapeutic drugs. The ICs is calculated based on
the “pRRophetic” software and represents the concentration at
which the inhibitory effect reaches half the maximum value (33, 34).

2.8 Pan-cancer analysis

We further systematically summarized the clinical relevance
and immunological characteristics of risk scores in pan-cancer to
externally validate the general applicability of risk scores. Gene
expression and associated clinical information for 33 tumors were
downloaded from the TCGA database.

2.9 Quiality control and standardization of
scRNA-seq data

Download the six samples of the GSE112302 dataset from the
GEO website, which includes scRNA-seq data from 402 GC cells.
Then, create a “Seurat” object containing basic information about
the single-cell dataset using the “CreateSeuratObject” function in
the “Seurat” R package. Subsequently, data quality control was
conducted. The scRNA-seq data underwent normalization applying
the “LogNormalize” method, and a variance analysis was performed
to identify the top 1500 genes with highly variable characteristics.
Subsequently, the dimensionality of the data was reduced through
the application of principal component analysis (PCA). The
dimensions exhibiting significant separation were subjected to
PCA at a false discovery rate (FDR) of less than 0.05, and the first
15 principal components (PCs) were subsequently downscaled by
the t-distributed stochastic neighbor embedding (tSNE) algorithm
to yield principal component clusters. The marker genes in each
cluster were identified using the criteria of log2 [fold change (FC)]
>0.5 and FDR<0.05. The clusters were annotated using the marker
gene-based “Single” R package.

2.10 Immunohistochemical analysis of
clinical validation cohort
A total of 30 surgical specimens of GC, along with 25 matched

paracancerous tissues, were collected from Qingdao People’s Hospital
Group (Jiaozhou) (hereafter referred to as our hospital). In order to
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evaluate the levels of expression of central genes (SDC2, RGS4,
SERPINE1, DUSPI, and CAV1), immunohistochemistry (IHC) was
conducted using GTVisionTM III Detection System. According to the
instructions from the manufacturer, the following antibodies were used
for immunohistochemical staining: 67088-1-Ig, 14530-1-AP, 66261-1-
Ig, T56588S, and 16447-1-AP. Two pathologists, unaware of the
patient’s clinical information, evaluated the immunohistochemical
staining. In case of a discrepancy in the assessments, a third
pathologist conducted an independent review. Ten optical fields were
examined in each diseased region using a high-power lens (x400).
The IHC staining score was used as the definitive criterion for judging
the staining. The IHC staining score is calculated by multiplying the
staining area score by the staining intensity score. The score for the
staining area was assessed on a scale ranging from 0 to 4, with 0
representing a staining area of <10%, 1 representing a staining area of
11 to 25%, 2 representing a staining area of 26 to 50%, 3 representing a
staining area of 51 to 75%, and 4 representing a staining area of >75%.
The staining intensity score was categorized as 0: negative, 1: weak, 2:
moderate, or 3: strong. The THC staining scores were dichotomized as
follows: scores below six were defined as low expression, while scores
above six were defined as high expression.

2.11 Statistical analysis

A student t-test was employed to assess differential gene
expression between tumor and adjacent non-tumor tissues.
Comparisons between the two groups were conducted via the
Wilcoxon rank-sum test. Additionally, multiple comparisons were
performed by the Kruskal-Wallis test. Cut-off points for each
subgroup were determined using the “survminer” R software
package. The Kaplan-Meier method was employed to analyze
overall survival (OS) between subgroups, with the log-rank test
used to assess the significance of the results. The chi-squared test

10.3389/fonc.2024.1499580

was utilized to compare proportion differences. Univariate and
multivariate Cox regression analyses were performed to
determine the independent factors that predict OS.

3 Results

3.1 Identification of molecularly
characterized subtypes of ferroptosis and
hypoxia in GC

The flow chart shows our research procedure (Figure 1). In the
TCGA-STAD cohort, we have found 59 FRGs that are expressed
differently across tumor tissues and adjacent non-tumor tissues
(FDR<0.001, [logFC|>1; Supplementary Figure 1A, Supplementary
Table 2) using the “limma” R package. In KEGG and GO analysis, these
DEGs were found to be enriched in several pathways, including
positive regulation of MAP kinase (MAPK) activity, response to
TGEF-B, enhancement of cell-cell adhesion, and promotion of T-cell
activation, activation of immune response, fibroblast proliferation,
platinum resistance, apoptotic process of inflammatory cells,
oxidoreductase complex, p53 signaling pathway, HIF-1 signaling
pathway, and many other oncology-related pathways (Figure 2A).
The same identification method was employed to screen for 26 HRGs
that exhibited differential expression between gastric cancer tumors
and normal tissues (FDR<0.001, |log FC|>1; Supplementary Figure 1B,
Supplementary Table 2). These HRGs were enriched in many
biological functions related to angiogenesis, modulation of
extracellular matrix components, modulation of cell adhesion,
chemotaxis of immune cells, and a variety of oncogenesis-related
pathways (MAPK, Ras, Rapl, insulin-like growth factor receptor,
p53, HIF-1) (Figure 2B).

It is reasonable to hypothesize that ferroptosis and hypoxia play
a significant role in tumor progression. Subsequently, a consensus
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distinct activations of biological pathways in ferroptosis clusters (E) and hypoxia clusters (F). Blue represented the inhibition pathway, and red

represented the activation pathway.

clustering approach was used to identify characteristic molecular
subtypes of ferroptosis in gastric cancer. Based on the mRNA
expression profiles of 59 FRGs, GC patients from 4 cohorts were
clustered into two ferroptosis clusters, A and B (A: n=332, B: n=789;
Supplementary Figure 1C). PCA confirmed that these two subtypes
could be altogether distinguished (Supplementary Figure 1D).
Prognostic analysis showed a significant survival advantage for
ferroptosis cluster A compared to subtype B (p<0.001; Figure 2C).
Following the same approach, we classified the gastric cancer
samples from the four cohorts into two hypoxia molecular
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subtypes, A and B (A: n=863, B: n=258; Supplementary
Figure 1E). PCA confirmed that these two subtypes could be fully
distinguished (Supplementary Figure 1F). Similarly, prognostic
analyses showed that hypoxia cluster A exhibited a notable
survival benefit (p<0.001; Figure 2D).

As illustrated in Figure 2E, ferroptosis cluster A was
significantly enriched in the pentose phosphate pathway, alanine
aspartate and glutamate metabolism, DNA repair, and p53
signaling pathway. Subtype B was significantly enriched in the
influence of the intestinal immune network for IgA production,
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cell adhesion molecules (CAMs), and Extracellular matrix and
(ECM) receptor interaction. According to Figure 2F, hypoxia
cluster B was significantly enriched in the stromal activation and
oncogenic pathways (ECM receptor interaction, CAMs, TGF-3
signaling pathway, MAPK signaling pathway, WNT
signaling pathway).

3.2 Identification of molecular subtypes for
combined ferroptosis-hypoxia

The preceding analysis demonstrated that both the ferroptosis
and hypoxia molecular subtypes exhibit favorable prognostic value
and distinctive tumor-related biological characteristics. Therefore,
based on the above ferroptosis and hypoxia status, we further
combined them into a two-dimensional metric and categorized
patients into ferroptosis-hypoxia (F-H) subtypes A, B, and mix (A:
n=309, B: n=235, mix: n=577; Figure 3A). The survival analysis
revealed that patients with F-H subtype A exhibited the highest
survival rate, while those with F-H subtype B exhibited the poorest
prognosis (p<0.001; Figure 3B).

The heatmap demonstrated the ESTIMATE score of F-H
subtypes and the enrichment of multiple biological pathways
(Figure 3C). Notably, we found that the NOTCH signaling
pathway, MAPK signaling pathway, hypoxia, and activation of
TGF-EMT signaling pathway were highly expressed in F-H
subtype B, while TGF-EMT signaling down regulation were
highly expressed in F-H subtype A. In 2018, Oh et al. conducted
an analysis of genomic and proteomic data to distinguish between
two separate categories of gastric cancer: mesenchymal phenotype
(MP) and epithelial phenotype (EP) (35). These two subtypes
showed markedly different survival and chemotherapy sensitivity.
Based on their study, we found that the interstitial features of F-H
subtype B were more prominent (Figure 3D). The EMT analysis was
conducted using the single sample Gene Set Enrichment Analysis
(ssGSEA) method, demonstrating significantly enhanced stromal
activity in F-H subtype B. This was evidenced by the enrichment of
EMT, pan-fibroblast TGF-[3 response signature (Pan-F-TBRS), and
angiogenic pathways, which supported our hypothesis (Figure 3E).
CIBERSORT analysis revealed a significant enrichment of immune-
activated cells in F-H subtype A, including CD8+ T cells, M1
macrophages, and CD4+ T cells. The immunosuppressive cells,
such as M2 macrophages, are abundant in subtype B (Figure 3F).

We further compared the expression profiles of F-H subtype A
and F-H subtype B. A total of 520 DEGs were identified
(FDR<0.001, |log FC|>1; Supplementary Figure 1G). In order to
further verify this regulatory mechanism, an unsupervised
clustering was performed on the basis of these DEGs. The
patients were categorized into two F-H genomic patterns, referred
to as gene clusters A and B (A: n=342; B: n=201). The prognosis for
gene cluster A was demonstrably superior to that of gene cluster B
(Figure 3G). We overlapped 520 DEGs with FRGs and HRGs to
identify 25 ferroptosis-hypoxia (F-H) marker genes (Supplementary
Figure 1H). Univariate Cox analysis was performed to select 14 F-H
prognostic genes (p<0.05; Figure 3H). The heatmap demonstrated
that the gene clusters were similar to the F-H molecular subtypes.
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Furthermore, the expression of the 14 prognostic DEGs was found
to be significantly upregulated in gene cluster B and F-H subtype
B (Figure 3I).

3.3 Construction and validation of a
prognostic model based on ferroptosis-
hypoxia genes

Considering the heterogeneity and complexity of individual
gastric cancer patients, analyses based on patient groups alone are
insufficient for accurately predicting the prognosis of individual GC
patients. Therefore, we established a prognostic model by Lasso-
Cox regression analysis using the expression profiles of the above 14
genes. A signature consisting of five genes was identified utilizing
the optimum value of A (Figures 4A, B). The risk score was
computed employing the following methodology: e (*-092% *
expression level of CAV1 + 0.2445 * expression level of SDC2 +
0.0168 * expression level of RGS4 + 0.0485 * expression level of
DUSP1 + 0.1873 * expression level of SERPINEL). Patients in
TCGA (training cohort) were divided into high-risk (1=159) and
low-risk (n=159) groups. Kaplan-Meier curves demonstrated that
patients in the high-risk group exhibited a notably lower OS than
patients in the low-risk group (Figure 4C). Time-dependent ROC
curves further confirmed the excellent sensitivity and specificity of
the risk score in predicting GC survival outcomes (1-year
AUC=0.631, 3-year AUC=0.670, 5-year AUC=0.736; Figure 4D).
The above conclusions were also validated in the GSE62254 cohort
(Supplementary Figures 2A, B). The prognosis calibration chart was
employed to assess the alignment between the model and the actual
situation, with calibration curves for 1-, 3-, and 5-year OS analyzed.
Figures 4E, F demonstrated that the risk score in the TCGA and
GSE62254 cohorts had a predictive effect on the outcome of gastric
cancer patients aligned with the actual situation. Subsequently,
univariate and multivariate Cox analysis demonstrated the
independent prognostic value of the risk score (p<0.001;
Figure 4G). Nomograms were employed to visualize the risk score
in conjunction with other clinical risk factors (grade, gender, age,
stage) to construct a predictive multivariate regression model
(Figure 4H). Figures 4I, ] illustrated the calibration curves and
time-dependent ROC curves for 1-year, 3-year, and 5-year OS.
These figures demonstrate that the risk score has excellent
predictive efficacy for the outcome of gastric cancer patients. This
conclusion was similarly validated in the GSE62254 cohort
(Supplementary Figures 2C-H).

3.4 The landscape of genetic variation of
ferroptosis-hypoxia risk scores

The study of copy number variation (CNV) demonstrated that
CNV was prevalent among the 25 ferroptosis-hypoxia genes, with a
significant number concentrated on copy number amplification
(Figure 5A). Figure 5B depicts the chromosomal location of CNV in
ferroptosis-hypoxia genes. The somatic mutation data indicated
that both the ferroptosis cluster A and the hypoxia cluster A
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Identification of molecular subtypes for combined ferroptosis-hypoxia. (A) The upSet diagram shows the composition of ferroptosis-hypoxia
subtypes. (B) Kaplan-Meier curves of GC patients for ferroptosis-hypoxia subtypes. (C) Heat map illustrating the relationship between ferroptosis-
hypoxia subtypes, ESTIMATE score, and biological pathways. (D) Differences in ferroptosis-hypoxia subtypes for EMT typing. (E) Box plot showing
ssGSEA analysis of EMT differences between ferroptosis-hypoxia subtypes. (F) Box plots of immune infiltration levels in ferroptosis-hypoxia subtypes.
ns, not significant; *p<0.05; **p<0.01; ***p<0.001. (G) Kaplan-Meier curves for the gene clusters of GC patients. (H) Forest plots illustrating the
Univariate Cox regression analysis of ferroptosis-hypoxia marker genes. (I) Heat map illustrating the relationship between ferroptosis-hypoxia
subtypes associated gene expression, ferroptosis-hypoxia clusters, and various clinicopathological features.
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Construction and validation of a prognostic model based on ferroptosis-hypoxia genes. (A) The log value of the independent variable lambda (the
abscissa represents the confidence interval of each lambda, and the ordinate represents errors in cross-validation). (B) The changing trajectory of
each independent variable (the abscissa represents the corrected lambda, and the ordinate represents the coefficient of the independent variable).
(C) The K-M curve of the five-gene signature-based stratification in TCGA training cohort. (D) The 1-, 3-, and 5-year ROC curve is based on five-
gene signature stratification. (E, F) The calibration plot evaluates the fit analysis of the model to the actual situation in TCGA (E) and GSE62254 (F).
(G) Univariate and multivariate Cox analysis of risk score. (H) Nomogram plot of the prognostic multivariate regression model. (1) Prognostic
Calibration plot evaluating the fit analysis of the model to the actual situation. (J) The 1-, 3-, and 5-year ROC curve is based on the prognostic

multivariate regression model.
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FIGURE 5

The landscape of genetic variation of ferroptosis-hypoxia risk scores. (A) The frequency of CNV variation of 25 ferroptosis-hypoxia genes. The height
of the column represented alteration frequency. Green dots indicate deletions; red dots indicate amplifications. (B) CNV alteration locations for 25
ferroptosis-hypoxia genes. (C—H) Waterfall plots of tumor somatic mutations in patients with low ferroptosis subtypes A (C), ferroptosis subtypes B
(D), hypoxia subtypes A (E), hypoxia subtypes B (F), low-risk group (G), high-risk group (H). Each column represents one patient. The top bar
indicates the degree of tumor mutation. The numbers on the right indicate the frequency of mutations in each gene. The bars on the right show the
proportion of different types of mutations. Stacked bar graphs show the conversion rate for each sample. (I) Boxplots illustrating the difference in
tumor mutation burden between risk score groups. (J) Kaplan-Meier curve for tumor mutation burden groupings. (K) Kaplan-Meier curve for risk
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exhibited higher mutation frequencies than cluster B. Furthermore,
when applying the risk score for grouping, the difference in
mutation frequency between the low and high groups became
more significant (Figures 5C-H). The quantification analysis of
TMB demonstrated that, among patients with gastric cancer, those
with a low-risk score exhibited a relatively higher TMB, and a
higher TMB was associated with improved survival, which is
consistent with our results (Figures 5I-]). In light of the possible
synergistic impact of TMB and risk score on evaluating prognosis
for patients, we proceed with performing stratified prognostic
analysis. A significant survival advantage was observed in patients
with low-risk scores and high TMB (p<0.001; Figure 5K). These
data suggest that the combination of risk scores and TMB can
further enhance the prognostic value for patients.

3.5 Association of ferroptosis-hypoxia risk
score with clinical characteristics and other
classical gastric cancer

classification features

We proceeded to investigate the correlation between gastric
cancer risk scores and clinical characteristics. The Kruskal-Wallis
test demonstrated that risk scores exhibited a statistically significant
difference between the F-H subtypes (p<0.05; Figure 6A). The results
were consistent with the prediction, with F-H subtype B exhibiting
the highest median risk score and the most unfavorable prognosis,
whereas the opposite was true for the A subtype. Patients with a more
favorable prognosis exhibited recognized clinical characteristics,
including stage I-II and grade 1-2. These patients exhibited
relatively low-risk scores (Figures 6B, C). Furthermore, risk scores
were found to be significantly higher in patients with recurrent gastric
cancer (Figure 6D). Patients in the diffuse category of the Lauren
pathology classification exhibited relatively high-risk scores
(Figure 6E). Subsequently, the relationship between other molecular
features used to classify GC and the risk scores was examined. The
TCGA study categorized primary gastric cancer into four distinct
subtypes: Epstein-Barr virus (EBV) infection, microsatellite instability
(MSI), chromosomal instability (CIN), and genomic stability (GS). In
our analysis, patients with the GS type exhibited the highest risk
score, while those with the EBV type exhibited the lowest risk score,
in accordance with our anticipated results (Figure 6F). Figure 6G
demonstrated that risk scores exhibited a statistically significant
difference between EMT and other ACRG subtypes (p<0.001).
Similarly, the MP subtype exhibited a markedly elevated risk score
compared to the EP subtype (p<0.001; Figure 6H).

3.6 Tumor immune microenvironment
associated with the ferroptosis-hypoxia
risk score

The immune score, stromal score, and ESTIMATE score of the

GC samples were calculated using the ESTIMATE algorithm to
facilitate the assessment of the immune and stromal components of
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the TME. Higher ESTIMATE scores represent lower tumor purity,
which means higher tumor progression and worse prognosis. The
high-risk scoring group exhibited notably elevated levels of the
stromal score, immune score, and ESTIMATE score (Figure 6I). As
anticipated, subsequent ssGSEA analysis revealed that the high-risk
score group was associated with stromal activation-related signaling
pathways and hypoxia-associated pathways (TGF-EMT, MAPK,
NOTCH, Hallmark hypoxia, and HIF-1). In contrast, the low-risk
group was enriched in the negative regulation of ferroptosis
(Figure 6]). Pathologically activated neutrophils (PMNs), called
myeloid-derived suppressor cells (PMN-MDSCs), are major
negative regulators of anti-tumor immunity. Figure 6K showed
the significant enrichment of PMN-MDSCs in high-risk group
samples (p=0.01). Subsequently, we conducted correlation
analyses between the risk score and immune cell infiltration
(Figure 6L). The risk score was found to be positively correlated
with macrophage M2 infiltration and negatively correlated with T
cells follicular helper, macrophages M1 infiltration. Moreover, the
expression of the five key genes was also positively correlated with
many immunogenic genes, especially macrophage M2 (Figure 6M).
These data suggested that the ferroptosis-hypoxia risk score may
influence tumor growth and progression by regulating immune cells
and matrix activation within the tumor microenvironment.

3.7 Therapeutic strategies based on
ferroptosis-hypoxia risk scores

The IPS immunotherapy prediction analysis demonstrated that
the low-risk group exhibited favorable therapeutic outcomes in both
anti-CTLA-4 and anti-PD-1 immune checkpoint treatment
(p<0.01; Figure 7A). Considering the pivotal role of
immunotherapy in cancer treatment, we further investigated the
relationship between the risk score and ICBs response by using
clinical data from TCGA-STAD and PRJEB25780 (a
pembrolizumab-treated clinical trial cohort with metastatic gastric
cancer). The risk score in the ICBs treatment response group was
demonstrably lower than that in the non-response group (p<0.01;
Figure 7B). Moreover, the TIDE algorithm assessed patients in the
PRJEB25780 cohort, and it was found that the risk score was
positively correlated with the TIDE score (p <0.01; Figure 7C).
This finding was also validated in the TCGA-STAD cohort
(p<0.01; Figure 7D).

A review of the clinical data on GC patients revealed that those
with MSI-H had a lower risk score (p=0.04; Figure 7E). The MSI
MANTIS score is positively correlated with MSI-H status
probability (36, 37). By utilizing standard tumor-normal paired
sequencing data, the MSI Sensor provides accurate MSI status
determination (38). As anticipated, the MSI scores were found to
be higher in the low-risk score group (p<0.01; Figures 7F, G). In
conclusion, the evidence presented collectively provides strong
support for the predictive efficacy of the risk score in relation to
immunotherapy outcomes.

Furthermore, we sought to ascertain the relationship between
the ICsq of chemotherapeutic agents and risk scores. The findings
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revealed a significant positive correlation between the ICs, of
several agents, including 5-fluorouracil, cetuximab, doxorubicin,
gefitinib, tipifarnib, and veliparib, and the risk scores. Conversely,
the ICs, of Cytarabine and Sunitinib demonstrated a strong inverse

relationship with the risk score (Figure 7H).

10.3389/fonc.2024.1499580

3.8 Pan-cancer analysis

Forest plots from univariate Cox analysis demonstrated that

when the clinical outcome was OS, risk scores were predictive of

survival for nine cancer types (p<0.05; Figure 8A). However, when
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(G). (H) Correlation of risk scores with chemotherapeutic drug sensitivity.

the clinical outcome was disease-free survival (DFS), the risk score
was only predictive of 4 cancer types (p<0.05; Figure 8B).
In addition, Spearman rank correlation analysis between risk
score and tumor mutational load (TMB) for 33 cancers showed
that risk score was positively correlated with TMB in 3 cancers and
negatively correlated with TMB in 11 cancers (p<0.05; Figure 8C).
The correlation between risk score and MSI was positive in 2
cancers and negative in 6 cancers (p<0.05; Figure 8D). We found
that risk scores were associated with immune cells in the majority of
cancer types (Figure 8E). Additionally, ESTIMATE analysis
revealed a strong correlation between risk scores and stromal and
immune scores (Figure 8F).
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3.9 Validation of ferroptosis-hypoxia
related genes expression using scRNA-
seq data

The study collected 402 cells from 6 GC samples sourced from
GSE112302. After undergoing quality control and normalization,
two cells that did not meet the required standards were removed
from the study. There was no observed link between the depth of
sequencing and the sequences of mitochondrial genes. However,
sequencing depth showed a significant positive correlation with
total intracellular sequences (R=0.38, Supplementary Figure 3A).
Analysis of 16,288 genes revealed that 1,500 had substantial
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intercellular variation and 14,788 had low variation
(Supplementary Figure 3B).

PCA downscaling results showed no significant separation
between GC cells (Supplementary Figure 3C). The top 15
principal components (PCs) with substantial distinctions were
chosen for further research (Supplementary Figure 3D). The 400
GC cells were clustered into 6 clusters according to the tSNE
algorithm (Supplementary Figure 3E). The 6 clusters were
categorized based on marker genes. Clusters 0, 1, 2, 3, and 4
consisted of cancer cells, whereas cluster 5 was linked to
macrophages (Supplementary Figure 3F). Figures 9A, B illustrated
the expression levels of five ferroptosis-hypoxia-related genes across
the 6 clusters. CAV1 increased in cluster 0, while SERPINE1 and
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RGS4 demonstrated an increase in cluster 1. Conversely, DUSP1
and SDC2 exhibited an increase in cluster 5.

3.10 Clinical cohort verification

An immunohistochemical (IHC) investigation assessed the
expression levels of hub genes (SDC2, RGS4, SERPINE1, DUSP1,
and CAV1) in gastric cancer. The majority of specimens from the
validation cohort at our hospital exhibited positive expression of
SDC2, RGS4, SERPINE1, DUSP1, and CAVI1. Among the
aforementioned genes, CAV1 was strongly stained in 13 (43.3%)
specimens, SDC2 in 25 (83.3%) specimens, SERPINE1 in 27

frontiersin.org


https://doi.org/10.3389/fonc.2024.1499580
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xu et al. 10.3389/fonc.2024.1499580
5 [ ) °
4 ° . Percent Expressed
-0
.25
* 5
3 o o ® 5
2z @ 100
<
§ Average Expression
2 o 2
l.
0
1 ° . . 3
0 ° o
CAV1 SERPINE1 oUSP1 RGS4 soc2
Features
CAV1 SERPINE1
~ 10 283& o oy 3 4
| ~ g 3
w 2 . X A
20 -ﬁiﬁ s 2 2
@ -10 i gl 1 1
— - 0 -,
-20 =10 0 10 20
tSNE_1
DUSP1
4 125
Y o B : o
& -10- S e U 1 [ 025
20 -0 0 10 20 0 000
tSNE_1
SDC2
~, 10 .,gﬁ-,, - 0Py 15
o NN
%-J 0 -‘%ﬁ - : 10
@ -101 E U 05
20 -0 0 10 20 00
tSNE_1
FIGURE 9

scRNA-seq data analysis. (A) The expression levels of five ferroptosis-hypoxia-related genes across the 6 clusters. (B) The t-SNE diagrams display

expression levels of ferroptosis-hypoxia-related genes.

(90.0%) specimens, DUSP1 in 28 (93.3%) specimens, and RGS4 in
23 (76.7%) specimens (Figure 10). Furthermore, IHC results of
candidate genes expression in gastric cancer tissues were found in
the HPA database (Supplementary Figure 4).

4 Discussion

During the development of gastric cancer, metabolic
reprograming, genomic instability and differences in the tumor
microenvironment can result in the formation of cell clones with
entirely different biological behaviors. These cell subsets exhibit
notable heterogeneity in proliferation rate, invasion, and metastasis
ability and also display varying sensitivities to drugs. The
advancement of molecular analysis reveals that even under the
same histological diagnosis, there are different genomic changes
among patients (39). In recent years, with the advancement of
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immunotherapy and the identification of novel targets in gastric
cancer, considerable progress has been made in treating gastric
cancer (40, 41). With the diversification of systemic treatment
options for advanced gastric cancer, the accurate selection of
composite target inhibitors and personalized immunotherapy
regimens has become a research priority. In the future, the
exploration direction of advanced gastric cancer is to subclassify
patients, identify personalized and efficient whole-course treatment
strategies based on molecular typing, and accurately identify the
population that may profit from immunotherapy to enhance long-
term survival.

In this study, we initially identified genes related to ferroptosis
and hypoxia that exhibited differential expression between gastric
cancer and normal tissues. The identified DEGs were enriched in
immune activation, p53 signaling pathway, HIF-1, angiogenesis
regulation, extracellular matrix component regulation, and various
tumor-related pathways. By unsupervised cluster analysis of these
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DEGs, we classified gastric cancer patients into ferroptosis and
hypoxia subtypes that differed significantly in prognostic and
biological characteristics. The preceding analysis indicates that
both the ferroptosis and hypoxia molecular subtypes exhibit
favorable prognostic value and possess distinctive tumor-related
biological characteristics. Given the close association between
ferroptosis and hypoxia, we proceeded to combine the above
ferroptosis and hypoxia status into a two-dimensional index
classifying patients into three ferroptosis-hypoxia (F-H) subtypes.
Our findings indicate that multiple oncogenic classical pathways are
activated in the F-H subtype B. Furthermore, F-H subtypes B have
increased matrix activity and more notable interstitial features
(MP). This indicates that the F-H subtype B may be closely
related to the EMT. These mechanisms are thought to suppress
the activity of immune cells, and subsequent analysis of immune
infiltration also verified the enrichment of immunosuppressive cells
in subtype B. In addition, F-H subtype A exhibited increased
immune activation, including elevated concentrations of CD8+ T
cells, macrophages M1, and CD4+ T cells. The negative regulation
of ferroptosis and downregulation of the TGF-EMT signaling
pathway were highly expressed in the F-H subtype A. This
suggests that two distinct ferroptosis-hypoxia subtypes may
profoundly affect the biological behavior and immune
microenvironment of GC.
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Two gene clusters were identified based on the characteristic
DEGs associated with the ferroptosis-hypoxia subtypes. Our
findings indicate that the genomic pattern largely correlates with
the molecular pattern associated with ferroptosis and hypoxia.
Consequently, an extensive evaluation of the molecular
characteristics of ferroptosis-hypoxia is crucial for gaining a deep
comprehension of GC. Given the heterogeneity of GC, we employed
Lasso-Cox regression analysis to identify five characteristic genes
based on the expression profiles of the aforementioned genes. This
analysis established a prognostic model and risk score, which were
subsequently used to divide GC patients into high- and low-risk
groups. There was a notable difference in OS between patients in the
high-risk group and those in the low-risk group, suggesting that risk
score demonstrated favorable predictive efficacy in prognosticating
the outcomes of patients with gastric cancer.

As a crucial indicator of ICB efficacy, TMB represents the
immunogenicity of the tumor itself. In patients with gastric
cancer, higher TMB is associated with improved survival (42).
The low-risk group exhibited relatively higher TMB, which is
consistent with the results of our study. Furthermore, the
correlation between risk scores and clinical features was
investigated. Patients with a more favorable prognosis tend to
exhibit recognized clinical features, including stage I-II, grade 1-2,
and non-recurrent. These patients tend to have relatively low-risk
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scores. Combined with several previous large-scale classical
molecular typing studies of gastric cancer, we found that higher
risk scores were significantly associated with diffuse of the Lauren
category, GS subtype, EMT subtype, and MP subtype. All of these
subtypes represent poorer prognosis and aggressive biological
behaviors. The correlation between risk score and EMT
phenotype also indicates that a higher risk score may be
indicative of stromal activation. In addition, the high-risk score
group was associated with lower tumor purity, matrix activation-
related signaling pathways, hypoxia-related pathways, and
abundant infiltration of M2 macrophages and PMN-MDSCs. Kim
et al. proposed that hypoxia-mediated ferroptosis in tumor PMN-
MDSCs is a unique targeted immunosuppressive mechanism in the
tumor microenvironment. Inhibition of ferroptosis by using genes
and drugs can eliminate the inhibitory activity of PMN-MDSCs,
slow down tumor progression, and synergize with immune
checkpoint blocking to increase the sensitivity of immunotherapy,
thereby inhibiting tumor growth (43). The data manifest that the
ferroptosis-hypoxia risk score may influence tumor growth and
progression by modulating immune cell and matrix activation in
the tumor microenvironment. It is, therefore, postulated that risk
scores may be helpful for the prediction of immunotherapy.
Therefore, we subsequently performed immunotherapy prediction
analyses by multiple routes.

Pabolizumab has received approval for treating solid cancers
characterized by high microsatellite instability (MSI-H) or
mismatch repair defects (AIMMR), making it the first ICBs to
receive full approval as “pan-cancer” treatments (44, 45). A
higher response rate to ICBs has been observed in patients with
MSI-high (MSI-H) tumors compared with patients with
microsatellite instability low (MSI-L) cancers (46). Among the
numerous molecular markers for predicting the efficacy of
immunotherapy, the clinical value of MSI has been consistently
demonstrated in various clinical studies of gastric cancer (47). A
review of the clinical data of GC patients revealed that MSI-H
patients exhibited a lower risk score. Furthermore, the low-risk
group exhibited higher MSI MANTIS and MSIsensor scores. The
IPS analysis demonstrated that the low-risk group exhibited a
favorable therapeutic response to both anti-CTLA-4 and anti-PD-
1 immune checkpoint therapy. The predictive role of risk scores on
immunotherapy response was validated in the TCGA-STAD and
PRJEB25780 cohorts. The risk score of the ICB treatment response
group was found to be significantly lower than that of the non-
response group using multiple methods.

The results of the drug sensitivity analysis indicated a clear
positive correlation between the ICs, and the risk score of various
gastric cancer treatments, including 5-fluorouracil, cetuximab,
doxorubicin, and gefitinib. One potential avenue for future
research is the stratification of patients based on risk-scoring
systems, the screening of immunotherapy-sensitive patients, and
the identification of novel strategies to overcome chemotherapy
resistance. These endeavors could provide invaluable insights for
the advancement of more efficacious treatment modalities.
Moreover, the risk score was extended to a pan-cancer analysis.
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The risk score exhibited varying degrees of sensitivity across
different cancers. This provides a foundation for further research.

Finally, the expression of the five critical genes identified through
the screening process was verified. Batch RNA sequencing (RNA-
Seq) techniques provide transcriptional profiles of cell populations or
average expression levels of tissues but lack the capacity to identify
gene expression patterns in individual cells (48, 49). The advent of
single-cell RNA sequencing (scRNA-seq) has enabled researchers to
provide a comprehensive characterization of genetic complexity at
the cellular level, thereby contributing to a more profound
comprehension of cellular heterogeneity (50). Single-cell
sequencing analysis revealed that the expression of these five genes
was significantly enriched in cancer cells. In addition, DUSP1 and
SDC2 exhibited an increase in macrophages in the tumor
microenvironment. In clinical gastric cancer (GC) specimens
without chemotherapy or targeted therapy, the expression of these
five genes was significantly higher in cancerous tissues than in
paracancerous tissues.

To improve the reliability and generalization of our study, we
utilized gene expression files from 1121 samples across four
datasets. We employed the ComBat method to eliminate the
batch effect of gene expression data. The accuracy of the dataset
is contingent upon the quality and availability of the original data.
Additionally, some studies had limitations in the number of marker
genes utilized, excluding some meaningful molecular targets in
gastric cancer, such as Claudinl8.2. Consequently, it is imperative
to continuously enhance research methods and broaden the scope
of research to improve model accuracy and eftectiveness. Our
current work consists of preliminary validation experiments, and
the experimental results require validation in a large multicenter
GC cohort. Moreover, further functional and mechanistic studies
are necessary to elucidate hypoxic-ferroptosis interactions and
potential cancer pathogenesis. Despite these limitations, this
study’s results may still offer new treatment strategies for GC.
The challenges of chemotherapy resistance and immunotherapy
insensitivity in treating gastric cancer are pressing issues.
Researchers have been working on developing new therapies
based on hypoxic-ferroptosis and have shown promising results
in preclinical studies. It is believed that delving into hypoxic-
ferroptosis in the tumor immune microenvironment will offer a
new treatment strategy for advanced gastric cancer patients.

5 Conclusions

This study conducted a comprehensive assessment of the
molecular patterns of ferroptosis-hypoxia in GC. To assess the
ferroptosis-hypoxia condition of each patient, we have also
furthermore developed a risk score. According to the results, risk
scores could effectively assess the genetic mutation landscape of cancer,
tumor microenvironment, survival prognosis, and immunotherapy
response. In light of these findings, we might consider applying the risk
score as a basis for categorizing GC. This could help in the development
of targeted medicines and designed clinical trials.
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The pivotal role of metabolic reprogramming in cancer-related drug resistance,
through the tryptophan-catabolized kynurenine pathway (KP), has been
particularly underscored in recent research. This pathway, driven by
indoleamine 2,3-dioxygenase 1 (IDO1), facilitates immune evasion and
promotes tumor progression by fostering an immunosuppressive environment.
In Phase Ill investigation of the combination of IDO1 inhibition with immune
checkpoint inhibitors (ICls), the combination therapy was not efficacious. In this
review, we revisit current advances, explore future directions, and emphasize the
importance of dual inhibition of the KP rate-limiting enzymes IDO1 and
tryptophan 2,3-dioxygenase-2 (TDOZ2) in appropriate patient populations. We
propose that dual inhibition may maximize the therapeutic potential of KP
inhibition. Additionally, we delve into the complex cellular interactions in
cancer and metabolic dependencies within the tumor microenvironment
(TME). Insights from preclinical studies, recent clinical trials, and promising
therapeutic combinations will be discussed to elucidate and promote a clear
path forward for the direction of KP research into cancer-related outcomes.

KEYWORDS

lung cancer, metabolism, immunometabolism, drug resistance, kynurenine,
dual inhibitors

Introduction

Drug resistance in cancer remains a formidable challenge in modern oncology, severely
limiting the efficacy of treatments across a wide spectrum of malignancies. Resistance
mechanisms are multifaceted, often involving genetic mutations, epigenetic alterations, or
modifications in signaling pathways that protect cancer cells from cytotoxic agents. These
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mechanisms vary from tissue to tissue and within tumor types in the
same tissue. Hence, while treatments like chemotherapy, radiation,
and immunotherapy initially showed promise, the emergence of
resistant tumor cells decreased therapeutic effectiveness.

These developments increase the challenges in the application
of therapies to the most appropriate patient cohort, treatment
combination, and timing. This challenge is exemplified in
cisplatin, one of the most used chemotherapy drugs. Initially
effective in treating a variety of solid tumors, including non-small
cell lung cancer (NSCLC), ovarian, and bladder cancers, cisplatin’s
effectiveness diminishes as tumor cells develop mechanisms to
evade its cytotoxic effects. These mechanisms include enhanced
DNA repair capabilities, increased efflux of the drug, and profound
alterations in cellular metabolism promoting tumor survival (1, 2).

The reprogramming of cellular metabolism was proposed as a
common type of tumor resistance decades ago, but the complexities
and uniqueness of certain alterations in a tissue specific manner
have only been described in the last decade. Altered metabolism has
now emerged as a central factor in cancer resistance, particularly as
tumors shift metabolic reliance to sustain growth after treatment.
Based on these concepts, our lab has extensively investigated and
characterized tumor metabolic pathways in hypoxic [hypoxia-
inducible factor (HIFloa)] and normoxic (oxidative
phosphorylation) conditions (3-5). This work led to the reporting
of various metabolic components that tumor cells relied on for
survival. One metabolic pathway that gained attention for
promoting survival under treatment pressures is the kynurenine
pathway (KP) of tryptophan degradation (6, 7). By degrading
tryptophan into immunosuppressive metabolites like kynurenine,
cancer cells create an environment that suppresses the activity of
effector immune cells. This promotes the expansion of regulatory T
cells (Tregs) and myeloid-derived suppressor cells (MDSCs) (8-10),
enabling cancer cells to escape immune surveillance and
contributing to therapy resistance.

This perspective review will explore the latest advances in
targeting metabolic crosstalk with a particular focus on inhibiting
the tryptophan-catabolized KP. We will discuss why current
therapeutic strategies aimed at disrupting this crosstalk often fail
and propose ways to enhance anti-tumor immunity and overcome
drug resistance, offering a promising pathway for developing new
cancer treatments.

The role of the kynurenine pathway in
cancer metabolism

Tryptophan (TRP) is an essential amino acid required for
protein synthesis as a precursor to serotonin and melatonin (11,
12). However, the majority of TRP (about 99%) not used for protein
synthesis—is broken down via the kynurenine pathway (KP) to
generate kynurenine (KYN) (13). The KP pathway involves rate-
limiting key enzymes, including indoleamine 2,3-dioxygenase 1
(IDO1), tryptophan 2,3-dioxygenase (TDO), and indoleamine
2,3-dioxygenase 2 (IDO2). The first step in the pathway is the
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conversion of tryptophan to N-formyl kynurenine by either IDO1,
TDO, or IDO2. N-formyl kynurenine is then rapidly converted into
kynurenine, which serves as the precursor for several biologically
active metabolites, such as kynurenic acid, xanthurenic acid, and
anthranilic acid (14).

In cancer, IDOLI is overexpressed and has been linked to poor
prognosis in several tumor types, including lung, ovarian, and
pancreatic cancers (15). Studies also showed significantly shorter
survival among patients with high expression of IDO1 or TDO2
(16). The overexpression of IDO1/TDO2 and the consequent
accumulation of KYN suppress anti-tumor immunity by
promoting the differentiation of Tregs and MDSCs, which in
turn, inhibit the activity of effector CD8+T cells and NK cells
(Figure 1A). We found that the key driver of this inhibition is the
level of reactive oxygen species (ROS)-dependent IDO1 activity,
rather than IDO1 expression (17). Cisplatin-resistant lung cancer
cells possessed higher basal levels of ROS when compared to
cisplatin-sensitive cells. Together, this immunosuppressive
environment facilitates tumor immune evasion and contributes to
the resistance of immunotherapies such as immune checkpoint
inhibitors (ICIs).

Beyond its role in immune evasion, the KP also supports cancer
cell survival and proliferation by supplying essential metabolic
intermediates. KYN can activate signaling pathways that promote
cancer cell survival, proliferation, and metastasis. KYN has been
shown to activate the aryl hydrocarbon receptor (AHR), a
transcription factor involved in cell growth and immune
regulation (18). This activation promotes tumor growth, so we
investigated inhibition in this context. Indeed, exposure to AHR
inhibitors (DMF or CH-223191) resulted in the suppression of
IDO1 activities, whereas the addition of KYN increased IDO1
activity in cisplatin-resistant cells (17).

Kynurenine—hypoxia inducible-1a —
aryl hydrocarbon receptor axis

ARNT (AHR nuclear translocator) or HIF1B (hypoxia-
inducible factor 1B) is a known binding partner of both HIFlo
and AHR (Figure 2) (19, 20). We reported that HIF1o levels are low
in cisplatin-resistant lung cancer cells. Downregulation of HIF1o
allows ARNT to preferentially bind with activated AHR rather than
HIF1, shifting the metabolic balance towards AHR-driven pathways
(17, 21). This pathway enhances immune suppression by increasing
FoxP3 (master regulator in the development and function of Tregs)
expression and creating an immunosuppressive TME. The
extensive characterization of these molecular pathways in lung
cancer has led us to promote the concept that the components of
these paths could be therapeutic targets helping eliminate
resistant cells.

Minhas et al. recently reported that IDO1 is upregulated in
response to amyloid and tau pathology in astrocytes, leading to
increased production of kynurenine (KYN); these findings are
consistent with our model (Figure 2B). This upregulation
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FIGURE 1

Molecular effects of IDO/TDO signaling. (A) The IDO1 enzyme catalyzes the conversion of tryptophan into kynurenine, an oncometabolite.
Kynurenine production contributes to an immunosuppressive tumor microenvironment (TME), facilitating cancer progression as well as suppressing
ferroptosis. (B) TDO2 can potentially compensate when IDO1 is inhibited, suggesting that effective targeting may require simultaneous inhibition of
both IDO and TDO to overcome this compensatory mechanism and reduce immunosuppression in the TME (C).

activates AHR and disrupts the balance between AHR and HIFlo
signaling in astrocytes, suppressing astrocytic glycolysis and
reducing lactate production. Astrocytic glycolysis is essential for
neuronal support and disrupting this metabolic pathway
contributes to neurodegeneration in Alzheimer’s disease (AD) (22).
In both cancer and neurodegeneration, the IDO1/TDO2-KYN-
AHR axis is central to metabolic alterations and immune evasion,
highlighting its significance as a therapeutic target. This disruption
of normal cellular metabolism and promotion of an immune-
suppressive environment makes the KP a possible therapeutic
target for both cancerous and neurodegenerative conditions.

Kynurenine and immune evasion:
mechanistic insights

The immune system’s ability to recognize and eliminate tumor
cells is a critical component of effective cancer therapy (ICIs and
others). In certain patients with tumors that escape immune
surveillance, treatment is not effective. One of the central
mechanisms by which tumors achieve this immune evasion is
through the induction of IDOL1 activity and the subsequent depletion
of tryptophan and accumulation of kynurenine (Figure 1A) (23, 24).

Tryptophan depletion alone has significant effects on immune cell
function since T cells, particularly effector T cells, are highly sensitive to
tryptophan availability. In low tryptophan conditions, T cell
proliferation is inhibited, and cells become functionally anergic.
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Moreover, kynurenine directly inhibits T cell proliferation and
induces the differentiation of naive T cells into Tregs, further
suppressing the immune response (25-27). Tryptophan depletion
and the resultant kynurenine accumulation favor
immunosuppression over activation in the TME.

IDO1 and kynurenine also promote the expansion of MDSCs, a
population of immune cells that suppresses both innate and
adaptive immune responses (Figure 1A). MDSCs inhibit the
activation of effector T cells and NK cells; additionally, they
produce high levels of reactive oxygen species (ROS) and nitric
oxide, which inhibit T cell receptor signaling and promote tumor
progression (28, 29). Higher ROS levels generated by MDSCs may
also further enhance IDOLI activity.

Crosstalk between cancer cells and
immune cells in the TME

The metabolic crosstalk between cancer cells and immune cells
in the TME is a key determinant of tumor progression and therapy
resistance. By reprogramming their metabolism, cancer cells create
an environment that is hostile to immune effector cells but
supportive of immunosuppressive cells. This crosstalk can be
mediated by a variety of metabolic pathways, including glycolysis,
glutamine metabolism, and the KP.

In addition to the direct effects of TRP depletion and KYN
accumulation on immune cells, cancer cells also engage in
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The IDO1-KYN-AHR axis and its role in promoting immunosuppression. (A) HIF1lo and HIF1B facilitate the transcription of genes essential for glucose
metabolism and cell proliferation/survival. (B) In cisplatin-resistant cells, increased KYN serves as a ligand for AHR, which becomes activated and
translocated to the nucleus. Metabolic reprogramming in resistant cells leads to HIFlo downregulation, allowing ARNT to preferentially bind with
activated AHR. This switch to AHR-driven pathways enhances the expression of immunosuppressive genes, fostering tumor immune evasion. (C)
Targeting KYN could potentially reverse the immunosuppressive tumor microenvironment (TME), offering a therapeutic strategy to enhance

antitumor immunity.

metabolic competition with immune cells. Effector T cells, for
example, rely on glycolysis to support their rapid proliferation
and production of cytokines (30). However, in the nutrient-
deprived environment of the TME, cancer cells outcompete T
cells for glucose, limiting the availability of this critical nutrient
for immune cell function (31-33). Similarly, cancer cells’ reliance
on glutamine for the tricarboxylic acid (TCA) cycle also depletes the
available glutamine for immune cell activity.

One of the most intriguing aspects of this metabolic crosstalk is
the role of kynurenine in the ferroptosis of cancer cells, a form of
programmed cell death characterized by the accumulation of lipid
peroxides. KYN has an anti-ferroptosis effect that not only supports
cancer cell survival but also creates an environment that is resistant
to oxidative stress, further promoting immune evasion and drug
resistance. Ferroptosis is regulated by the cystine/glutamate
antiporter system (xCT), which imports cystine into cells in
exchange for glutamate (34). Cystine is then reduced to cysteine,
which is required for the synthesis of glutathione, a critical
antioxidant that protects cells from ferroptosis. Unlike apoptosis,
which is often inhibited in cancer cells, ferroptosis is regulated by
the availability of cysteine and the function of the xCT antiporter.
By disrupting the cystine/glutamate exchange, cancer cells can be
sensitized to ferroptosis, making it an interesting and promising
new target for therapy (34, 35).

Frontiers in Oncology

KYN has been shown to inhibit ferroptosis by upregulating the
expression of xCT, thereby enhancing cystine import and
glutathione synthesis (34, 36, 37). This protects cancer cells from
oxidative stress and ferroptosis (37). By inhibiting the kynurenine
pathway, it may be possible to disrupt this protective mechanism
and re-sensitize cancer cells to ferroptosis, offering a new avenue for
cancer therapy (Figure 1B). Preclinical studies have shown that
combining ferroptosis inducers with KP inhibitors can enhance the
anti-tumor effects of both therapies. In a recent study by Fiore et al.,
inhibition of IDO1 sensitized cancer cells to ferroptosis, leading to
increased cell death in vitro and reduced tumor growth in vivo (37)
by inducing cell death and enhancing the immune response.

Inhibition of IDO1 and TDOZ2: a
promising therapeutic strategy

The failure of single-agent IDO1 inhibitors, such as epacadostat,
in clinical trials highlighted the limitations of targeting a single
enzyme in the kynurenine pathway (Table 1). One of the key
challenges is the compensatory upregulation of other enzymes,
such as TDO2, which can maintain kynurenine production in the
presence of IDO1 inhibitors (Figure 1B) (26, 38). To overcome this
challenge, researchers have begun exploring the potential of dual
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TABLE 1 IDO1 and TDO therapies in clinical development.

Drug name Target
Epacadostat (INCB024360) IDO1
Indoxi 4 -
ndoximod (1-methyl DO1
D-tryptophan)
Linrodostat (BMS-986205) 1DO1
Navoxiimod (GDC-0919) 1DO1
PF-06840003 IDO1
KHK2455 IDO1
IDO1/
M4112 TDO2
IDO1/
AT-0174
0 TDO2

Green denotes IDOL1 inhibitors. Blue denotes IDO1/TDO2 inhibitors.

inhibitors targeting both IDO1 and TDO2 (Figure 1C), thereby
reducing the likelihood of compensatory metabolic pathways
sustaining kynurenine production (39, 40).

In our recent preclinical studies, dual inhibition of IDO1 and
TDO2 with the novel agent AT-0174 eftectively reduced KYN levels,
increased tumor infiltration with natural killer cells, and reduced
regulatory T cells in cisplatin-resistant lung cancer models (38). In
these studies, dual inhibition of IDO1 and TDO2 as monotherapy
was similarly effective on overall survival as anti-PD1 monotherapy.
Moreover, AT-0174 was synergistic when combined with anti-PD1
therapy on significant reduction of tumor growth, enhanced
infiltration of CD8+ T cells into the TME, and improved survival
time in animal models of treatment-resistant NSCLC tumors. This
combination therapy not only reduced the immunosuppressive
effects of KYN but also promoted immune-mediated
tumor clearance.

These mechanisms were further substantiated in an aggressive
model of glioblastoma where AT-0174 monotherapy increased
natural killer cell infiltration, reduced Treg cells in tumor tissues,
and was synergistic with Temozolomide (TMZ), an alkylating
agent, in significantly prolonging animal survival (41).
Glioblastoma is a highly aggressive brain cancer with limited
treatment options and rapid resistance development to TMZ.
These results suggest that AT-0174 administered at the time of
Temozolomide initiation may, through synergistic mechanisms, aid
in immune-mediated elimination of emergent tumor variants with
resistance to Temozolomide, thereby improving patient survival.

In another study of high-grade serous carcinoma (HGSC), which
is known to exhibit poor outcomes due to therapy resistance and an
immunosuppressive TME, Crump et al. reported that HGSC tumors
are driven predominantly by TDO?2 in promoting tumor progression
and immune evasion via kynurenine (KYN) production. High IL6
levels, linked to poor prognosis, correlate with elevated KYN in
patient samples. Dual inhibition of IDO1/TDO2 using AT-0174
reduced tumor growth, diminished tumor-associated macrophages

Frontiers in Oncology

10.3389/fonc.2024.1524651

Description/Effects

Studied with ICIs (such as pembrolizumab and nivolumab) for advanced melanoma tumors; failed to meet primary

endpoints and trials were suspended

Acts as a tryptophan mimetic, evaluated for breast cancer and melanoma (alongside other therapies)

Tested in combination with nivolumab for non-small lung, head, and neck cancers; stopped in Phase III trials dur to

industry challenges

Assessed in early-phase clinical trials (as a monotherapy and with other agents) for advanced solid tumors
Went through clinical trials for safety and efficacy against advanced malignancies
Investigated for potential in treating advanced solid tumors (both along and with other treatments)

Demonstrated safety and efficacy as a monotherapy in Phase I trials, though plasma kynurenine levels were not significantly

reduced in a steady state

Showed significant tumor growth suppression in platinum-resistant non-small lung cancer models, especially with anti-PD-

1 therapy

(TAMs), and suppressed PD-L1 expression. Cisplatin in combination
with AT-0174 extended survival in preclinical models (42).

Together, these studies highlighted the potential of metabolic
reprogramming of the TME to overcome immunotherapy
resistance and provide a basis for advancing dual IDO1/TDO2
inhibitors in clinical settings.

Clinical trials

The first dual IDO1 and TDO?2 inhibitor Phase I clinical trial
(NCT03306420) was completed with 15 enrolled patients with
advanced solid tumors (43). Another potent dual-inhibitor, AT-0174,
is currently being tested across multiple sites in an initial clinical trial
(ACTRN12623000956606), evaluating the efficacy in patients also with
advanced metastatic solid cancers with promising preliminary results
(Figure 3) (44). M4112, another IDO1/TDO2 inhibitor, did not present
any serious safety concerns at doses up to 800 mg twice daily, though
the best overall response observed was stable disease in nine patients
(60%) with a progression-free survival of 3.7 months; it is noteworthy,
however, that most of these patients had tumor types that are typically
unresponsive to immunotherapy (43, 45). Unfortunately, due to the
early termination of the study, neither the maximum tolerated dose
(MTD) nor the recommended phase 2 dose (RP2D) was established.
Another limitation of this study was that patient tumor biopsies were
not obtained, but now, a KYN antibody is commercially available that
could have been used to conduct immunohistochemistry staining.
Therefore, neither changes in IDO/TDO expression nor changes in the
tumor microenvironment could be evaluated. The termination of this
study points to the potential for the appropriate patient cohort to have
been investigated, possibly by characterizing patient KYN levels prior
to treatment.

While the final results from the ACTRN trial are still pending,
findings from the NCT trial suggest that dual inhibition of IDO1
and TDO2 may enhance the effectiveness of immunotherapies by
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FIGURE 3

A historical timeline tracing research milestones on the physiology of IDO and TDO. It highlights key discoveries in the understanding of these
enzymes' roles, particularly in immune regulation and cancer, and the development of inhibitors targeting IDO/TDO pathways to explore

therapeutic potential.

reversing the immunosuppressive environment created by the KP.
Therefore, further research into the pharmacodynamics, safety, and
efficacy of dual inhibitors in combination with immune checkpoint
inhibitors (ICIs) is of prime importance and warrants
further investigation.

Inhibition of the kynurenine pathway
combined with immune
checkpoint blockade

Immune checkpoint inhibitors, such as anti-PD1 and anti-
CTLA4 antibodies, have revolutionized the treatment of certain
cancers by unleashing the immune system to attack tumor cells.
However, many patients do not respond to these therapies,
particularly those with tumors that have developed mechanisms
of immune evasion. One of the primary mechanisms of immune
evasion is the upregulation of the kynurenine pathway, which
suppresses the activation and proliferation of effector immune
cells (10, 46).

By combining KP inhibitors with immune checkpoint blockade,
it may be possible to enhance the effectiveness of immunotherapy in
these resistant tumors. Inhibiting the KP restores tryptophan levels
and reduces the accumulation of immunosuppressive metabolites,
thereby allowing effector T cells to proliferate and attack the tumor.
Preclinical studies from our group and others have demonstrated
that dual inhibition of IDO1 and TDO2, especially when combined
with anti-PD1 therapy, can significantly improve survival in mouse
models of lung cancer (47, 48). This combination therapy not only
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reduces tumor growth but also enhances the immune response,
leading to durable tumor regression.

Future directions

While the KP represents a promising therapeutic target, it is
unlikely that a one-size-fits-all approach will be effective for all
patients. The expression of IDO1, TDO?2, and other enzymes in the
kynurenine pathway varies widely among different tumor types and
even among patients with the same type of cancer (49-52). Testing
(e.g. KYN levels) and additional characterization of expression
levels in sensitive and resistant tumor types is warranted among
all patient populations. Therefore, personalized approaches that
tailor therapy based on specific metabolic tumor profiles are likely
to be more effective in improving outcomes. Biomarker-driven
approaches could help identify patients who are most likely to
benefit from KP inhibitors and other combination therapies. Future
clinical trials should evaluate the use of new and existing tests to
assess biomarkers, such as IDO1/TDO2 expression and kynurenine
levels, to guide treatment decisions. Another logical combination
treatment could involve the use of AHR inhibitors to suppress
IDOL1 activities.

While preclinical studies have demonstrated the potential of
targeting the KP to overcome drug resistance, translating these
findings into clinical practice will require carefully designed trials.
One of the key challenges in clinical translation is identifying the
optimal combination of therapies that can effectively target the
kynurenine pathway while minimizing toxicity. Combining IDO1/
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TDO2 inhibitors with ICIs has shown promise in preclinical
models, but the safety and efficacy of this combination need to be
validated in clinical trials.

Conclusion

Mechanisms of cancer resistance mediated by metabolic
alterations point to the kynurenine pathway as a critical metabolic
axis in the TME that supports cancer cell survival and immune
evasion. By targeting and decreasing the metabolic crosstalk between
cancer cells and immune cells, particularly through dual inhibition of
IDO1 and TDO?2, new therapeutic strategies can be developed to
overcome drug resistance and improve patient outcomes. These
targets can not only be used to identify tumors that may be
sensitive to inhibitors but also offer the potential for combining
kynurenine pathway inhibition with immune checkpoint blockade as
a promising approach to treating resistant cancers. As research into
the metabolic vulnerabilities of cancer cells continues to evolve, the
kynurenine pathway will likely remain a key target for future
therapeutic interventions.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

MW: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review &
editing. GT: Conceptualization, Formal analysis, Validation,

References

1. Galluzzi L, Senovilla L, Vitale I, Michels J, Martins I, Kepp O, et al. Molecular
mechanisms of cisplatin resistance. Oncogene. (2012) 31:1869-83. doi: 10.1038/0nc.2011.384

2. Muggia FM, Bonetti A, Hoeschele JD, Rozencweig M, Howell SB. Platinum
antitumor complexes: 50 years since Barnett Rosenberg’s discovery. J Clin Oncol. (2015)
33:4219-26. doi: 10.1200/JC0O.2015.60.7481

3. Wangpaichitr M, Savaraj N, Maher J, Kurtoglu M, Lampidis TJ, Intrinsically
lower AKT. mammalian target of rapamycin, and hypoxia-inducible factor activity
correlates with increased sensitivity to 2-deoxy-D-glucose under hypoxia in lung cancer
cell lines. Mol Cancer Ther. (2008) 7:1506-13. doi: 10.1158/1535-7163.MCT-07-2334

4. Maher JC, Wangpaichitr M, Savaraj N, Kurtoglu M, Lampidis TJ. Hypoxia-
inducible factor-1 confers resistance to the glycolytic inhibitor 2-deoxy-D-glucose. Mol
Cancer Ther. (2007) 6:732-41. doi: 10.1158/1535-7163.MCT-06-0407

5. Long Y, Tsai WB, Chang JT, Estecio M, Wangpaichitr M, Savaraj N, et al.
Cisplatin-induced synthetic lethality to arginine-starvation therapy by transcriptional
suppression of ASS1 is regulated by DECI1, HIF-lalpha, and c-Myc transcription
network and is independent of ASS1 promoter DNA methylation. Oncotarget. (2016)
7:82658-70. doi: 10.18632/oncotarget.12308

6. Gouasmi R, Ferraro-Peyret C, Nancey S, Coste I, Renno T, Chaveroux C, et al. The
kynurenine pathway and cancer: why keep it simple when you can make it complicated.
Cancers (Basel). (2022) 14:1-15. doi: 10.3390/cancers14112793

Frontiers in Oncology

10.3389/fonc.2024.1524651

Writing - review & editing. IK: Formal analysis, Validation,
Visualization, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work is
supported by the BLR&D Merit Review Award (2101BX004371) to
MW and the South FL VA Foundation Research & Education fund
to MW.

Conflict of interest

AT-0174 was manufactured and provided for study by Antido
Therapeutics Australia Pty Ltd.

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.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

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.

7. Leon-Letelier RA, Dou R, Vykoukal J, Sater AHA, Ostrin E, Hanash §, et al. The
kynurenine pathway presents multi-faceted metabolic vulnerabilities in cancer. Front
Oncol. (2023) 13:1256769. doi: 10.3389/fonc.2023.1256769

8. Della Chiesa M, Carlomagno S, Frumento G, Balsamo M, Cantoni C, Conte R,
et al. The tryptophan catabolite L-kynurenine inhibits the surface expression of
NKp46- and NKG2D-activating receptors and regulates NK-cell function. Blood.
(2006) 108:4118-25. doi: 10.1182/blood-2006-03-006700

9. Holmgaard RB, Zamarin D, Li Y, Gasmi B, Munn DH, Allison JP, et al. Tumor-
expressed IDO recruits and activates MDSCs in a treg-dependent manner. Cell Rep.
(2015) 13:412-24. doi: 10.1016/j.celrep.2015.08.077

10. Platten M, von Knebel Doeberitz N, Oezen I, Wick W, Ochs K. Cancer
immunotherapy by targeting IDO1/TDO and their downstream effectors. Front
Immunol. (2014) 5:673. doi: 10.3389/fimmu.2014.00673

11. Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak N, Dougherty
DM. L-tryptophan: basic metabolic functions, behavioral research and therapeutic
indications. Int ] Tryptophan Res. (2009) 2:45-60. doi: 10.4137/IJTR.S2129

12. Szczepanik M. Melatonin and its influence on immune system. J Physiol
Pharmacol. (2007) 58:115-24.

13. Peters JC. Tryptophan nutrition and metabolism: an overview. Adv Exp Med
Biol. (1991) 294:345-58. doi: 10.1007/978-1-4684-5952-4_32

frontiersin.org


https://doi.org/10.1038/onc.2011.384
https://doi.org/10.1200/JCO.2015.60.7481
https://doi.org/10.1158/1535-7163.MCT-07-2334
https://doi.org/10.1158/1535-7163.MCT-06-0407
https://doi.org/10.18632/oncotarget.12308
https://doi.org/10.3390/cancers14112793
https://doi.org/10.3389/fonc.2023.1256769
https://doi.org/10.1182/blood-2006-03-006700
https://doi.org/10.1016/j.celrep.2015.08.077
https://doi.org/10.3389/fimmu.2014.00673
https://doi.org/10.4137/IJTR.S2129
https://doi.org/10.1007/978-1-4684-5952-4_32
https://doi.org/10.3389/fonc.2024.1524651
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Kang et al.

14. Badawy AA. Kynurenine pathway of tryptophan metabolism: regulatory and
functional aspects. Int ] Tryptophan Res. (2017) 10:1178646917691938. doi: 10.1177/
1178646917691938

15. Prendergast GC, Malachowski W], Mondal A, Scherle P, Muller AJ. Indoleamine
2,3-dioxygenase and its therapeutic inhibition in cancer. Int Rev Cell Mol Biol. (2018)
336:175-203. doi: 10.1016/bs.ircmb.2017.07.004

16. DuL,XingZ, Tao B, Li T, Yang D, Li W, et al. Both IDO1 and TDO contribute to
the Malignancy of gliomas via the Kyn-AhR-AQP4 signaling pathway. Signal
Transduct Target Ther. (2020) 5:10. doi: 10.1038/s41392-019-0103-4

17. Nguyen DJM, Theodoropoulos G, Li YY, Wu C, Sha W, Feun LG, et al. Targeting
the kynurenine pathway for the treatment of cisplatin-resistant lung cancer. Mol
Cancer Res. (2020) 18:105-17. doi: 10.1158/1541-7786.MCR-19-0239

18. Bessede A, Gargaro M, Pallotta MT, Matino D, Servillo G, Brunacci C, et al. Aryl
hydrocarbon receptor control of a disease tolerance defence pathway. Nature. (2014)
511:184-90. doi: 10.1038/naturel3323

19. Denison MS, Nagy SR. Activation of the aryl hydrocarbon receptor by
structurally diverse exogenous and endogenous chemicals. Annu Rev Pharmacol
Toxicol. (2003) 43:309-34. doi: 10.1146/annurev.pharmtox.43.100901.135828

20. Semenza GL, Wang GL. A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol Cell Biol. (1992) 12:5447-54. doi: 10.1128/mcb.12.12.5447

21. Schlichtner S, Yasinska IM, Klenova E, Abooali M, Lall GS, Berger SM, et al. L-
Kynurenine participates in cancer immune evasion by downregulating hypoxic
signaling in T lymphocytes. Oncoimmunology. (2023) 12:2244330. doi: 10.1080/
2162402X.2023.2244330

22. Minhas PS, Jones JR, Latif-Hernandez A, Sugiura Y, Durairaj AS, Wang Q, et al.
Restoring hippocampal glucose metabolism rescues cognition across Alzheimer’s
disease pathologies. Science. (2024) 385:eabm6131. doi: 10.1126/science.abm6131

23. Zhai L, Bell A, Ladomersky E, Lauing KL, Bollu L, Sosman JA, et al.
Immunosuppressive IDO in cancer: mechanisms of action, animal models, and
targeting strategies. Front Immunol. (2020) 11:1185. doi: 10.3389/fimmu.2020.01185

24. Passarelli A, Pisano C, Cecere SC, Di Napoli M, Rossetti S, Tambaro R, et al.
Targeting immunometabolism mediated by the IDO1 Pathway: A new mechanism of
immune resistance in endometrial cancer. Front Immunol. (2022) 13:953115.
doi: 10.3389/fimmu.2022.953115

25. Rad Pour S, Morikawa H, Kiani NA, Yang M, Azimi A, Shafi G, et al. Exhaustion
of CD4+ T-cells mediated by the kynurenine pathway in melanoma. Sci Rep. (2019)
9:12150. doi: 10.1038/s41598-019-48635-x

26. Stone TW, Williams RO. Modulation of T cells by tryptophan metabolites in the
kynurenine pathway. Trends Pharmacol Sci. (2023) 44:442-56. doi: 10.1016/j.tips.2023.04.006

27. Kim M, Tomek P. Tryptophan: A rheostat of cancer immune escape mediated by
immunosuppressive enzymes IDO1 and TDO. Front Immunol. (2021) 12:636081.
doi: 10.3389/fimmu.2021.636081

28. Huang J, Zhao Y, Zhao K, Yin K, Wang S. Function of reactive oxygen species in
myeloid-derived suppressor cells. Front Immunol. (2023) 14:1226443. doi: 10.3389/
fimmu.2023.1226443

29. Ohl K, Tenbrock K. Reactive oxygen species as regulators of MDSC-mediated
immune suppression. Front Immunol. (2018) 9:2499. doi: 10.3389/fimmu.2018.02499

30. CaoJ, Liao S, Zeng F, Liao Q, Luo G, Zhou Y. Effects of altered glycolysis levels
on CD8(+) T cell activation and function. Cell Death Dis. (2023) 14:407. doi: 10.1038/
541419-023-05937-3

31. Chang CH, Qiu J, O’Sullivan D, Buck MD, Noguchi T, Curtis JD, et al. Metabolic
competition in the tumor microenvironment is a driver of cancer progression. Cell.
(2015) 162:1229-41. doi: 10.1016/j.cell.2015.08.016

32. Cadenas-De Miguel S, Lucianer G, Elia I. The metabolic cross-talk between
cancer and T cells. Trends Biochem Sci. (2023) 48:597-609. doi: 10.1016/
j.tibs.2023.03.004

33. Yin Z, Bai L, Li W, Zeng T, Tian H, Cui J. Targeting T cell metabolism in the
tumor microenvironment: an anti-cancer therapeutic strategy. ] Exp Clin Cancer Res.
(2019) 38:403. doi: 10.1186/s13046-019-1409-3

34. Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer:
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. (2021) 12:599-620.
doi: 10.1007/s13238-020-00789-5

Frontiers in Oncology

136

10.3389/fonc.2024.1524651

35. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al.
Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife. (2014) 3:e02523. doi: 10.7554/eLife.02523

36. Lin W, Wang C, Liu G, Bi C, Wang X, Zhou Q, et al. SLC7A11/xCT in
cancer: biological functions and therapeutic implications. Am ] Cancer Res. (2020)
10:3106-26.

37. Fiore A, Zeitler L, Russier M, Grof3 A, Hiller MK, Parker JL, et al. Kynurenine
importation by SLC7A11 propagates anti-ferroptotic signaling. Mol Cell. (2022)
82:920-932.¢7. doi: 10.1016/j.molcel.2022.02.007

38. Wu C, Spector SA, Theodoropoulos G, Nguyen DJM, Kim EY, Garcia A,
et al. Dual inhibition of IDO1/TDO2 enhances anti-tumor immunity in platinum-
resistant non-small cell lung cancer. Cancer Metab. (2023) 11:7. doi: 10.1186/s40170-
023-00307-1

39. Peng X, Zhao Z, Liu L, Bai L, Tong R, Yang H, et al. Targeting indoleamine
dioxygenase and tryptophan dioxygenase in cancer immunotherapy: clinical
progress and challenges. Drug Des Devel Ther. (2022) 16:2639-57. doi: 10.2147/
DDDT.S373780

40. Yoshioka S, Ikeda T, Fukuchi S, Kawai Y, Ohta K, Murakami H, et al.
Identification and characterization of a novel dual inhibitor of indoleamine 2,3-
dioxygenase 1 and tryptophan 2,3-dioxygenase. Int J Tryptophan Res. (2022)
15:11786469221138456. doi: 10.1177/11786469221138456

41. Bickerdike MJ, Nafia I, Bessede A, Chen CB, Wangpaichitr M. AT-0174, a novel
dual IDO1/TDO2 enzyme inhibitor, synergises with temozolomide to improve survival
in an orthotopic mouse model of glioblastoma. BMC Cancer. (2024) 24:889.
doi: 10.1186/s12885-024-12631-w

42. Crump LS, Floyd JL, Kuo LW, Post MD, Bickerdike M, O’Neill K, et al. Targeting
tryptophan catabolism in ovarian cancer to attenuate macrophage infiltration and PD-
L1 expression. Cancer Res Commun. (2024) 4:822-33. doi: 10.1158/2767-9764.CRC-23-
0513

43. Naing A, Eder JP, Piha-Paul SA, Gimmi C, Hussey E, Zhang S, et al. Preclinical
investigations and a first-in-human phase I trial of M4112, the first dual inhibitor of
indoleamine 2,3-dioxygenase 1 and tryptophan 2,3-dioxygenase 2, in patients with
advanced solid tumors. J Immunother Cancer. (2020) 8:1-10. doi: 10.1136/jitc-2020-
000870

44. AntidoTherapeutics, A phase I study to evaluate the safety, tolerability,
pharmacology, and preliminary efficacy of AT-0174 in subjects with advanced solid
Malignancies(2024). Available online at: https://trials.cancervic.org.au/details/vctl_
actrn12623000956606 (Accessed February 20, 2024).

45. Ventola CL. Cancer immunotherapy, part 3: challenges and future trends. P T.
(2017) 42:514-21.

46. Jennings MR, Munn D, Blazeck J. Immunosuppressive metabolites in tumoral
immune evasion: redundancies, clinical efforts, and pathways forward. ] Immunother
Cancer. (2021) 9:1-19. doi: 10.1136/jitc-2021-003013

47. Opitz CA, Somarribas Patterson LF, Mohapatra SR, Dewi DL, Sadik A, Platten
M, et al. The therapeutic potential of targeting tryptophan catabolism in cancer. Br |
Cancer. (2020) 122:30-44. doi: 10.1038/s41416-019-0664-6

48. Fujiwara Y, Kato S, Nesline MK, Conroy JM, DePietro P, Pabla S, et al
Indoleamine 2,3-dioxygenase (IDO) inhibitors and cancer immunotherapy. Cancer
Treat Rev. (2022) 110:102461. doi: 10.1016/j.ctrv.2022.102461

49. Hoffmann I, Dragomir MP, Monjé N, Keunecke C, Kunze CA, Schallenberg S,
et al. Increased expression of IDO1 is associated with improved survival and increased
number of TILs in patients with high-grade serous ovarian cancer. Neoplasia. (2023)
44:100934. doi: 10.1016/j.ne0.2023.100934

50. Meireson A, Devos M, Brochez L. IDO expression in cancer: different
compartment, different functionality? Front Immunol. (2020) 11:531491.
doi: 10.3389/fimmu.2020.531491

51. Bessede A, Peyraud F, Le Moulec S, Cousin S, Cabart M, Chomy F, et al.
Upregulation of indoleamine 2,3-dioxygenase 1 in tumor cells and tertiary lymphoid
structures is a hallmark of inflamed non-small cell lung cancer. Clin Cancer Res. (2023)
29:4883-93. doi: 10.1158/1078-0432.CCR-23-1928

52. Fujiwara Y, Kato S, Nishizaki D, Miyashita H, Lee S, Nesline MK, et al.
High indoleamine 2,3-dioxygenase transcript levels predict better outcome after
front-line cancer immunotherapy. iScience. (2024) 27:109632. doi: 10.1016/
j.isci.2024.109632

frontiersin.org


https://doi.org/10.1177/1178646917691938
https://doi.org/10.1177/1178646917691938
https://doi.org/10.1016/bs.ircmb.2017.07.004
https://doi.org/10.1038/s41392-019-0103-4
https://doi.org/10.1158/1541-7786.MCR-19-0239
https://doi.org/10.1038/nature13323
https://doi.org/10.1146/annurev.pharmtox.43.100901.135828
https://doi.org/10.1128/mcb.12.12.5447
https://doi.org/10.1080/2162402X.2023.2244330
https://doi.org/10.1080/2162402X.2023.2244330
https://doi.org/10.1126/science.abm6131
https://doi.org/10.3389/fimmu.2020.01185
https://doi.org/10.3389/fimmu.2022.953115
https://doi.org/10.1038/s41598-019-48635-x
https://doi.org/10.1016/j.tips.2023.04.006
https://doi.org/10.3389/fimmu.2021.636081
https://doi.org/10.3389/fimmu.2023.1226443
https://doi.org/10.3389/fimmu.2023.1226443
https://doi.org/10.3389/fimmu.2018.02499
https://doi.org/10.1038/s41419-023-05937-3
https://doi.org/10.1038/s41419-023-05937-3
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.tibs.2023.03.004
https://doi.org/10.1016/j.tibs.2023.03.004
https://doi.org/10.1186/s13046-019-1409-3
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1016/j.molcel.2022.02.007
https://doi.org/10.1186/s40170-023-00307-1
https://doi.org/10.1186/s40170-023-00307-1
https://doi.org/10.2147/DDDT.S373780
https://doi.org/10.2147/DDDT.S373780
https://doi.org/10.1177/11786469221138456
https://doi.org/10.1186/s12885-024-12631-w
https://doi.org/10.1158/2767-9764.CRC-23-0513
https://doi.org/10.1158/2767-9764.CRC-23-0513
https://doi.org/10.1136/jitc-2020-000870
https://doi.org/10.1136/jitc-2020-000870
https://trials.cancervic.org.au/details/vctl_actrn12623000956606
https://trials.cancervic.org.au/details/vctl_actrn12623000956606
https://doi.org/10.1136/jitc-2021-003013
https://doi.org/10.1038/s41416-019-0664-6
https://doi.org/10.1016/j.ctrv.2022.102461
https://doi.org/10.1016/j.neo.2023.100934
https://doi.org/10.3389/fimmu.2020.531491
https://doi.org/10.1158/1078-0432.CCR-23-1928
https://doi.org/10.1016/j.isci.2024.109632
https://doi.org/10.1016/j.isci.2024.109632
https://doi.org/10.3389/fonc.2024.1524651
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Oncology

@ Check for updates

OPEN ACCESS

Balkrishna Chaube,
Indian Institute of Technology Dharwad, India

Ashish Toshniwal,

The University of Utah, United States
Meghna Saxena,

University of Minnesota Medical Center,
United States

Ting Zhang
3100102395@zju.edu.cn

05 November 2024
19 February 2025
17 March 2025

Huang Q, Xu Y-f, Li H-p and Zhang T (2025)
Bioinformatics and experimental

approach reveal potential prognostic

and immunological roles of key
mitochondrial metabolism-related

genes in cervical cancer.

Front. Oncol. 15:1522910.

doi: 10.3389/fonc.2025.1522910

© 2025 Huang, Xu, Li and Zhang. 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 Oncology

Original Research
17 March 2025
10.3389/fonc.2025.1522910

Bioinformatics and experimental
approach reveal potential
prognostic and immunological
roles of key mitochondrial
metabolism-related genes in
cervical cancer

Qing Huang®, Yang-feng Xu*, Hui-ping Li* and Ting Zhang*

tGynecology Department, Ningbo Medical Center Lihuili Hospital, Ningbo, Zhejiang, China,
2Orthopedics Department, Ningbo Medical Center Lihuili Hospital, Ningbo, Zhejiang, China

Background: Metabolic remodeling is the hallmark of cancer. In recent years,
mitochondrial metabolism (MM) has been considered essential in tumorigenesis
and cancer progression. Understanding the role of MM in cervical cancer (CC)
can provide insights into disease progression and potential therapeutic targets.

Methods: Clinical data of CC patients was downloaded from the UCSC Xena
dataset, and differentially expressed genes (DEGs) were identified between tumor
and normal samples. MM-related genes (MMRGs) were screened from the
MSigDB database. DEGs and MMRGs were then intersected to identify
differentially expressed MMRGs. A prognostic risk model was constructed
based on these intersecting genes through Cox regression analysis, and its
association with the tumor microenvironment and immune checkpoint-related
genes was evaluated. Hub genes’ expression was evaluated in cells through qRT-
PCR. Additionally, drug sensitivity analysis was conducted to explore potential
therapeutic drugs.

Results: We identified 259 overlapping genes between DEGs and MMRGs, with
55 being prognosis-related. Two molecular clusters were revealed, with C1
exhibiting poorer prognosis. A prognostic risk model comprising five genes
(BDH1, MIR210, MSMO1, POLA1, and STARD3NL) was established, showing
significant associations with survival outcomes of CC patients. Functional
enrichment analysis revealed that DEGs between high- and low-risk groups
were tightly associated with the immune system. Analysis of the immune
microenvironment showed significant differences between different risk
groups, with higher immune and ESTIMATE scores observed in the low-risk
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group. Additionally, expression levels of immune checkpoint-related genes were
significantly correlated with the risk score. Drug sensitivity analysis identified
potential therapeutic agents correlated with the expression of the five

prognostic genes.

Conclusion: Our findings underscore the importance of MM in CC progression
and provide potential therapeutic targets for CC.

cervical cancer, mitochondrial metabolism, risk score, prognosis, immunity

1 Introduction

Cervical cancer (CC) is one of the most prevalent gynecologic
cancers, with an incidence of approximately 6.5% of all female cancer
cases worldwide (1, 2). It is primarily caused by persistent infection
with high-risk human papillomavirus (HPV) types (3). Despite
advancements in screening programs and HPV vaccination efforts,
CC remains a leading cause of cancer-related deaths among women
globally (4). For patients with early or locally advanced CC, the 5-year
survival rate exceeds 50% following surgical or chemoradiotherapy
interventions (5, 6). However, the metastasis or recurrence
significantly reduces survival rates, with a 5-year survival rate of
only 10% for patients under such circumstances (4, 5). Therefore, it is
urgent to delve deeper into the biological mechanisms of CC
progression and identify novel prognostic biomarkers to enhance
therapeutic strategies and patient outcomes.

Mitochondria, responsible for cellular energy generation, provide
energy through the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation (OXPHOS) (7). Cellular energy imbalance is a
recognized hallmark of cancer (8). In the 1920s, Otto Warburg
postulated that cancer cells preferentially utilize glycolysis over
OXPHOS for ATP production (9). For a long time, the major
metabolic feature of tumor cells was considered to be the Warburg
effect (10). However, in recent years, increasing evidence suggests that
mitochondrial metabolism (MM) and function play a crucial role in
tumorigenesis and cancer progression. Dysregulated mitochondrial
function in cancer cells leads to alterations in energy production,
metabolism, and redox balance, facilitating their proliferation, survival,
and metastasis (11, 12). Moreover, mitochondria actively regulate
apoptosis, allowing cancer cells to evade cell death signals and
promote resistance to therapy (13-15). Therapeutic methods that
target diverse pathways within MM, such as inhibiting cellular
constituents engaged in mitochondrial synthesis, decreasing
metabolite accumulation, or preventing energy production within
mitochondria, have demonstrated therapeutic efficacy in various
cancers (16-18). Several regents have been reported to alleviate CC
by modulating MM. For example, Ginsenoside Rh2 induces CC cell
apoptosis by suppressing mitochondrial electron transfer chain
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complex (19). Butyrate inhibited mitochondria-dependent apoptosis
in CC cells (20). Therefore, MM could be a new therapeutic strategy for
CC. Understanding the intricate interplay between MM and cancer
biology holds promise for identifying novel therapeutic targets and
developing personalized treatment strategies to combat CC.

This study aimed to elucidate the role of MM in CC progression
and prognosis. Differentially expressed mitochondrial metabolism-
related genes (MMRGs) in CC patients were identified and a
prognostic risk model based on these genes was constructed.
Through comprehensive bioinformatics analyses, we explored the
clinical significance of MMRGs, as well as their association with
tumor immune microenvironment and drug sensitivity, providing
insights into potential therapeutic strategies for CC.

2 Methods

2.1 Acquirement of differentially
expressed MMRGs

CC cohort was downloaded from the TCGA-UCSC Xena
(http://xena.ucsc.edu). DEGs were identified between tumor
samples (n = 305) and normal samples (n = 4) using the “limma”
package in R software (version 4.1.3), with the criterion of |log2 fold
change (FC)| > 1 and adjust p-value < 0.05. These DEGs were
visualized in a volcano plot using “ggplot2”. MMRGs were acquired
from the MSigDB database (gsea-msigdb.org). Overlap genes in the
DEGs and MMRGs were visualized through “upsetR” and
“VennDiagram” packages.

2.2 Functional enrichment analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed using the
“clusterProfiler”, with a criterion of p < 0.05. The results of GO and
KEGG were visualized through the “Goplots” package in R.
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2.3 Consensus clustering analysis

The MMRGs underwent univariate Cox regression analysis
using the SPSS (p < 0.05). Consensus clustering analysis was then
performed using R package ConsensusClusterPlus.

2.4 Establishment and evaluation of
prognostic risk model

To mitigate overfitting, LASSO regression analysis was
conducted on genes selected through univariate Cox regression
utilizing the R package “glmnet”, with the penalty function lambda
(0.5765) employed via cross-validation to identify and eliminate
overfitting genes. Finally, a multivariate Cox regression analysis was
performed on the retained genes using SPSS to establish a
prognostic risk model for MMRGs in CC. The risk score was
calculated using the obtained regression coefficients from the
multivariate Cox regression analysis, with a formula as follows:

risk score = éeprNA,v * Coefpnai
i=1

Subsequently, the risk score for each sample in the TCGA
dataset was calculated. Based on their RiskScore values, samples
were categorized into high- and low-risk groups, with the median
RiskScore serving as the threshold. Kaplan-Meier (K-M) curves
and receiver operating characteristic (ROC) curves were then
generated for both groups using the R packages “survival” and
“survminer” to assess the predictive performance of the model.
The area under the ROC curve (AUC) for 1-, 3-, and 5-years
overall survival was calculated. The expression of prognostic
biomarkers in each sample was visualized in a heatmap using
the “ggplot2” package in R.

2.5 Construction of nomogram

Clinical characteristics encompass age, TNM stage, and
pathology stage. A nomogram was established based on these
clinical features and risk scores. The calibration curve depicted
the 45-degree dashed lines representing the best predictions of the
nomogram. The nomogram and calibration curve was constructed

» «

B » € mrica]?
using “rms”, “regplot”, and “survival” packages.

2.6 Evaluation of tumor immune
microenvironment landscape

The stromal score, immune score, ESTIMATE score, and tumor
purity were acquired using the ESTIMATE algorithm. They were
then compared between different risk groups using the Wilcoxon
rank-sum test. Immune cell abundance in the high- and low-risk
groups was detected using the MCPcounter algorithm.
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2.7 Immune checkpoint and
immunotherapy response analysis

Immune checkpoint-related genes in CC were searched from
the Checkpoint Therapeutic Target Database (CKTTD) (21).
Expression levels of these genes in different risk groups were
explored, and the correlation of them with risk score was
visualized using the R package “ggplot2”. Tumor immune
dysfunction and exclusion (TIDE) score was determined using
the TIDE algorithm. p < 0.05 indicates statistical significance.

2.8 Drug sensitivity analysis

CellMiner (https://discover.nci.nih.gov/cellminer) encompasses
60 distinct cell lines originating from 9 types of malignancies,
serving as essential screens in the development of novel anti-
tumor medications. It includes 262 drugs, either FDA-approved
or undergoing clinical trials (22). NCI60 drug response data were
acquired from the CellMiner tool. Drug sensitivity between different
risk groups was evaluated, and the association between drug
sensitivity and prognostic gene expression was assessed using
Pearson’s test.

2.9 Cell culture

Human cervical epithelial cells (Cat NO.: CP-H059) and
cervical cancer cells Hela S3 (Cat NO.: CL-0350) were purchased
from Wuhan Pricella Biotechnology Co., Ltd. All cells were cultured
in a specialized medium containing Ham’s F-12K supplemented
with 10% FBS and 1% P/S in an incubator at 37°C with 5% CO,. The
medium was changed every 2-3 days.

2.10 Quantitative real-time (qRT)-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. The concentration and
purity of the extracted RNA were assessed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, CA, USA). The
isolated RNA was then reverse-transcribed into cDNA with the
PrimeScript RT reagent kit (Takara, Dalian, China). The reaction
conditions were as follows: 42°C for 15 min and 95°C for 3 min. For
quantification, QRT-PCR was performed using the Hieff UNICON
Universal Blue gPCR SYBR Green Master Mix (Yeasen, Shanghai,
China) on the ABI7900HT System. The thermocycling program
was set as follows: initial denaturation at 95°C for 30 s, followed by
40 cycles of 95°C for 3 s and 60°C for 20 s. The relative mRNA
2744Ct method, with

GAPDH serving as the internal control. The primer sequences were

expression levels were determined using the

designed by Gene Creat Bioengineering CO. (Wuhan, China) and
were shown in Supplementary Table S1.
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2.11 Statistical analysis

Statistical analyses were conducted using R software version
4.2.0 and GraphPad Prism 8.0.2. Student t-test was used to
compare the differences between the two groups, and the
Pearson method was used for correlation analysis. All
experiments were performed in triplicate, and data were
analyzed using GraphPad Prism software. Statistical significance
was determined using a Student’s t-test. Statistical significance was
defined as p < 0.05.

>

10.3389/fonc.2025.1522910

3 Results

3.1 Identification of prognosis-related
differentially expressed MMRGs in patients
with CC

Based on the TCGA dataset, 4353 DEGs were identified
between the tumor and normal samples. Volcano plot showed
1976 upregulated genes and 2377 downregulated genes in the
tumor group (Figure 1A). Additionally, 1234 MMRGs were
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FIGURE 1

Identification of prognosis-related differentially expressed MMRGs in patients with CC. (A) Volcano plot of DEGs between tumor and normal samples
in the TCGA database. The blue dots represent downregulated genes and the red dots represent upregulated genes. (B) A total of 4353 DEGs and
1234 MMRGs were screened from public databases, and 259 intersecting genes were identified between the DEGs and MMRGs using the Venn
diagram. (C) Prognostic features were selected using the univariate Cox regression based on 259 differentially expressed MMRGs; p < 0.05. (D, E) GO
and KEGG enrichment analysis was performed on the genes identified by univariate Cox regression analysis. CC, cervical cancer; DEG, differentially
expressed gene; MMRG, mitochondrial metabolism-related gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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screened from the MsigDB database (Figure 1B). Venn diagram
revealed 259 overlapping genes in the DEGs and MMRGs
(Figure 1B). Then, the overlapping genes were seeded on the
univariate Cox regression, identifying 55 prognosis-related
MMRGs (Figure 1C). GO enrichment analysis showed that these
genes were associated with biological process, such as regulation of
small GTPase mediated signal transduction, small molecule
metabolic process, cellular lipid metabolic process, and small
molecule catabolic process. They were also related to cellular
components, including AP-type membrane coat adaptor complex,
cytosol, and membrane coat. As for molecular functions,
metallopeptidase activity, metalloendopeptidase activity, and
catalytic activity were enriched (Figure 1D). The enriched KEGG
pathways were related to environmental information processing,
metabolism, and organismal systems, such as ABC transporters,
fatty acid degradation, and bile secretion (Figure 1E).

3.2 |Identification of two CC
molecular subtypes

Subsequently, consensus clustering analysis was performed on
the 55 prognosis-related MMRGs. The CDF curve showed that k =
2 is the optimal number of clusters (Figures 2A, B). Figure 2C
displayed the consensus values for different k values, with the

A1.0

10.3389/fonc.2025.1522910

highest consensus value at k = 2. Therefore, all samples were
clustered into two subtypes. The heatmap showed that the
samples were well separated, with a clear distinction between the
two subtypes (Figure 2D). K-M curves revealed that patients in C1
had significantly poorer OS than those in C2 (Figure 2E). Compared
to C2, patients in C1 had higher pathological stages (Table 1). These
results suggest that patients in C1 may have a worse prognosis and a
higher degree of malignancy.

We then compared the expression levels of 55 prognosis-related
MMRGs between C1 and C2. As shown in Figure 3A, 17 MMRGs were
significantly overexpressed and 25 MMRGs were downregulated in C1.
KEGG pathways analysis revealed that both overexpressed genes and
downregulated genes in C1 were associated with metabolic pathways
(Figures 3B, C). These results indicated that metabolic pathways may
be involved in the imbalance of these differentially expressed prognosis-
related genes to regulate the CC tumor microenvironment
and progression.

3.3 Establishment of the MM-related risk
model for patients with CC

To further explore the role of 55 MMRGs in CC prognosis, lasso
regression was performed on these genes, and 10 MMRGs were
identified (Figure 4A). The 10-round cross-validation was used to
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FIGURE 2

Two molecular subtypes of CC were identified. (A) Consensus CDF curves for different values of k (k = 2 to 10). (B) Relative change in the area under
the CDF curve for different k values, indicating the optimal number of clusters. (C) Bar plot showing consensus values for different k values, with
different colors representing varying cluster numbers. (D) Consensus clustering heatmap showing the division of samples into two clusters (C1 and
C2) based on consensus matrix values. (E) K-M curve showed the overall survival time of CC patients between C1 and C2. CDF, cumulative
distribution function; CC, cervical cancer; K-M, Kaplan-Meier; HR, hazard ratio; Cl, confidence interval; OS, overall survival.
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TABLE 1 Differences in stages and grades between two different subtypes.

10.3389/fonc.2025.1522910

Variables Category Total (n=293) C1 (n=143) C2 (n=150)

Stage, n(%) 6 I 158(55.052) 66(47.482) 92(62.162) 0.029
1 65(22.648) 35(25.180) 30(20.270)
1 42(14.634) 22(15.827) 20(13.514)
v 22(7.666) 16(11.511) 6(4.054)

Grade, n(%) 28 1 19(7.170) 9(7.317) 10(7.042) 0.709
2 129(48.679) 63(51.220) 66(46.479)
3 117(44.151) 51(41.463) 66(46.479)

determine the optimal values of the penalty parameter (Figure 4B).
Finally, using multivariate Cox regression, five genes, including BDH1,
MIR210, MSMO1, POLA1, and STARD3NL were identified (p < 0.05,
Figure 4C). Results revealed that BDHI1 (HR = 0.71, 95%CI: 0.530-
0.951) and POLA1 (HR = 0.581, 95%CI: 0.357-0.946) were protective

features, while MIR210 (HR = 1.702, 95%CI: 1.326-2.186), MSMO1
(HR = 1.592, 95%Cl: 1.158-2.189), and STARD3NL (HR = 1.776, 95%
CI: 1.199-2.631) were harmful features (Figure 4C).

Furthermore, based on the expression levels of the above 5
prognostic genes, the risk score of each sample in the TCGA dataset
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Expression and functions of prognosis-related genes in C1 and C2. (A) Expre

ssion levels of 55 prognosis-related genes in C1 and C2. (B) KEGG

pathways related to overexpressed genes in C1. (C) KEGG pathways related to downregulated genes in C1. *p < 0.05, **p < 0.01, ***p < 0.001,
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FIGURE 4

Identification of prognostic genes in CC. (A, B) Lasso Cox regression identified 10 genes related to the prognosis of patients with CC, and 10-round
cross-validation was performed to detect the optimal values of the penalty parameter. (C) Multivariate Cox regression identified 5 prognostic genes
based on the above 10 genes; p < 0.05. CC, cervical cancer; MMRG, mitochondrial metabolism-related gene.

was calculated as follows: risk score = -0.343*BDH1 + 0.532*MIR20
+ 0.465*MSMO1 + -0.543*POLA1 + 0.575*STARD3NL. CC
patients in the TCGA dataset were divided into high- and low-
risk groups based on the median risk score. The risk score
distribution of patients was visualized in Figure 5A. Our data
indicated that patients with high risk scores had worse prognoses
(Figure 5A). The expression of BDH1 and POLA1 was higher in the
low-risk group, while the expression of MIR210, MSMO1, and
STARD3NL was higher in the high-risk group (Figure 5A). The K-
M survival curve demonstrated superior survival outcomes for the
low-risk group compared to the high-risk group (Figure 5B). The
AUGC:s of the enrolled patients at 1-, 3-, and 5-year were 0.78, 0.77,
and 0.75, respectively (Figure 5C).

A nomogram was then constructed to show the performance of
risk score and clinical features on CC prognosis. As shown in
Figure 5D, the M stage, pathology stage, and risk score ranked in the
top three in terms of contribution to predicting CC, followed by T
stage, G stage, N stage, and age. The calibration curves of the
nomogram for the probability at 3- and 5-year indicated a good
clinical value (Figure 5E).

3.4 Functional enrichment analysis of DEGs
between high-risk and low-risk groups

Subsequently, DEGs between high- and low-risk groups were
identified, and the function of these genes was explored using GO
and KEGG enrichment analyses. The top five enriched GO
biological process terms were immune system process, response
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to stress, regulation of response to stimulus, response to chemical,
and system development (Figure 6A). The top five GO cellular
component terms included extracellular region, vesicle,
endomembrane system, intrinsic component of membrane, and
integral component of membrane (Figure 6B). The GO molecular
function terms were mainly enriched in signaling receptor binding,
protein-containing complex binding, molecular function regulator,
anion binding, and small molecule binding (Figure 6C). The KEGG
pathways were major enriched in cell adhesion molecules, Th17 cell
differentiation, IL-17 signaling pathway, T cell receptor signaling
pathway, and MAPK signaling pathway (Figure 6D). These results
revealed that DEGs between high- and low-risk cohorts were tightly
associated with tumor immune microenvironment.

3.5 Tumor immune
microenvironment analysis

Given the above results that differentially expressed prognosis-
related genes were related to metabolic pathways and that DEGs in
high risk vs. low risk were related to the immune system process, we
then explore the immune microenvironment between different risk
groups. Our data showed that immune and ESTIMATE scores in
the low-risk group were significantly higher than those in the high-
risk group (p < 0.05, Figure 7A), and the high-risk group had a
higher tumor purity (Figure 7B). Additionally, we observed five
immune cells were significantly infiltrated in the low-risk group,
including T cells, CD8 T cells, cytotoxic lymphocytes, B lineage, and
myeloid dendritic cells (Figure 7C).
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The effector function of CD8 T cells is regulated by immune
checkpoints. Due to the differences in the levels of CD8 T cells
between high and low risk groups, we further analyzed the
differences in immune checkpoint gene expression between high
and low risk groups. Among 13 checkpoint-related genes, 7 genes
were observed to be significantly correlated to the risk score, and all
of them were downregulated in the high-risk group, including
CDK1, EZH2, ICOS, IDO1, PLK1, TIGIT, and TLR8 (p < 0.05,
Figure 8A). Further research showed that the high-risk group had a
higher TIDE score and exclusion score than the low-risk group
(Figure 8B). These results suggest that the high risk group is
associated with an immunosuppressive environment.
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3.6 Expression of hub genes

To further explore whether the differences in the microenvironment
between different groups are related to the hub genes, we examined the
expression of these hub genes among different groups. Compared to the
low-risk group, BDH1 and POLA1 were downregulated in the high-risk
group, while MIR210, MSMO1, and STARD3NL were upregulated
(Figure 9A). Similarly, in the C1 group, BDH1 and POLA1 were
downregulated, while MIR210, MSMO1, and STARD3NL were
upregulated (Figure 9B). These results are consistent with previous
findings, indicating a higher mortality risk and therefore a poorer
prognosis in the Cl group. Furthermore, we conducted cell
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experiments to validate the expression of these genes. Compared to
human cervical epithelial cells, BDH1 and POLA1 were downregulated,
while MIR210, MSMO1, and STARD3NL were upregulated in the CC
cell line Hela S3 cells (Figure 9C). These findings suggest that the
expression of these five hub genes may be closely related to tumor
immune-metabolic regulation.

3.7 Drug sensitivity analysis

The correlation between the expression levels of 5 prognostic
genes and drug sensitivity was further investigated utilizing the
CellMiner database. The top three drugs significantly correlated
with the expression of each gene are shown in Supplementary
Figure S1. BDHI1 is positively associated with ciclosporin,
Raloxifene, and Tamoxifen (Supplementary Figure SIA). MIR210
was positively associated with Cediranib, ergenyl, and Motesanib
(Supplementary Figure S1B). Similarly, MSMOI displayed a
positive correlation with Amiodarone, uridin, and Zoledronate
(Supplementary Figure S1C), and POLA1 was positively
associated with Methylprednisolone, PX-316, and ZM-336372
(Supplementary Figure S1D). STARD3NL showed a positive
association with JNJ-38877605 and Lovastatin while displaying a
negative association with Fluorouracil (Supplementary Figure S1E).
Among these drugs, the high-risk group was significantly sensitized
to certain drugs, including ciclosporin, Raloxifene, Tamoxifen,
Zoledronate, and Lovastatin (Supplementary Figure S2).
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4 Discussion

Although advances in the treatment of CC have been made, its
poor prognosis still poses a significant threat to women’s health (4).
Recent studies suggest that MM is essential for tumor growth, and
some clinical trials have demonstrated the feasibility of modulating
MM to treat cancer (23). The bioinformatic research on MM in CC
is limited. Therefore, this study constructed a prognostic model
based on five MMRGs for CC and explored their association with
the immune microenvironment.

Metabolic remodeling is one of the hallmarks of cancer. Current
evidence indicates that MM-related pathways are reprogrammed in
cancer, playing crucial roles in bioenergetics, biosynthesis, and
redox homeostasis (24). The regulation of redox balance in tumor
cells is influenced by their significantly increased glucose uptake,
which produces TCA cycle metabolites. These metabolites supply
electrons to the mitochondrial electron transport chain (ETC) (25).
Inhibiting ETC-related genes could heighten the vulnerability of
cancer cells to glucose depletion, consequently impeding tumor
progression (26). MMRGs have been considered prognostic
markers for various cancers, including breast cancer (27),
osteosarcoma (28), and ovarian cancer (29). Based on the
MMRGs. the present study identified two molecular subtypes of
CC, and CI showed shorter OS time than C2. Additionally, 5 key
prognostic MMRGs in CC were identified, including BDHI,
MIR210, MSMO1, POLAI1, and STARD3NL. BDHI is a key
catalytic enzyme in ketogenesis, catalyzing the reversible
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conversion of acetoacetate to beta-hydroxybutyrate (30). Within the
mitochondria, ketone bodies undergo oxidation via the TCA cycle,
leading to the generation of acetyl-CoA and NADH.
Downregulation of BDHI1 is a prognostic marker in
hepatocellular carcinoma (31). POLAI encodes DNA polymerase,
which facilitates DNA replication and repair, ensuring the
maintenance of mitochondrial genome integrity. POLAI has
antitumor activity in inhibiting cancer cell proliferation and
inducing apoptosis (32). A previous study demonstrates that
POLA overexpression is associated with the poor prognosis of CC
patients (33). MIR210 originates from mitochondria, its expression
correlates with hypoxia gene signatures, and it could reduce the

Frontiers in Oncology

146

activity of proteins controlling MM (34). Nakada et al. points out
that MIR210 induces energy metabolism shift from OXPHOS to
glycolysis via acting on the mitochondrial inner membrane (35).
MSMOL1 catalyzes the demethylation of C4-methyl sterol, a critical
step in cholesterol biosynthesis within mitochondria. Abnormal
expression of MSMO1 would lead to CC (36). STARD3NL is
involved in MM by mediating the transfer of cholesterol between
membranes, potentially contributing to lipid metabolism and
homeostasis within mitochondria (37). The risk score constructed
using these five MMRGs exhibits good prognostic function for
patients with CC. Patients within the low-risk group have longer

survival time.
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Furthermore, KEGG analysis of DEGs in the normal and tumor
groups was enriched for several metabolic pathways. Overexpressed
genes and downregulated genes in Cl were also associated with
metabolic pathways. Metabolism and immunity are usually
inextricably linked. After further analyzing the function of DEGs in
high- and low-risk populations, we found that these DEGs are primarily
associated with the immune system, including the Th17 cell differential,
IL-17 signaling pathway, and MAPK signaling pathway. Th17 cells are a
subset of T-helper cells that produce IL-17, a pro-inflammatory cytokine
(38). IL-17 acts on tumor cells and various components of the tumor
microenvironment to promote tumor growth, angiogenesis, and
metastasis (39). It can also induce the production of other pro-
inflammatory cytokines and chemokines, creating a pro-tumor
inflammatory environment (40). The MAPK signaling pathway is a
crucial intracellular signaling cascade involved in cell proliferation,
survival, and differentiation (41). Activation of MAPK signaling can
occur downstream of IL-17 receptor engagement. In breast cancer, the
Th17/IL-17/MAPK cascade signaling pathway plays a multifaceted role
in cancer progression (42). Previous studies have indicated that MM
abnormalities can influence tumor cell antigen presentation and
processing, thereby aiding tumor cells in evading recognition and
attack by the immune system (43). Activation of the IL-17/MAPK
signaling pathway can lead to an increase in immunosuppressive cells
such as regulatory T cells and myeloid-derived suppressor cells
(MDSCs), thereby inhibiting the anti-tumor immune response.
Additionally, activation of the IL-17/MAPK signaling pathway may
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result in changes in tumor cell surface antigens, making tumor cells less
recognizable and susceptible to clearance by the immune system (44).
Th17 and the MAPK signaling pathway have been demonstrated to play
a pro-econogenic role in promoting CC (45, 46). Therefore, we
hypothesize that MMRGs may enhance tumor immune evasion by
modulating the TL-17/MAPK signaling pathway in cervical cancer.
Given the crucial role of the immune microenvironment in
cancer progression, we further investigated differences in immune
cell infiltration and immune scores among individuals at different
risk groups. The results indicated that individuals at low risk had
higher immune scores, and correspondingly, we observed more
immune cell infiltration in the low-risk group, including T cells,
CD8 T cells, cytotoxic lymphocytes, B lineage cells, and myeloid
dendritic cells. These findings demonstrate the correlation between
MM-related prognostic models and immune infiltration in CC. To
regulate immune responses, PD-L1 was expressed in these immune
cells to maintain immune homeostasis and protect the body from
foreign pathogens (47). Furthermore, analysis of immune
checkpoint-related genes revealed higher expression of immune
checkpoints in the low-risk group, suggesting better efficacy of
immune therapy in this group compared to the high-risk group.
Among the identified immune checkpoint genes, TIGIT showed the
most significant difference between the two groups. TIGIT is a
crucial target in tumor immunotherapy, as it can prevent NK cells
from releasing tumor antigens, impair dendritic cell-induced T cell
priming, or inhibit CD8+ T cell-mediated killing of cancer cells
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(48). This is consistent with the findings of Han et al., suggesting
that TIGIT may kill cancer cells in the low-risk group by reducing
dendritic cell-triggered T-cell priming (49). However, the specific
mechanism of action of TIGIT in cervical cancer remains to be
further elucidated. Additionally, Our results revealed that BDH1
expression is positively related to ciclosporin, a typical
immunosuppressive drug with an anti-tumor effect (50).
Importantly, the drug sensitivity of ciclosporin is higher in the
high-risk group, indicating that CC patients have better outcomes
with this drug. Research suggests that alterations in MM within
cancer cells may also modulate drug sensitivity and resistance
through the MAPK signaling pathway (51). Whether MM-
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modulated MAPK signaling influences the drug sensitivity of
ciclosporin needs further research.

5 Conclusion

In conclusion, this study elucidated the significance of MM in CC
progression and its interplay with the immune microenvironment. By
constructing a prognostic model based on five MMRGs (BDHI,
MIR210, MSMO1, POLA1, and STARD3NL) and exploring their
association with immune infiltration, significant insights were gained
into CC treatment. Furthermore, the study highlighted the potential
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involvement of the Th17/IL-17/MAPK signaling pathway in mediating
immune escape in CC, possibly influenced by MMRGs. Additionally,
the analysis of immune checkpoint-related genes suggested a potential
for improved efficacy of immune therapy in the low-risk group, with
TIGIT emerging as a significant target. These findings underscore the
intricate relationship between MM, immune regulation, and
therapeutic outcomes in CC, providing valuable insights for the
development of novel prognostic markers and therapeutic strategies.
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Background: Small cell lung cancer (SCLC) is characterized by early metastatic
potential and poor prognosis. Liver kinase B1 (LKB1) is a tumor suppressor and a
cell metabolism regulator. LKB1 downregulation has been associated with a cold
tumor immune microenvironment (TIME). We aimed to analyze the role of LKB1
in SCLC in relation to its association with overall survival (OS) and
TIME components.

Methods: We retrospectively evaluated SCLC patients consecutively treated at
our institution from 1996 to 2020 with available tissue. LKB1, PD-L1 on tumor
cells and on tumor immune-infiltrating cells, CD8, and FOXP3 were evaluated by
immunohistochemistry (IHC), categorized according to predefined cutoffs. The
primary endpoint was the description of LKB1 expression, and the secondary
endpoints were the association with prognosis and TIME features.

Results: Tissue samples of 138 out of 481 SCLCs were adequate for molecular
analyses. Eighty patients had limited stage (LS) at diagnosis and 58 had extended
stage (ES). The median LKB1 IHC score was 4. Patients with IHC score >4 (n = 67)
were classified as LKB1-positive. The probability of LKB1 positivity was higher in
LS [odds ratio 2.78, 95% confidence interval (95% Cl) 1.18-7.14]. At the data cutoff
(2 January 2024), 123 patients died. The median OS (mOS) was 14.0 months (95%
Cl 11.5-19.4). mOS was significantly longer in patients with LKB1-positive
expression [32.4 months (95% Cl 13.6-62.4) vs. 11.2 months (95% Cl 8.7-14.7);
p < 0.001]. At multivariate analysis, positive LKB1 expression, LS, and no weight
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loss at diagnosis were confirmed as independent positive prognostic factors.
TIME features were evaluated in 70 patients. Unexpectedly, LKB1-negative
samples were more likely to show CD8* tumor-infiltrating lymphocytes (TILs;
p = 0.013). No association with PD-L1 expression nor the presence of FOXP3*

TILs was found.

Conclusion: LKB1 expression is a potential positive prognostic marker in SCLC. In
this series, LKB1 expression was negatively associated with the presence of

CD8" TlLs.

small cell lung cancer, liver kinase B1, serine/threonine kinase 11,
immunohistochemistry, overall survival, tumor immune microenvironment

1 Introduction

Lung cancer represents the leading cause of cancer-related
deaths worldwide (1). Small cell lung cancer (SCLC) accounts for
nearly 15% of lung cancer diagnoses and is a high-grade
neuroendocrine cancer, associated with a dismal prognosis (2).
Limited stage (LS) SCLC is defined as a tumor confined to one
hemithorax and regional lymph nodes, eligible for curative intent
treatment. Radical intent radiotherapy (RT) and concurrent
chemotherapy (ChT) are the standard of care for LS, although, in
selected cases, surgery followed by adjuvant platinum and etoposide
(PE) is considered, in the absence of lymph node involvement at
clinical staging (2, 3). The upfront treatment of extended stage (ES)
SCLC has been unchanged for decades and consisted of PE ChT (2,
3). Recently, several randomized phase III trials demonstrated the
superiority of first-line chemoimmunotherapy, showing a similar
rate of overall survival (OS) improvement versus standard ChT
alone (3-10). A comparable benefit was shown in real-world studies
including patients with relevant comorbidities, older age, and high-
symptom burden (11, 12). Despite a statistically significant
difference, clinical outcome improvement is only modest and only
approximately 15% are alive after 3 years of chemoimmunotherapy
treatment (5, 7, 13).

The study of the molecular features of SCLC is one key element
in order to finally improve clinical outcome (14). Recently,
transcriptomic profiling has led to a new molecular classification
of SCLC, based on the deregulation of key cellular pathways. No
clear prognostic impact was found for the classification, whereas an
inflamed subtype, characterized by overexpression of human
leukocyte antigens, immune checkpoints, and cytokines, was
suggested as a potential positive predictive factor for
chemoimmunotherapy (15). Conversely, the SCLC-N subtype was
characterized by overexpression of the NEURODI transcription
factor, and SCLC-N cell lines were highly sensitive to multiple
aurora kinase (AURK) inhibitors (15). AURK is a serine/threonine
kinase localized to the centrosome, which is crucial during the cell
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cycle to guarantee the right chromosome segregation, but has also
tumor-promoting roles unrelated to mitosis (16-19). AURK has
been involved in phosphorylating liver kinase Bl (LKBI, also
known as serine/threonine kinase 11, STK11) resulting in the
suppression of the LKB1/adenosine monophosphate-activated
protein kinase (AMPK) signaling pathway and the proliferation,
invasion, and migration of non-small cell lung cancer (NSCLC)
cells (20).

LKBI is a tumor suppressor and cell metabolism regulator and
has been shown to modulate tumor immune microenvironment
(TIME) features in NSCLC (21-28). LKBI alterations have been
described in approximately 30% of NSCLCs, including nonsense
mutations, frameshift mutations, large exonic deletions, and
intronic mutations in conserved splice sites (29, 30). These
mutations translate into either a truncated, inactive protein or the
absence of the protein. Epigenetic inactivation has also been
demonstrated, with promoter hypermethylation detected in up to
13% of the specimens (31, 32).

Few data are available for LKBI alterations in SCLC and mostly
concerning LKBI mutations (33-36). Based on these premises, we
aimed to describe LKB1 expression in SCLC and investigate its
potential prognostic role and association with TIME features.

2 Materials and methods
2.1 Study patients and endpoints

We retrospectively evaluated all SCLC cases consecutively
treated at Veneto Institute of Oncology IOV - IRCCS with
available tissue, from 1996 to 2020. The inclusion criteria were
pathological diagnosis of SCLC, availability of clinical data and
adequate follow-up, and availability of pathological samples.

Histological diagnosis was obtained by formalin-fixed paraffin-
embedded (FFPE) samples that were collected before starting the
primary treatment. Staging included brain, neck, chest, and
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abdomen computed tomography (CT) scan with iodine contrast,
bone scan and, in selected cases, brain magnetic resonance imaging
and/or total body '®F-fluorodeoxyglucose positron emission
tomography/CT scans.

A multidisciplinary team, including dedicated medical
oncologists, radiation oncologists, thoracic surgeons,
pneumologists, a radiologist, and a nuclear medicine physician
evaluated all the patients and decided on the treatment plan,
according to guidelines. Patients with limited stage disease
received radical chemoradiotherapy and, in selected cases, surgery
followed by adjuvant ChT. ChT consisted of four to six PE cycles,
while 3D conformal RT was started as early as possible. After
upfront surgery, four cycles of adjuvant PE were administered,
when clinically feasible. If the patient responded to radical
treatment, prophylactic cranial irradiation was discussed with the
patient. Extended SCLC cases received upfront ChT with PE (up to
six cycles) and palliative RT was administered when indicated. ChT
and RT were administered at Veneto Institute of Oncology IOV -
IRCCS. Surgery was carried out at the Thoracic Surgery Unit of
Padova University Hospital and histological diagnosis at the
Pathology Unit of Padova University Hospital.

Clinical variables collected from electronic medical records
were sex, age at diagnosis, smoking status, Eastern Cooperative
Oncology Group (ECOG) performance status (PS) at diagnosis,
presence of symptoms at diagnosis, presence of weight loss at
diagnosis, stage at diagnosis, central nervous system (CNS)
metastases at diagnosis, and primary treatment.

The Ethics Committee of Veneto Institute of Oncology IOV -
IRCCS in Padova evaluated and approved the study and informed
consent that was required, whenever feasible, for the collection,
analysis, and publication of data, according to the Helsinki
Declaration and Italian Data Protection Authority dispositions
(approval number: IOV-MICRO-2017).

The primary endpoint of the study was the description of LKB1
expression by immunohistochemistry (IHC), and the secondary
endpoints were the association with prognosis and TIME features.

2.2 Immunohistochemistry

Four-micrometer-thick FFPE tissue slices were used for THC
testing. IHC staining was performed automatically using the BOND
RX system (Leica Biosystems, Nussloch, Germany).

The primary antibodies were as follows: Ley 37D/G6 (Santa
Cruz Biotechnology, Dallas, TX, USA) for LKB1, C8/144B clone
(DAKO, Carpinteria, CA, USA) for cluster of differentiation 8
(CD8), 236A/E7 clone (Abcam, Cambridge, UK) for forkhead box
P3 (FOXP3), and 22C3 clone (DAKO, Carpinteria, CA, USA) for
programmed death-ligand 1 (PD-L1). The semiquantitative score
for LKB1 expression was calculated: the proportion of cell staining
was scored 1 to 6 (0%-4%: 1, 5%-20%: 2, 21%-40%: 3, 41%-60%: 4,
61%-80%: 5, 81%—100%: 6), whereas intensity was scored 0 to 3+.
The two scores were multiplied to obtain the final score (ranging
from 0 to 18). The median LKB1 score was calculated and chosen as
the cutoff for LKB1 expression positivity (37, 38).
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TILs were described using semiquantitative criteria: absent or
sporadic (0), moderate (1+), abundant (2+), and highly abundant (3
+). A specimen was considered negative for CD8" TILs presence
when scoring 0-2+ and positive when scoring 3+, whereas a case
was considered negative for FOXP3" TILs when IHC scored 0 and
positive when ITHC scored 1-3+ (39). PD-L1 expression in TC and
TIIC was considered negative when 0% and positive when
>1% (39).

2.3 Statistical analysis

Qualitative clinical and biological variables were described with
counts and proportions, whereas quantitative variables were
described with median and range. Associations between
qualitative variables were evaluated using chi-squared or Fisher
exact test, as appropriate; odds ratios (ORs) were calculated along
with the 95% confidence interval (95% CI), and multivariate
analysis was performed with logistic regression. Kaplan-Meier
survival curves were built to estimate median OS with 95% CI,
and the log-rank test was used to compare survival curves. Cox
regression analysis was carried out to estimate univariate and
multivariate hazard ratios (HRs) for death, along with 95% CIL
The significance level was set at p <0.05. Statistical analysis was
performed with the R software, version 4.3.0 (The R Foundation,
Vienna, Austria).

3 Results
3.1 Study population

All pathological samples were revised by an experienced
pathologist, and 138 out of 481 cases were judged adequate for
molecular testing and included in the analysis. The clinical features
of the study population considered for analysis are summarized in
Table 1. Eighty-seven of 138 patients (63.0%) were men and 51
(37.0%) were women, and the median age at diagnosis was 68 years
(range: 47-82). One hundred and thirty-four patients (97.1%) were
smokers, 125 (90.6%) had ECOG performance status (PS) <1, 99
(71.7%) had any symptom at diagnosis, and 24 (17.4%) had weight
loss at diagnosis.

Eighty (58.0%) patients had LS disease at diagnosis: 31 (22.5%)
were treated with radical RT concomitantly with ChT and 49
(35.5%) received surgery followed by adjuvant ChT. Fifty-eight
(42.0%) patients had ES disease and received chemotherapy.
Thirteen of 58 (22.4%) patients with ES had CNS metastases
at diagnosis.

3.2 LKB1 expression and association with
clinical features

LKBI THC was performed in all cases considered adequate for
molecular analyses. In our series, the staining for LKB1 was
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TABLE 1 Study population.

Variable n = 138

Sex
Male 87 (63.0%)
Female 51 (37.0%)
Age
Median (range) 68 (47-82)
<70 81 (58.7%)
=70 57 (41.3%)

Smoker

Yes (current/former) 134 (97.1%)

No 4 (2.9%)
ECOG PS

<1 125 (90.6%)

>1 13 (9.4%)

Symptoms at diagnosis
Yes 99 (71.7%)

No 39 (28.3%)

Weight loss at diagnosis

Yes 24 (17.4%)

No 114 (82.6%)
Stage at diagnosis
Limited 80 (58.0%)
Extended 58 (42.0%)

CNS metastases at diagnosis 13 (22.4%)

Treatment
Surgery followed by adjuvant ChT 49 (35.5%)
Concurrent ChT-RT 31 (22.5%)

Palliative ChT 58 (42.0%)

ECOG PS, Eastern Cooperative Oncology Group performance status; CNS, central nervous
system; ChT, chemotherapy; RT, radiotherapy.

localized exclusively in the cytoplasm of tumor cells, with varying
intensities observed (Figure 1). The median LKB1 IHC score was 4
(range: 0-18; first quartile: 0, third quartile: 10). The median score
was chosen as a positivity cutoff for LKB1 expression: 67 (48.5%)
cases scored >4 and were considered positive, whereas 71 (51.5%)
cases scored <4 and were considered negative.

We evaluated the association between LKB1 expression and
clinical features, i.e., sex, age at diagnosis, smoking status, PS at
diagnosis, symptoms at diagnosis, weight loss at diagnosis, and
stage at diagnosis (Table 2). At univariate analysis, LKB1 expression
was significantly correlated with PS <1 and LS disease. LKB1
expression was positive in 47 out of 80 (58.8%) patients with
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limited SCLC and in 20 out of 58 (34.5%) patients with extended
SCLC. Multivariate analysis confirmed a significant positive
association of LKB1 expression only with LS disease (OR 2.78,
95% CI 1.18-7.14, p = 0.023) (Table 2).

3.3 LKB1 expression and association with
prognosis

At the data cutoff (2 January 2024), 123 patients (89.1%) had a
death event. The median OS of the study population was 14.0
months (95% CI 11.5-19.4, Figure 2).

At univariate analysis, PS >1, weight loss, symptoms at
diagnosis, female sex, and ES disease were significantly correlated
to a worse prognosis (Table 3). Positive LKBI1 expression was
significantly associated with better prognosis: median OS was
significantly longer in patients with LKB1 expression >4 (32.4
months, 95% CI 13.6-62.4 vs. 11.2 months, 95% CI 8.7-14.7, p <
0.001) (Figure 2).

At multivariate analysis, positive LKB1 expression, LS at
diagnosis, and the absence of weight loss at diagnosis were
confirmed as independent positive prognostic factors (Table 3).

3.4 TIME subset: clinical features and
molecular results

We evaluated TIME features in 20 of 138 cases (TIME subset),
due to the limited availability of the specimens. In this subset, 48
(68.6%) patients were men and 22 (31.4%) were women, and the
median age at diagnosis was 68 years (range: 47-81). Sixty-seven
(95.7%) patients were smokers, all had PS <1, 47 (67.1%) had any
symptom at diagnosis, and 10 (14.3%) had weight loss at diagnosis.
Fifty-four (77.1%) patients were diagnosed with LS disease, of which
45 (64.3%) were treated with surgery and 9 (12.9%) with
chemoradiotherapy; 16 patients (22.9%) had ES at diagnosis and
were administered ChT (Supplementary Table SI).

TIME features were investigated by IHC. PD-L1 expression on
TCs was positive in 23 out of 70 cases (32.9%), whereas PD-L1
expression on TIIC was positive in 35 cases (50.0%). Nine (12.9%)
cases were deemed positive (3+) for CD8" TIL presence, and 54
cases (77.1%) were positive (1-3+) for FOXP3" TILs
(Supplementary Table S2).

We investigated the association between TIME features and
clinical features. No TIME feature significantly correlated with sex,
age, smoking status, PS, symptoms at diagnosis, weight loss, or stage
at diagnosis (Supplementary Table S3).

We further explored the association between LKB1 expression
and TIME features. A significant negative association was found
between LKB1 expression and the presence of CD8" TILs (OR 0.14,
95% CI 0.03-0.63, p = 0.013). No association was found between
LKBI expression and PD-L1 expression or the presence of FOXP3™
TILs (Table 4).
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FIGURE 1
LKB1 immunohistochemistry (IHC). (A) Different levels of LKB1 IHC staining intensity (labeled as 0—3+) magnified at X200, scale bar 50 ym.
(B) Distribution of LKB1 IHC expression score in the study population.

At the data cutoff, 64 (91.4%) of 70 patients in the TIME subset
had a death event. In the TIME subset, the median OS was 32.4
months (95% CI 16.3-62.4) (Supplementary Figure S1). At
univariate analysis, the presence of weight loss, symptoms at
diagnosis, and extended stage were significantly associated with a
worse OS, while the presence of FOXP3" TILs in tumor specimens
associated with a significantly better OS. LKB1-positive expression
showed a trend toward a better prognosis. Multivariate analysis
confirmed FOXP3" TILs and LS as independent positive prognostic
factors (Supplementary Figure S1, Supplementary Table S4).

TABLE 2 Association between LKB1 expression and clinical features.

10.3389/fonc.2025.1552506

4 Discussion

SCLC is a recalcitrant cancer characterized by a dismal
prognosis. The study of biomarkers in SCLC is highly challenging
due to limited tissue availability, and currently, no predictive
biomarker is available in clinical practice to tailor treatments.

In the depicted project, we explored the expression of LKB1 in
SCLC and evaluated its prognostic role and relationship with
TIME features. We chose to evaluate the potential biomarkers by
using IHC, because the testing is relatively feasible, requires a

Variable LKB1 > 4 LKB1 < 4 Univariate OR (95% CI)  Multivariate OR (95% ClI)
Sex Male 45 (51.7) 42 (48.3) 1.41 (0.71-2.85, p = 0.331) -
Female 22 (43.1) 29 (56.9) - -
Age <70 37 (45.7) 44 (54.3) 0.76 (0.38-1.49, p = 0.421) -
>70 30 (52.6) 27 (47.4) - -
Smoker Yes 64 (47.8) 70 (52.2) 0.30 (0.01-2.45, p = 0.309) -
No 3 (75.0) 1 (25.0) - _
ECOG PS <1 65 (52.0) 60 (48.0) 5.96 (1.52-39.53, p = 0.024) 4.57 (0.98-34.14, p = 0.080)
>1 2 (15.4) 11 (84.6) - -
Symptoms at diagnosis Yes 46 (46.5) 53 (53.5) 0.74 (0.35-1.56, p = 0.435) -
No 21 (53.8) 18 (46.2) - -
Weight loss at diagnosis Yes 12 (50.0) 12 (50.0) 1.07 (0.44-2.61, p = 0.876) -
No 55 (48.2) 59 (51.8) - -
Stage at diagnosis Limited 47 (58.8) 33 (41.2) 2.70 (1.37-5.55, p = 0.005) 2.78 (1.18-7.14, p = 0.023)
Extended 20 (34.5) 38 (65.5) - -

OR, odds ratio; ECOG PS, Eastern Cooperative Oncology Group performance status. Bold text represents statistically significant differences.
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TABLE 3 Survival analysis in the study population.

10.3389/fonc.2025.1552506

Variable mOS, months p Univariate HR Multivariate HR
(95% Cl) (log rank)  (95% CI) (95% Cl)
PS >1 7.9 (3.1-NC) 0.007 2.28 (1.24-2.28) 0.007 1.83 (0.90-3.75) 0.096
<1 14.7 (11.9-20.6)
Weight loss No 16.3 (12.7-27.4) 0.001 0.48 (0.30-0.75) 0.001 0.57 (0.33-0.97) 0.038
at diagnosis
Yes 8.2 (4.9-13.6)
Symptoms No 60.2 (30.5-77.2) <0.001 0.45 (0.30-0.69) <0.001  0.72 (0.45-1.13) 0.161
at diagnosis
Yes 10.1 (8.1-13.0)
Sex Female 11.9 (8.4-17.6) 0.032 1.50 (1.03-2.18) 0.033 1.30 (0.87-1.95) 0.198
Male 16.9 (11.7-31.7)
Age =70 12.7 (8.2-20.8) 0.700 1.07 (0.74-1.55) 0.705 -
<70 14.7 (11.5-22.4)
LKB1 <4 11.2 (8.7-14.7) <0.001 2.22 (1.52-3.26) <0.001 1.73 (1.15-2.61) 0.008
>4 32.4 (13.6-62.4)
Stage at diagnosis Extended 7.8 (6.7-10.1) <0.001 4.82 (3.15-7.37) <0.001 = 3.65 (2.24-5.94) <0.001
Limited 32.4 (20.3-65.7)

HR, hazard ratio; 95% CI, 95% confidence interval; mOS, median overall survival. Bold text represents statistically significant differences.

relatively low amount of tissue, and accounts for the presence of
LKBI epigenetic alterations (37, 40). In our cohort, LKB1
expression was deemed positive in 48.5% of cases. Limited data
are available in the literature about LKB1 in SCLC. While no LKB1
mutations were reported in 11 SCLC cell lines (34, 35), a previous
paper by Amin and colleagues reported a lower (13.3%) LKB1 IHC
expression in 30 SCLC patients, of which 27 received surgery, but
LKBI expression was studied with a different antibody (D-19) and
different scoring system (36). On the other hand, a recent
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FIGURE 2

retrospective work by Sivakumar and colleagues aimed at
genotyping 3,600 SCLCs with FoundationOne CDx next-
generation sequencing (NGS) panel, identified 62 LKBI mutant
tumors, representing 1.7% of the entire cohort, which is a lower
prevalence of LKB1 loss compared to our study. However, the
prevalence of LKB1 loss may be underestimated because of the
composition of the NGS panel and because the FoundationOne
CDx panel does not account for epigenetic causes of LKBI
loss (33).
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Kaplan—Meier curves for overall survival (A) in the overall study population and (B) according to LKB1 IHC expression.
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TABLE 4 Tumor immune microenvironment features and association
with LKB1 expression.

Variable LKB1>4n=50 LKB1<4n=20 p

CD8" TILs 0.013
0-2+ 47 (94.0%) 14 (70.0%)
3+ 3 (6.0%) 6 (30.0%)
FOXP3* 0.8
TILs
1-3+ 39 (78.0%) 15 (75.0%)
0 11 (22.0%) 5 (25.0%)
PD-L1 TIIC 0.4
0% 35 (70.0%) 12 (60.0%)
>1% 15 (30.0%) 8 (40.0%)
PD-L1 TC >0.9
0% 25 (50.0%) 10 (50.0%)
=>1% 25 (50.0%) 10 (50.0%)

TILs, tumor-infiltrating lymphocytes; TIIC, tumor immune-infiltrating cells; TC, tumor cells.
Bold text represents statistically significant differences.

Our study identifies a strong association between LKB1 positivity
and LS-SCLC. Given that LKB1 status was assessed prior to treatment,
this association likely reflects inherent biological differences between LS
and ES disease, which warrants further investigation.

In our study, we described significantly longer OS for patients
expressing LKB1. This is consistent with the well-recognized LKB1
tumor suppressor functions and previous observations in NSCLC
and other cancers (21, 27, 29, 30, 37). Importantly, in a previous
broad molecular evaluation, Sivakumar and colleagues found only 7
LKBI-mutant patients out of 678, and a statistically significant worse
overall survival for patients with LKBI mutations was reported,
consistent with our results (33). Our data also confirm the
prognostic significance of LKB1 impairment, demonstrating that its
loss of expression is relatively frequent and can be detected in clinical
practice using IHC, a simple and cost-effective method. Importantly,
while our findings suggest LKBI as a prognostic marker, we did not
provide mechanistic validation through functional assays with SCLC
cells, such as gene knockdown models, cytokine profiling, or immune
response assays, as these were beyond the scope of our study.
Nevertheless, the prognostic value of LKB1 in SCLC aligns with the
well-established tumor suppressor functions of this gene, which
encodes a master kinase that regulates cell migration, polarity,
proliferation, and metabolism, primarily through downstream
AMPK and AMPK-related kinase signaling, as extensively
documented in prior studies (21, 41).

LKBI1 mutant/KRAS mutant NSCLCs showed significantly
decreased tumor-associated macrophages, tumor-infiltrating
lymphocytes, and PD-L1 expression and increased tumor-
associated neutrophils compared to KRAS mutant only tumors
(26). In order to understand the potential role in immunotherapy
response, we focused on the expression of PD-L1, CD8", and
FOXP3" TILs to study TIME. In a previous study by our team,
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consisting of 66 LS and 38 ES SCLCs, PD-L1 was expressed on TCs
and TTICs in 25% and 40% of the cases, respectively. The proportion
of PD-L1-positive cases was significantly higher in LS versus ES
patients. CD8" and FOXP3" TILs were present in 59% and 72% of
the samples, respectively. The presence of FOXP3™ TILs was
associated with improved prognosis among LS patients, in
univariate and multivariate analyses (39). In the present study, we
were able to evaluate TIME features only in 50.7% of cases, due to
limited tissue availability, but we confirmed the prognostic role of
the FOXP3" infiltrate. Positive cases of PD-L1 on tumor cells were
32.9%. The prevalence was similar to other larger studies with
extended SCLCs (42, 43).

Moreover, we explored the association between LKB1 and TIME
features. Previous studies described LKB1 as a promoter of a hot
TIME in mouse models of NSCLC and other tumor types as well as
clinical samples, with LKBI mutant tumors being characterized by
decreased CD8" TILs (26, 44, 45). However, in our cohort, LKB1 IHC
positivity was negatively associated with the presence of CD8" TILs.
This aspect, partially contrasting the idea of LKBI loss association
with a cooler immune microenvironment, might be explained by a
more complex role in modulating TIME and the involvement of
TIME components. Interestingly, Best and colleagues showed that
murine models of lung adenocarcinoma harboring KRAS and LKBI
mutations exhibit increased glutaminase expression by tumor cells
and increased glutamate in the tumor microenvironment, compared
to KRAS mutant/KEAPI mutant lung adenocarcinomas. Glutamate
abundance was associated with increased granzyme and interferon
genes in KRAS mutant/LKBI mutant tumors, suggesting an increased
activation of CD8" cells (46). Whether this pathway could explain the
negative association between LKBI expression and CD8" TILs in
SCLC has to be elucidated. At the same time, a recent work by Qian
and colleagues highlighted the role of lactate as the link between
LKB1 metabolic roles and TIME modulation: in murine lung
adenocarcinoma models, LKBI loss resulted in increased glycolysis
and enhanced lactate production and export via the monocarboxylate
transporter 4; this caused increased M2 macrophage polarization,
which in turn resulted in hypofunctional T cells (47). Consistently,
LKBI mutant lung adenocarcinomas from patients demonstrated a
similar phenotype of enhanced M2 macrophage polarization and
hypofunctional T cells (47). Further investigation of this pathway
and M2 macrophage polarization in SCLC could explain our findings
and should be warranted, especially considering that consolidation
with immune checkpoint inhibitors would likely be the new standard
of care in LS-SCLC, and in this context, it seems to have a higher
impact on the outcome (48).

To the best of our knowledge, this is the first large series of
SCLCs studied for the expression of LKB1. We were able to
demonstrate that LKB1 impairment is likely to be associated with
ES and worse prognosis, and its role in TIME modulation warrants
further investigation.

The strengths of the study are the number of cases, particularly the
high number of limited SCLC cases. This point is rather difficult to
reach due to the clinical presentation of SCLC, and this allowed us to
enhance the differential distribution of LKBI expression according
to stage. Finally, we were able to study LKB1 expression with THC,
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which is a simple and inexpensive method, able to detect the
consequences of mutational and also epigenetic LKBI alterations.

The weak points of the study are its retrospective nature, the lack of
validation in a parallel cohort, and the lack of ES patients treated with
chemoimmunotherapy combinations. Moreover, due to the limited
availability of FFPE archival specimens, it was not possible to proceed
with LKBI mutational analysis, metabolic profile analysis, and
evaluation of their association with THC status. Anyway, future
analyses in patients treated with chemoimmunotherapy are ongoing,
and parallel prospective tissue and liquid biopsy collection might be
useful, in order to increase our knowledge about the role and pathway
of LKBI in SCLC.
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Unveiling fatty acid subtypes:
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therapeutic opportunities in
gastric cancer
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Liuxing Wu?, Ye Tian?*, Hongji Dai*, Kexin Chen™ and Ben Liu™
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Key Laboratory of Prevention and Control of Human Major Diseases, Ministry of Education, National
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Medical University, Tianjin, China, 2Center for Single-Cell Omics and Tumor Liquid Biopsy, Zhongnan
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Background: The goal of this study was to develop a predictive signature using
genes associated with fatty acid metabolism to evaluate the prognosis of
individuals with gastric cancer (GC).

Method: A total of 24 prognostic-related genes were identified by intersecting
differentially expressed genes with 525 fatty acid metabolism (FAM) -related
genes and applying a univariate Cox proportional hazards model. By performing
consensus clustering of 24 genes associated with FAM, two distinct clusters of
GC patients were identified. Subsequently, a risk model was constructed using 39
differentially expressed mRNAs from the two clusters through a random forest
model and univariate Cox regression.

Results: An R package, "GCFAMS”, was developed to assess GC patients’
prognosis based on FAM gene expression. The low-risk group exhibited a
more favorable prognosis compared to the high-risk group across various
datasets (P < 0.05). The model demonstrated strong predictive performance,
with AUC values of 0.86, 0.623, and 0.508 for 5-year survival prediction in the
training and two validation datasets. The high-risk group displayed lower IC50
values for embelin and imatinib, suggesting the potential efficacy of these drugs
in this subgroup. Conversely, the low-risk group demonstrated an elevated
response to immune checkpoints blockade therapy and a higher
immunophenoscore, which was further validated in additional cancer cohorts.
Public data from single-cell RNA sequencing confirmed that the characterized
genes were predominantly expressed in endothelial cells and fibroblasts.
Furthermore, the integration of transcriptomics and metabolomics revealed
notable variations in fatty acid levels between the clusters, underscoring the
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clinical relevance of our fatty acid metabolism signature in shaping the metabolic
profiles of GC patients.

Conclusion: This developed FAM signature demonstrated potential as a
biomarker for guiding treatment and predicting prognosis in GC.

gastric cancer, fatty acid metabolism, multi-omics technologies, immunotherapy,
single-cell transcriptomics

1 Introduction

Gastric cancer (GC) is a common form of cancer worldwide,
with nearly 1 million new cases and over half a million deaths
reported in 2022 based on the most recent data from the World
Health Organization International Agency for Research on Cancer
(1). This places GC as the fifth most prevalent form of cancer and
the fifth leading contributor to cancer-related deaths on a global
scale. The risk factors contributing to developing of GC include
infection by Helicobacter pylori, advanced age, high salt intake, and
inappropriate dietary habits (2).

Lipids play a crucial role in the composition of cellular
membranes and structural units of cells. In addition, lipids are
also used for energy storage and metabolism and play essential roles
as signaling molecules in various cell activities. Cancer is
characterized by significant alterations in lipid metabolism,
including fatty acids (FAs) and cholesterol (3). Cancer cells rely
on lipid metabolism to obtain the energy, components for biological
membranes, and signaling molecules needed for their growth,
survival, spread, metastasis, and reaction to the tumor
microenvironment and cancer therapy (4).

Malignant tumors primarily rely on de novo synthesis for
necessary FAs, whereas normal cells typically obtain them
through external sources (5-8). The increased production of
saturated and monounsaturated FAs from de novo FA synthesis
in cancer cells increase cell membrane saturation and resistance to
chemotherapeutic drugs (9). Certain important enzymes involved
in fatty acid synthesis, including ATP citrate lyase (ACLY), acetyl-
CoA carboxylase (ACC), and fatty acid synthase (FASN), are
upregulated in tumors and linked to aggressive tumor behavior
and unfavorable prognosis (10-12). Moreover, the fatty acid
transporter CD36, which is upregulated in cancer cells, facilitates
the spread and resistance to treatment of tumor cells through
increased absorption of long-chain FAs (13, 14).

Abbreviations: CNV, copy number variations; DEGs, differentially expressed
genes; FAM, fatty acid metabolism; FAO, fatty acid oxidation; GC, gastric cancer;
IPS, immunophenoscore; OS, overall survival; PCA, principal component
analysis; AUC, area under the curve; ROC, receiver operator characteristic;
SsGSEA, single-sample genome enrichment analysis; CDF, cumulative

distribution function.
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FAs and lipid storage can also impact various types of immune
cells, often leading to suppression of the immune system. Lipid
buildup inside bone marrow cells promotes oxidative metabolism
and supports immune-suppressing capabilities (15). The abnormal
accumulation of lipids in tumor-infiltrating DCs (TIDCs) hinders
their ability to present antigens (16). FA oxidation (FAO) is
necessary to form CD8+ memory T cells (17). It is also crucial for
differentiating Tregs and blocking FAO to avoid aggregation of
immunosuppressive effector T-cell populations (18, 19). In
conclusion, fatty acid metabolism (FAM) has impacts on immune
cell function in the tumor microenvironment.

In recent years, the specific phenotype of abnormal FAM in
tumor cells has gradually attracted great attention. Exploring the
role of abnormal FAM in tumor biology and strategies to treat
malignant tumors by targeting FAM pathways is receiving much
attention. The role of FAM in GC in its clinical treatment is
unknown and deserves further exploration. To evaluate the
relationship between the FAM-related gene expression pattern
and clinical outcomes of GC patients, 347 TCGA GC samples
were collected and divided into two clusters. A FAM-related risk
score was constructed to evaluate the prognosis of GC patients and
assess the biological characteristics.

2 Materials and methods
2.1 Data acquisition

Gene expression patterns and detailed clinical information were
acquired from The Cancer Genome Atlas database (TCGA),
accessible through the Genomic Data Commons portal (GDC)
(https://portal.gdc.cancer.gov/). Individuals within the dataset
who did not have detailed survival records were not considered
for further study. The training dataset consisted of a total of 347
clinical samples from GC (The Cancer Genome Atlas-Stomach
Adenocarcinoma, TCGA-STAD). To validate our results, we
included the GC dataset from the Gene Expression Omnibus
(GEO) with the accession number GSE34942, consisting of 56
samples, and the Tianjin GC cohort, which served as validation
sets and included 90 cases (20). Raw RNA-seq data from TCGA and
Tianjin GC cohort were normalized to Transcripts Per Million
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(TPM) values. Microarray data from the GEO dataset (GSE34942,
GSE13861, GSE15459, GSE26901, GSE26899, GSE28541) were
normalized using the Robust Multi-array Average (RMA)
method. To minimize potential batch effects across datasets, we
applied the ComBat algorithm. Quality control measures were
applied to remove low-quality samples and exclude those with
incomplete survival data. Additionally, TCGA mutation data and
copy number variation (CNV) data were extracted from the GDC,
which hosts TCGA data alongside other genomic datasets.

2.2 ldentification of the FAM clusters in GC

525 genes associated with FAM were compiled from the Gene Set
Enrichment Analysis (GSEA) database. Differentially expressed genes
(DEGs) between cancer and paracancerous tissue were identified by
applying the criteria (21) [log2 Fold Change (FC)| > 1 and P < 0.05
using the R package ‘edgeR’, and then intersected with FAM-related
genes. Afterwards, the univariate Cox proportional hazards model
was used to identify 24 genes linked to the survival time of GC
patients. The gene expression levels of 24 genes were used to
uniformly categorize the GC samples into clusters. The
ConsensusClusterPlus package (version 1.58.0) in R was employed
to perform the consensus clustering algorithm, repeated 1000 times
to ensure the stability of clusters (22). This process identified two
clusters, labeled as “clusterl” and “cluster2”. Principal component
analysis (PCA) confirmed the stability and reliability of the subtype
classification. The operating system of the identified clusters was
evaluated utilizing the Kaplan-Meier technique, with the log-rank test
employed to examine any statistical disparities.

2.3 Conducting pathway enrichment
analysis on genes that are expressed
differently across clusters

To identify DEGs in two clusters, we used differential
expression analysis based on an empirical Bayesian approach,
which is implemented in the limma’ package of the R language
(23). DEGs were considered significant if their [log2FC| was greater
than 1 and the adjusted P value was less than 0.05 (24). To adjust for
multiple testing, we applied the Benjamini method and then
conducted Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) enrichment analyses using the
‘clusterProfiler’ R package to investigate variations in biological
processes between clusters. The findings were considered
statistically significant, as the adjusted p-value was below 0.05.

2.4 Estimation of immune cell infiltration
between clusters

The single-sample genome enrichment analysis (ssGSEA)
algorithm (25) to perform a detailed analysis of 28 immune cell
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types in the tumor microenvironment. This analysis was based on
specific gene panels defined in the literature for each immune cell
subpopulation (26). To fully evaluate the immune status of cancer
patients, we utilized the ‘estimate’ R package to determine the
immune score, stroma score, and tumor purity. In addition, we
employed the CIBERSORT, MCPcounter and TIMER algorithms to
quantitatively assess the level of immune cell infiltration in the two
clusters. The ssGSEA score indicated the proportional presence of
different types of immune cells. Normalization of these scores to a
unity distribution ensures that the minimum score is zero and the
maximum is one, allowing for a standardized comparison across
different immune cell types.

2.5 Changes in gene landscapes and
mutation patterns in the two clusters are
of great importance

Utilizing the GenVisR tool, version 1.26.0, within the R package,
we identified the significantly mutated genes (SMGs). Afterward, two
groups were analyzed for mutation patterns using MutationalPatterns
version 3.4.0 and maftools version 2.10.0 from R packages. We then
extracted the mutational signature from the GC dataset and
performed a comparative analysis against the COSMIC V2
mutation database (https://cancer.sanger.ac.uk/cosmic), employing
the cosine similarity method.

2.6 Construction and evaluation of the
FAM-related risk signature

DEGs were selected to create a set of signature genes using the R
software ‘limma’, based on the conditions of [log2FC| > 0.5 and P <
0.05 (27, 28). Volcano plots were used to demonstrate differential
genes. The R package “randomForest” was used to identify key
mRNAs, miRNAs, and IncRNAs contributing to the construction of
the FAM signature. Model performance was optimized using 10-
fold cross-validation, with 5 repeated runs to ensure stability and
reduce overfitting. The mean error rate and cross-validation error
were recorded for model selection. Genes significantly associated
with survival risk were identified through univariate Cox regression
analysis, and significant candidates (P < 0.05) were used to
construct prognostic signatures. A multivariate Cox proportional
hazards model was then applied to the selected genes, with the best
model determined via stepwise regression. The model’s predictive
ability was evaluated using the concordance index (C-index) and
log-rank test. A risk score for each sample was computed using the
coefficients derived from the multivariate Cox model. The
correlation between risk scores and survival time was assessed
using the Kaplan-Meier method and log-rank test. Additionally,
the risk models were assessed using receiver operating curves
(ROC). Multivariate Cox regression was used to assess the
difference between this risk signature and traditional risk factors
such as sex and age on the prognosis of GC patients.
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2.7 Immunotherapy response prediction
with FAM prognosis signature

Two groups undergoing immunotherapy were chosen to
confirm the effectiveness of the FAM signature: one with
advanced urothelial cancer (UC) treated with atezolizumab
(IMvigor210 cohort, N = 298) (29) and the other with melanoma
receiving anti-PD1 immunotherapy (Mela cohort, N = 121 (30).
Data on clinical information and gene expression from the
IMvigor210 cohort were obtained from the IMvigor210 dataset.
Gene expression data of the anti-PD1 melanoma cohort were
obtained from previous studies (30). Gene expression and
prognosis data for the Mela cohorts (GSE78220, N = 26;
GSE100797, N = 21) (31, 32) and the bladder cancer cohort
(GSE176307, N = 90) (33), all treated with immunotherapy, were
obtained from publicly available datasets.

2.8 Immunophenoscore analysis and
chemotherapeutic response between
different risk groups

The immunophenoscore (IPS), a highly effective molecular
indicator of immune response, was employed for profiling the
immune environments within tumors and cancer antigen profiles.
Previous research involved gathering data on the weights of
groupings of genes associated with the immune system,
categorized into four main groups: major histocompatibility
complex (MHC) molecules, suppressor cells, effector cells, and
immune checkpoints or immunomodulatory factors. Weighted
average Z-scores were computed using the gene expression levels.
Additionally, we calculated the IPS by adding together the weighted
average Z-scores of the four gene categories, resulting in a score
between 0 and 10. The score measures the amount and behavior of
immune cells in the tumor’s immune system, thus forecasting how
the tumor will respond to immunotherapy. A higher IPS represents
a higher immunotherapy response rate (26).

The study utilized the R package ‘pRRophetic’ to forecast the
sensitivity of chemotherapeutic drugs in GC patients (34),
determining IC50 through ridge regression and evaluating
prediction accuracy with 10-fold cross-validation (35).

2.9 Cluster analysis of single-cell RNA-
sequencing data

Data from individual cells (GSE167297) in five STAD samples
underwent preprocessing and analysis using the ‘Seurat’ R package.
To filter out low-quality cells, only cells with transcript counts
between 300 and 10,000, detected in at least three cells per
transcript, and with mitochondrial read fractions below 5% were
retained for further analysis. For clustering, we employed the
Louvain algorithm with a resolution parameter of 0.5, which was
selected to effectively capture major cell populations while avoiding
over-segmentation. This choice was validated through
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dimensionality reduction techniques (UMAP and t-SNE) and
marker gene expression analysis, confirming that the clusters
aligned with known major cell types. This resolution also aligned
with commonly used thresholds in published scRNA-seq
studies (36, 37). Primary cell categories were identified based on
established cell markers obtained from published sources or the
CellMarker database.

2.10 Study participants

A total of 42 individuals were included in the study, sourced
from the Tumor Tissue Bank at Tianjin Cancer Hospital. Illumina
NovaSeq 6000 was utilized for the RNA sequencing of every sample.
METWARE performed untargeted metabolomics measurements in
plasma. All the samples came from individuals diagnosed with GC
with accurate histological and pathological assessments. All cases in
the study were handled anonymously in compliance with legal and
medical standards, as approved by the Ethics Committee of Tianjin
Medical University Cancer Hospital and Institute, with informed
consent obtained from all patients.

2.11 Collection and preparation of serum
samples

Blood samples were obtained between 6:00 and 8:00 in the
morning following a period of fasting to minimize the impact of
food intake. Subsequently, all specimens were promptly placed in a
freezer at -80°C. Prior to initiating the process, take out the samples
from the -80°C freezer and allow them to thaw on ice until they are
completely free of ice (all following steps should be carried out on
ice). After thawing, vortexed the samples for 10 s and mix well.
Pipetted 50 UL of the sample into a numbered centrifuge tube. Next,
300 microliters of an internal standard extract containing 20%
acetonitrile and methanol in a 1:4 volume-to-volume ratio was
mixed vigorously for 3 minutes, followed by centrifugation at 12000
rotations per minute for 10 minutes at 4°C. Following
centrifugation, transfer 200 pL of the liquid above the sediment
into a separate centrifuge tube with the same number, then store it
in a freezer at -20°C for half an hour. After being spun at 12000
revolutions per minute for 3 minutes at 4 degrees Celsius, 180
microliters of the liquid above the sediment were transferred into a
tube equipped with the appropriate injection vial for analysis using
liquid chromatography-mass spectrometry. All sample extracts
were mixed in equal parts to form a QC sample.

2.12 LC-MS analysis

2.12.1 T3 UPLC conditions

The sample extracts were analyzed using an LC-ESI-MS/MS
system (38-40) (UPLC, ExionLC AD, https://sciex.com.cn/; MS,
QTRAP® System, https://sciex.com/). The analysis parameters
included the use of a UPLC column, specifically the Waters
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ACQUITY UPLC HSS T3 C18 (1.8 pm, 2.1 mm*100 mm), with the
column temperature set at 40°C, a flow rate of 0.4 mL/min, and an
injection volume of either 2 pL or 5 pL. The solvent system
consisted of a mixture of water (0.1% formic acid) and
acetonitrile (0.1% formic acid) with a gradient program starting
at 95% acetonitrile and 5% water at 0 min, transitioning to 10%
acetonitrile and 90% water at 10.0 min, maintaining that ratio until
11.0 min, then returning to 95% acetonitrile and 5% water at 11.1
min and staying at that ratio until 14.0 min.

2.12.2 QTOF-MS/MS

The Triple TOF mass spectrometer was utilized for its capability
to collect MS/MS spectra in an information-dependent manner
(IDA) while conducting an LC/MS analysis. The TripleTOF 6600
acquisition software from AB SCIEX continuously assesses the
complete scan survey MS data in this setting. It gathers and
initiates the collection of MS/MS spectra based on predetermined
conditions. During every iteration, 12 precursor ions with an
intensity exceeding 100 were selected for fragmentation using a
collision energy (CE) of 30 V, resulting in 12 MS/MS events with a
product ion accumulation time of 50 msec each. The ESI source
parameters were established with Ton source gas 1 and Ion source
gas 2 set at 50 Psi each, Curtain gas at 25 Psi, source temperature at
500°C, and Ion Spray Voltage Floating (ISVF) at 5500 V or -4500 V
in positive or negative modes, respectively.

Electrospray ionization quadrupole time-of-flight mass
spectrometry.

Triple quadrupole (QQQ) and LIT scans were obtained using a
QTRAP mass spectrometer, specifically the QTRAP® LC-MS/MS
System. This instrument is equipped with an ESI Turbo Ion-Spray
interface and operates in both positive and negative ion mode.
Analyst 1.6.3 software (Sciex) controls the system. The parameters
for operating the ESI source were temperature of the source at 500°
C; ion spray voltage at 5500 V (positive) and -4500 V (negative); gas
I (GSI), gas II (GSII), and curtain gas (CUR) set at 50, 50, and 25.0
psi, respectively; high collision gas (CAD) was used. Calibration of
the instruments was carried out using solutions of polypropylene
glycol at concentrations of 10 and 100 pmol/L in QQQ and LIT
modes, respectively. Each period was monitored for a distinct group
of MRM transitions based on the metabolites that were eluted
during that time frame.

2.13 Statistical analysis

Consensus clustering was utilized to perform clustering in order
to identify robust structure across multiple clustering iterations
(41). Survival curve for prognosis analysis was generated using the
Kaplan-Meier method, with significance of differences determined
by performing the log-rank test. Hazard ratios (HR) were calculated
using univariate and multivariate Cox regression models, and their
coefficients were displayed in forest plots. The Wilcoxon rank-sum
test was used to compare continuous variables between two groups,
while the chi-square test was employed for comparing classified
variables. Spearman coefficients were applied to evaluate
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correlations among variables. Unsupervised clustering was
performed to detect unique clusters based on the 39 genes’
expression in the signature of FAM. Orthogonal Partial Least
Squares Discriminant Analysis (OPLS-DA) was utilized to
confirm the efficacy of the clustering process (42). Chi-square
tests were used to analyze the variations in baseline characteristics
between cases and controls for categorical variables, while paired t-
tests or Wilcoxon’s signed-rank tests were used for continuous
variables. Significance was established with a P value less than 0.05,
and all P values reported were calculated for both sides of the
distribution. R 4.0.0 software was used for all statistical analyses.

3 Results

3.1 Development and validation of FAM
clusters

We devised a systematic flowchart to illustrate our study
methodology (Figure 1). A total of 525 genes related to FAM
were obtained from GO, Hallmark, KEGG, and Reactome
databases (Figure 2A, Supplementary Table S1). After screening
the DEGs in cancer and paracancerous tissues, intersected with 525
genes in FAM, and 24 prognostic-related genes were further
screened using a univariate Cox proportional hazards model
(Supplementary Table S2).

Subsequently, consensus clustering based on the expression
patterns of the 24 FAM-related genes indicated that the most
suitable number of clusters was two. This finding was confirmed
by Cumulative Distribution Function (CDF) curves (Figures 2B, C).
PCA revealed significant differences in gene expression between the
two identified groups (Figure 2D). The expression patterns of the
genes used for consensus clustering in the two clusters were
visualized in Figure 2E, showing that cluster2 exhibited higher
gene expression levels compared to clusterl.

Survival analysis revealed a significant difference in outcomes
between the two clusters, as indicated by the log-rank test with a P-
value of 0.021 (Figure 2F). Importantly, the observed prognostic
differences were validated across three independent GEO GC
datasets: GSE26899 (N = 93, P = 0.039), GSE26901 (N = 109, P =
0.0015), and GSE28541 (N = 40, P = 0.0011) (Supplementary
Figures SIA-C). These findings demonstrated that GC samples
could be classified into two groups based on 24 FAM-associated
genes, revealing a distinct variation in prognosis between
the groups.

3.2 Immune cell infiltration between FAM
clusters

We evaluated the presence of immune cells in the two groups by
analyzing the tumor immune environment through the immune
score, stromal score, tumor purity score, and the abundance of 28
different immune cell types. A heatmap was used to illustrate the
distribution of immune cell infiltration based on the four algorithms
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FIGURE 1

Flow chart of the experimental design and analysis of FAM related signature.

mentioned (Figure 3A). Compared to cluster2, which had a poorer
prognosis, clusterl exhibited a lower immune score and stromal
score but a higher tumor purity score (Figure 3B). The degree of
immune infiltration varied between the clusters, with cluster2
displaying more pronounced immune cell infiltration than
clusterl (Figure 3C).

3.3 Analysis of mutation patterns between
FAM clusters

To investigate the relationship between FAM clusters and
mutation patterns, we conducted SMG analysis. In our analysis of
the top 20 mutated genes in GC, we found various mutated genes
that differed between clusters, such as TTN, LRBP1, SYNEIL, FAT4,
and additional genes (Figure 4A). Four mutated signatures were
derived from the COSMIC database by analyzing GC genomic
somatic mutation data in order to explore differences in the
mutational processes between the two subtypes. From the
mutation data, four mutational patterns (signatures 6, 10, 17, and
21) were identified in clusterl, while cluster2 showed four different
mutational patterns (signatures 3, 6, 17, and 1) as depicted in
Figures 4B, C. Signatures 10 and 21 were unique in clusterl, and
signatures 3 and 1 were distinctive in cluster2. The findings
indicated that the mutation feature of cluster2 was linked to DNA
damage and repair processes, like homologous recombination,
resulting in the inability to repair DNA double-strand breaks.

We further investigated the differential somatic CNV alterations
between FAM subtypes. CNV analysis identified 12 copy number
gains, including 1q21.3 (P < 0.05), 5p15.33 (P < 0.001), 8q24.21 (P <
0.01) and 17q12 (P < 0.05) amplifications, and seven copy number
losses, including 1p36.11 (P < 0.05), 3p14.2 (P < 0.05), and 5q12.1
(P < 0.001) (Figure 4D). The focal and arm level CNVs were
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compared through the GISTIC 2.0 approach. Clusterl exhibited a
greater overall load of copy number amplifications and deletions
compared to cluster2 (Figure 4E).

3.4 Enrichment analysis between FAM
clusters

To further explore the effects of DEGs between the two clusters,
we analyzed the signaling pathways of DEGs using KEGG and GO
enrichment analysis. The findings indicated that the DEGs in the two
groups were predominantly involved in various well-known signaling
pathways such as the PI3K-Akt and MAPK pathways, as well as
metabolic pathways, cell growth, and immune response (Figures 5A,
B), and the PIA3K-Akt signaling pathway was associated with
metabolism. All these results indicate that the two clusters exhibit
differences in metabolism, immunity, and proliferation.

3.5 Development of a prognostic signature
related to FAM

We screened for DEGs between the two clusters that could be
used to construct a GC prognosis signature. First, we identified 3594
mRNAs, 402 IncRNAs, and 196 miRNAs differentially expressed
between FAM clusters (Figures 5C-E, Supplementary Table
S3).Then, the above genes were further screened, and 165 mRNAs,
22 IncRNAs, and 10 miRNAs were selected through the
“randomForest” package (Figures 5F-K, Supplementary Table S4).
Finally, 39 mRNAs, 4 IncRNAs, and 1 miRNA were further selected
by univariate Cox regression analysis for GC prognosis signature
construction (Supplementary Table S5). The cutoff values of high-
and low-risk mRNAs, miRNAs, and IncRNAs were 0.414, 2.166, and
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0.052, respectively, which were calculated by the R package
“survminer”. Prognosis models built using mRNAs, IncRNAs, and
miRNAs indicated a greater likelihood of survival for the low-risk
group compared to the high-risk group (P < 0.0001, P < 0.0001, P =
0.0032; Figures 6A, C, E). The area under the curve values for the 5-
year survival rates in the three categories were 0.860, 0.569, and 0.666,
as shown in the Figures 6B, D, F, indicating that the 39 mRNAs
constructed FAM risk signature could better predict the prognosis of

Frontiers in Oncology

167

GC patients. The heatmap showed the visualization of the expression
level of the mRNAs in GC patient samples (Figure 6G).

The validation dataset (GSE34942) was utilized to confirm the
accuracy of the GC prognosis signature constructed by 39 FAM-
related mRNAs. The high-risk group, as determined by the risk
signature in the TCGA GC cohort, had a worse outcome compared
to the low-risk group (P = 0.035, Figure 6H). Nevertheless, the AUC
values for 1-, 3-, and 5- years were lower compared to the training
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dataset (Figure 6I). The internal GC dataset we analyzed (Tianjin
GC dataset, N = 90) showed that the low-risk group had a greater
survival rate compared to the high-risk group (P = 0.037, Figure 6]).
Furthermore, the AUC values were still lower than those in the
training dataset (Figure 6K). Furthermore, to strengthen the
generalizability of our risk signature, we included three additional
external validation cohorts (GSE13861, GSE15459, GSE26901)
(Supplementary Figure S2; P = 0.041, P =9¢-04, P = 0.0027). The
results further confirmed the prognostic utility of the 39-mRNA
FAM risk signature in independent patient populations.
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3.6 Assessment of the GC prognosis
signature constructed by FAM-related
mMRNAs

The AUC values of this constructed signature and common risk
factors for GC were compared to further validate the validity of this
signature. In the TCGA GC cohort, the risk score (AUC = 0.749)
was more effective in predicting GC prognosis compared to
traditional risk factors like pathological stage (AUC = 0.595), age
(AUC = 0.540), and sex (AUC = 0.458) (Figure 7A), which
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FIGURE 4
The mutational patterns and signatures of two FAM clusters. (A) Individuals in clusterl and cluster2 created the graphical representation of tumor
somatic mutations in the form of a waterfall plot. (B, C) Mutation signature identified in clusterl (B) and cluster2 (C). (D) Detailed charts showing
copy number amplifications (increases) and copy number deletions (decreases) between different subtypes of FAM. (E) Distribution of specific and
general changes in copy numbers between different subtypes of FAM. Significance levels were denoted as follows: *for P < 0.05, **for P < 0.01,
***for P < 0.001, and ns for non-significant results.

suggested that the signature had a better prognostic ability for GC.
Furthermore, there were differences in the risk scores of the four
pathological stages in patients with GC (P = 0.023, Figure 7B).
Multivariate Cox regression was employed to determine whether
the signature has a prognostic value in GC independent of
clinicopathological indicators such as age, pathological stage, and
sex. In the multivariate Cox regression, the risk score had a hazard
ratio (HR) of 5.037 with a 95% confidence interval (CI) of 3.523-
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7.202, showing statistical significance (P < 0.001, Figure 7C). A
nomogram, created using a combination of the risk score and
traditional risk factors, was utilized to forecast the chances of
survival at 3- and 5- year for a patient with GC (Figure 7D). In
addition, we developed an R package called “GCFAMS” (Gastric
Cancer Fatty Acid Metabolism Score) for calculating the prognostic
score of FAM in GC patients based on fatty acid metabolism gene
expression (https://github.com/huxintmu/GCFAMS).
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that there were 3594 mRNAs that exhibited differential expression in the two subtypes of FAM. (D) The volcano plot indicates that there were 402
IncRNAs that exhibited differential expression in the two subtypes of FAM. (E) The volcano plot indicates that there were 196 miRNAs that showed
differential expression in the two subtypes of FAM. (F=H) Error rate of the random forest model. (I-K) Cross-validation error of random forest model.

3.7 FAM-related mRNA signature predicts
the response to immunotherapy and
chemotherapy

We utilized the Tumor Immune Dysfunction and Exclusion
(TIDE) analysis to investigate the potential of the FAM risk model

Frontiers in Oncology

in predicting immunotherapy response within the GC cohort (43).
The findings indicated that individuals in the low-risk category
exhibited a more favorable reaction to immunotherapy (Figure 8A).
The findings indicated that the IPS was higher in the low-risk group
compared to the high-risk group, as shown in Figure 8B. The study
found that individuals with a low-risk score may have higher
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The predictive significance of the risk model for FAM. (A) ROC curves were used to evaluate the predictive ability of age, gender, stage, and risk
score in determining sensitivity and specificity in GC patients, along with clinicopathological factors and a 39-mRNA signature-derived risk scores.
(B) Comparing risk scores for FAM across various clinical stages. (C) Multivariate Cox regression was performed to analyze the relationship between
clinicopathological factors and overall survival in patients with GC. (D) A nomogram was created utilizing the risk score for FAM along with

established risk factors.

possibility of responding positively to immunotherapy. Next, we
conducted a Spearman correlation analysis to investigate the
connection between the FAM score and the infiltration of
immune cells. As shown in Figure 8C, there was a relationship
observed between the FAM risk score and immune cells.
Moreover, we found that the FAM score had the strongest
positive correlation with mast cells (r = 0.220, P < 0.0001;
Figure 8D) and a negative correlation with CD56dim natural
killer cells (r = -0.12, P = 0.02; Figure 8E). In order to confirm
the significance of the FAM score in immunotherapy, cohorts of
malignant melanoma (Mela) and urothelial carcinoma (UC, the
most prevalent form of bladder cancer) were utilized to investigate
which individuals derive benefits from immunotherapy. Validation
set results indicated that the low-risk group exhibited a greater
response rate to immune-checkpoint blockade (ICB) in the Mela
and UC cohorts (P < 0.05, Figures 8F-I). The findings indicated that
individuals in the low-risk group were more likely to benefit from
immunotherapy. To further confirm the robustness and real-world
applicability of the FAM risk model, we performed external
validation using an independent bladder cancer cohort
(GSE176307) and two Mela cohorts (GSE78220, GSE100797).

Frontiers in Oncology

172

The results showed that low-risk patients had a significantly
higher likelihood of responding to ICB (P = 0.033, P = 0.067, P =
0.032; Supplementary Figure S3), consistent with our findings in
UC and Mela cohorts.

Furthermore, we evaluated the impact of chemotherapy drug
reactions in both the high-risk and low-risk categories of the GC
dataset. Chemotherapy drugs had distinct impacts on the high-risk
and low-risk groups. In the high-risk group, embelin (P = 0.0023)
and imatinib (P = 0.0048) showed lower IC50 values compared to
the low-risk group (Supplementary Figure S4). The findings
indicated variations in the effectiveness of immunotherapy and
chemotherapy among different groups, with immunotherapy
showing greater efficacy in the low-risk group and chemotherapy
being more effective in the high-risk group.

3.8 Single-cell atlas distribution of genes
that make up the signature for FAM

The single cells of GC were clustered unsupervised by
hypervariable genes, and the single-cell atlas comprised 21
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clusters, as shown with a UMAP plot (Figures 9A, B). A single-cell
atlas of multi-region GC cells included nine major cell populations
(Figure 9C). T cells, B cells, macrophages, plasma cells, mast cells,
epithelial cells, endothelial cells, fibroblasts, and others were
included in the single-cell atlas. Detailed expression profiles and
gene features of single gene markers are shown in Figure 9D. The
expression heatmap of the marker genes of the major cell lineages is
shown in Figure 9E. The gene enrichment analysis of FAM
signature genes indicated that the genes were predominantly
expressed in fibroblasts and endothelial cells, as shown in
Figures 9F, G. Above all, single-cell analysis revealed that FAM
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signature genes were predominantly expressed in fibroblast cells

and endothelial cells.

3.9 Joint analysis using transcriptomic and
fatty acid metabolomic data to validate
signature

We enrolled 42 GC samples and performed a consensus

clustering analysis based on FAM signature expression, showing
the optimal number of clusters was two (clusterl and clsuter2,
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FIGURE 9

The single-cell atlas shows major cell lineages. (A) UMAP analysis was conducted to visualize and group 21 distinct cell clusters. (B) The distribution
of cells with respect to the five patients (Patientl to Patient5) is shown. (C) A UMAP plot displays nine primary lineages consisting of 23,060 cells. (D)
UMAP feature plots were selected to display RNA expression of seven primary cell lineages. (E) Heatmap of the marker genes of the seven major cell
lineages. (F) AUCell was used to analyze the gene enrichment of genes related to FAM that were used to create the signature. (G) FAM-related genes
were utilized to create signatures in seven primary cell lineages

Figures 10A, E), which was also defined by OPLS-DA analysis and We identified the metabolites in the samples based on a broadly
CDF curves (Figure 10C, Supplementary Figure S5). Kaplan-Meier  targeted metabolomic technique. A total of 1669 metabolites were
curves indicated that compared to clusterl, cluster2 had a better  detected using a non-targeted metabolomic technique for the
prognosis (log-rank test, P = 0.054, Figure 10B). detection of 42 mixed samples. Metabolomic variances among
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samples were explored through the utilization of a UPLC-MS/MS
detection system, a custom-built database, and multivariate statistical
techniques. Analysis of the variations between the two groups of
metabolites revealed that a total of seven fatty acid-related metabolites
exhibited statistically significant differences in expression, including
‘12,13-DiHOME’, ‘13R-hydroxy-9Z,11E-octadecadienoic acid’, 7,7-
Dimethyl-(5Z,8Z)-eicosadienoic acid’, ‘9,10-DHOME’, 9,10-
dihydroxystearic acid’, “OR-hydroxy-10E,12Z-octadecadienoic acid’,
and ‘Leukotriene C4-d5’. In addition to Leukotriene C4-d5, other
fatty acid-related metabolites showed higher levels in clusterl. The
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differential FAM pathway diagram was displayed with the content
level differences in Figure 10D. The combined transcriptomic and
metabolomic analysis of the same GC samples further revealed the
importance of signature in FAM.

4 Discussion

Extensive evidence indicates that metabolic reprogramming
plays a critical role in tumor progression (44). Tumor cells
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demonstrate increased FA production and uptake to support their
needs, such as proliferation. A previous study utilized a FAM
signature constructed from FAM-related genes to classify and
evaluate the clinical therapies for colorectal cancer patients (45).
In this study, a unique FAM profile was developed to personalize
the evaluation of patients’ FAM levels, aiming to investigate how
these levels influence the clinical outcomes and therapeutic
strategies of GC patients.

To explore the clinical and biological implications of FAM in
GC, we conducted unsupervised clustering based on FAM-related
gene expression, categorizing the TCGA GC cohort into two
distinct clusters. This stratification revealed a significant survival
disparity between the two groups. Additionally, we identified
altered genes and differences in immune cell infiltration between
the two subgroups, and we performed a functional enrichment
analysis of DEGs associated with the FAM subtypes. Subsequently,
DEGs at different levels (mRNA, IncRNA, and miRNA) between the
two clusters were identified for further analysis.

In the analysis of somatic mutations and CNVs, we identified
several gene mutations and CNVs associated with FAM genes.
Among them, LRP1B, a potential tumor suppressor gene (46), has
been shown to enhance responses to immune checkpoint inhibitors
(ICIs) in cancers with mutations in this gene (47). LRP1B mutation
could potentially be used as a biomarker to anticipate the immune
response and is linked to extended survival in melanoma and
NSCLC immunotherapy groups (47). A comprehensive study
across multiple cancer types demonstrated that patients with
pathogenic or likely pathogenic LRP1B alterations experienced
significantly improved outcomes with ICI treatment compared to
those with alterations of unknown significance, regardless of their
TMB/MSI status (48). Furthermore, research indicated that a
solitary LRP1B mutation is associated with a poor response to ICI
therapy and adverse outcomes in patients with HCC (49). In our
study, cluster1 exhibited a higher LRP1B mutation rate compared to
cluster2, suggesting that GC patients in cluster]l might achieve
better outcomes with immunotherapy.

Additionally, SETDBI, located in the 1q21.3 region of human
tumors, acts as an epigenetic barrier that suppresses the intrinsic
immunity of tumors, making it a promising target for
immunotherapy (50). Furthermore, a higher amplification of
8q24.21 was observed in cluster]l compared to cluster2. This
region contains the C-MYC oncogene, which is associated with
the development and progression of numerous types of cancers
(51). Studies have shown that the activation of MYC signaling
enables cancer cells to disrupt the surrounding microenvironment,
allowing them to evade the body’s immune response (52).
Amplification of 8q24.21 has been linked to tumor development
and immune system modulation.

The ARIDIA gene, located on 1p36.11, is the fourth most
commonly mutated gene in GC. Han et al. demonstrated that
ARID1A deficiency impairs fatty acid oxidation (FAO) by
downregulating PPARa and altering the epigenetic landscape of
specific metabolism-related genes (53). In our study, a higher
deletion frequency of 1p36.11 was identified in clusterl compared
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to cluster2. This finding suggests that patients in cluster2 may
exhibit enhanced FAO capabilities.

PIK3CA initiates pathways that regulate cell growth, viability,
division, movement, and morphology. It also promotes increased
arachidonic acid metabolism through downstream mTORC2
signaling to sustain cell proliferation (54, 55). The PI3K-AKT-
mTOR pathway plays a role in FAM in cancer, contributing to
molecular heterogeneity and oncogenic signal transduction (44).
The PI3KS enzyme complex is primarily found in the immune
system, and its dysregulation-whether overactivation or insufficient
activity-can lead to impaired and uncontrolled immune responses
(56, 57). In this study, KEGG and GO analyses revealed that the two
FAM clusters exhibited distinct differences in both FAM and
immune activity.

Numerous studies have demonstrated a strong correlation
between FAM and cancer progression, treatment, and immunity
(58-60). FAs released by cancer cells influence immune cell
infiltration within the tumor microenvironment. Disrupted lipid
processing, such as upregulated FAO and de novo lipid synthesis,
provides tumors with a competitive advantage against
chemotherapy and radiation therapy, while also mitigating
cellular stress associated with metastasis.

Additionally, T-cell activation requires de novo FA synthesis
(61-63), and like other cell types, T cells rely on B-oxidation to
degrade FAs as an energy source. FAO has been linked to various
cell types, including CD8+ memory T cells and CD4+ regulatory T
cells (19). Furthermore, the growth of B cells depends on
monounsaturated FAs to sustain mitochondrial function and
mTOR activity, thereby preventing excessive autophagy and
endoplasmic reticulum stress (60).

In our research, cluster2 exhibited better survival outcomes
compared to clusterl, potentially due to differences in immune cell
infiltration. Previous study has also demonstrated that a high-fat
diet increases FA uptake by cancer cells without significantly
affecting tumor-infiltrating CD8+ T cells. This imbalance in FA
distribution impairs the infiltration and function of CD8+ T cells,
suggesting that optimizing metabolism could enhance tumor
immunotherapy (64).

The observed AUC reduction in validation cohorts reflects real-
world clinical complexity. Despite this, the model maintained
significant survival stratification (P < 0.05) across all cohorts,
demonstrating preserved clinical utility. Future multi-center
studies with standardized protocols will further validate
its robustness.

To assess the prognosis and effectiveness of immunotherapy
and chemotherapy in patients with GC, we analyzed specific genes
using various statistical methods, developed a signature consisting
of 39 mRNAs, and confirmed its utility in guiding treatment
decisions for immunotherapy and chemotherapy. Our study
demonstrates that the FAM risk model is significantly associated
with immune cell infiltration and immunotherapy response
prediction. Specifically, the low-risk group exhibited a higher IPS
and an improved response to immunotherapy, as validated in both
GC and independent cohorts of Mela and UC. These findings
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suggest that the FAM score could serve as a potential biomarker to
stratify patients for immunotherapy selection.

Moreover, we found that the FAM score was positively
correlated with mast cells and negatively correlated with
CD56dim natural killer cells, indicating that immune cell
infiltration characteristics could influence treatment efficacy.
Given that mast cells can promote an immunosuppressive tumor
microenvironment (65, 66), while CD56dim NK cells play a critical
role in tumor surveillance (67, 68), these correlations provide
mechanistic insights into how the FAM signature may reflect
tumor immune evasion strategies.

Furthermore, the integration of the FAM score with TIDE
analysis revealed that patients in the low-risk category exhibited a
higher likelihood of responding positively to ICB therapies (43),
reinforcing the potential clinical utility of this model. By
incorporating the FAM score into patient stratification strategies,
clinicians may be able to better identify individuals who are most
likely to benefit from immunotherapy, thereby improving
personalized treatment approaches for GC.

The combination of transcriptome data with single-cell analysis
provides a more comprehensive understanding of the mechanisms
underlying cell heterogeneity in GC. A single-cell analysis was
conducted to further investigate the expression of FAM-
associated genes used in constructing the signature. Our results
demonstrated that the genes incorporated into the signature were
primarily expressed in endothelial cells and fibroblasts. Previous
studies have suggested that fibroblasts contribute to the progression
of GC (69), implying that they play a role in the malignancy of
the cancer.

We performed an integrated transcriptomic and metabolomic
analysis of the FAM signature to obtain multiple key differential
fatty acid metabolites in the fatty acid metabolic pathway. Previous
research has indicated that the imbalance in FAM processing can
promote the proliferation of cancer cells, which usually exhibiting
increased lipid storage compared to normal cells (70). An analysis
using Mendelian randomization indicated that stearic acid was
linked to a higher likelihood of developing colorectal cancer (71).
In our study, clusterl exhibited significantly higher levels of most
fatty acid-related metabolites, except for Leukotriene C4-d5, and
was associated with a relatively poorer prognosis compared to
cluster2. The Leukotriene D4- Cysteinyl Leukotriene 2 receptor
(CysLT2R) signaling pathway plays a key role in colorectal cancer,
where CysLT2R has shown antitumor activity in intestinal epithelial
cells. Since CysLT2R is a receptor for both Leukotriene C4 and
Leukotriene D4, it is plausible that Leukotriene C4 may possess
tumor-suppressive properties through its interaction with CysLT2R
(72). The seven metabolites identified in our study are all
metabolites of linoleic acid, which as a polyunsaturated fatty acid
(PUFA) and an essential fatty acid, regulates cancer development by
participating in a variety of in vivo metabolic pathways, including
apoptosis, oxidative stress, and cell proliferation (73). A
metabolomic investigation of hepatocellular carcinoma (HCC)
revealed decreased levels of linoleic acid in portal vein and fecal
samples of HCC patients compared to healthy controls (74).
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Further research has demonstrated that linoleic acid can stimulate
CD8 T cells to boost their anti-tumor functions in both in vivo and
in vitro settings (75). Furthermore, it was shown that intestinal-type
GC could not produce arachidonic acid (AA) and adrenic acid
(AdA) from linoleic acid, making GC cells immune to ferroptosis
(76), indicating that polyunsaturated fatty acids might impact GC
via the ferroptosis pathway. Therefore, various fatty acid-related
metabolites can influence cancer development, progression, and
therapeutic efficacy in various ways, while FAM signature, as a vital
cancer biomarker, contributes to guiding the prediction of FAM
levels in the human body.

Our study provided a comprehensive computational analysis of
the FAM signature and its potential role in immune infiltration and
therapeutic response. Using publicly available datasets and
statistical models, we identified key genes associated with survival
risk and validated the prognostic significance of the FAM-based
risk score.

However, we acknowledge certain limitations in our study.
First, our findings were based on bioinformatics analyses without
direct experimental validation. Future studies should include in
vitro and in vivo experiments to confirm the biological role of the
identified genes. Second, prospective clinical validation is needed to
confirm the clinical relevance of the FAM signature. One promising
approach is the use of GC 3D models (77). GC organoids could be
used to functionally validate the FAM signature, assess its impact on
immune cell infiltration and test its predictive value for drug
response. This would help bridge the gap between computational
predictions and clinical applications.

Despite these limitations, our study provides a valuable
framework for identifying prognostic biomarkers and generating
hypotheses for future experimental research.

5 Conclusion

We developed a FAM signature to guide treatment and evaluate
the prognosis of GC patients. Nevertheless, this study still has
certain limitations. Further expansion of the sample size is required
to confirm the findings of this research. Moreover, experiments still
need to verify the relationship between FAM, immune cell
infiltration, and outcomes of GC patients.
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Introduction: Total-body positron emission tomography/computed
tomography (PET/CT) using uEXPLORER scanners demonstrates superior
imaging capabilities for assessing programmed death ligand 1 (PD-L1)
expression heterogeneity between primary tumors (PTs) and metastatic tumors
(MTs) in advanced nonsmall cell lung cancer (NSCLC).

Methods: This retrospective study of 99 treatment-naive NSCLC patients revealed
that metabolic parameters (SUVmax, SUR-L, and SUR-BP) derived from biopsy-
correlated PET/CT sites significantly predicted high PD-L1 expression (TC > 50% or
IC > 10% by IHC).

Results: SUR-L exhibited the highest diagnostic accuracy (AUC = 0.758, p <
0.001). Among 30 immunotherapytreated patients, PD-L1 positivity and SUR-BP
> 7.30 were associated with prolonged disease-free survival (DFS) (p = 0.012 and
p = 0.035, respectively).

Discussion: Our findings establish SUR-BP as a novel non-invasive biomarker for
immunotherapy prognosis in NSCLC, addressing spatial heterogeneity
challenges in PD-L1 assessment.
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Introduction

In recent years, immune checkpoint inhibitors (ICIs) targeting
programmed death ligand 1 (PD-L1) have become an important
additional cornerstone in the therapy of advanced non-small cell
lung cancer (NSCLC) (1-5). Previous studies demonstrated that
PD-LI expression has two mechanisms: innate expression on tumor
cells (TCs) and variable expression on tumor-infiltrating immune
cells (ICs) (6, 7). Based on the European Medicines Agency (EMA)
and the Food and Drug Administration (FDA), PD-L1 expression
no less than 50% on TC or 10% on IC was defined as high
expression, which implies that immunotherapy could be a first-
line treatment for advanced NSCLC (8, 9). Therefore, it is important
to get accurate PD-L1 expression levels when choosing
proper treatments.

Immunohistochemistry (IHC) is widely used to detect PD-L1
expression. Generally, two kinds of specimens were tested in
advanced NSCLC patients: biopsy of primary tumors (PTs) and
biopsy of metastatic tumors (MTs). However, previous studies had
reported the inconsistency of PD-L1 expression in different
specimens (10, 11). Some studies had confirmed the temporal and
spatial discordance of PD-L1 between PTs and metastases and
found higher expression in PTs (12-15). However, other studies
(16-18) obtained different results. The inconsistency of PD-L1
expression might be due to intramural heterogeneity in which
biopsy samples could not show the panoramic view of the tumor
and its microenvironment (10, 19).

B-2-'8F-fluoro-2-deoxy-D-glucose positron emission
tomography/computed tomography (‘*F-FDG PET/CT) plays a
key role in tumor diagnosis, staging, re-staging, and response
evaluation. Currently, the total-body PET/CT, uEXPLORER
(United Imaging Healthcare, Shanghai, China) with an 194-cm-
long FOV, dramatically improves image quality and the ability to
detect small lesions (20, 21). Our previous studies had
demonstrated that PET/CT-related parameters, including
maximum standard uptake value (SUVmax) and standard uptake
value ratio (SUR), had good consistency with PD-L1 expression
(22-24).

Based on the above, to avoid differences between PTs and MTs
in advanced NSCLC patients, we collected PD-L1 expression and
PET-related parameters for both primary and metastatic sites. Thus,
we conduct a retrospective study to analyze the relationship
between PET/CT-related metabolic parameters obtained by the
newest PET/CT machine and high PD-L1 expression in PT and
MT. Furthermore, we explored the prognostic value of the
expression and parameters with respect to patients’ prognosis.

Methods
Ethics statement
The study protocol was approved by the Institutional Review

Board of Henan Provincial People’s Hospital. Our ethics committee
waived the need for informed consent from the study participants.
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All methods were performed in accordance with the relevant
guidelines and regulations in our analysis.

Patients

In this study, 99 patients with primary NSCLC from June 2020
to March 2022 in our hospital were enrolled. The screening criteria
were as follows: (1) first diagnosis of NSCLC without other systemic
diseases or treatments; (2) integrity of pathological data; (3) total
body PET/CT images before biopsy; and (4) first treated at our
hospital during the study period. Clinicopathological data included
age, gender, maximum diameter, smoking history, histological
subtype, the source of histologic samples, metastatic sites, and
treatments. The study protocol was approved by the institutional
review board, and the need for written informed consent
was waived.

BE_FDG PET/CT

All patients fasted no less than 6 h and serum glucose levels
were no more than 10 mmol/L before intravenous injection of '*F-
FDG with a dosing regimen (3.7 MBq/kg). All patients rested
approximately 60 min after injection and then underwent PET/
CT imaging. All images were acquired on total-body PET/CT
(uEXPLORER, United Imaging Healthcare, Shanghai, China). A
low-dose CT scan (tube current, 10 mA; voltage, 100 kV; rotation
time, 0.5 s; pitch, 1.0125; collimation, 80 x 0.5 mm) was conducted
first for anatomical localization and reconstructed in a 512 x 512
matrix for attenuation correlation. Then, PET imaging was
performed with 5-min acquisition.

Image analysis

All images were analyzed by two experienced nuclear medicine
physicians with one of them having at least 10 years of experience.
Region of interest (ROI) was drawn at lung primary lesions and
metastatic lesions on PET/CT images and SUVmax was calculated
based on body weight. Meanwhile, mean standard uptake value
(SUVmean) of liver and blood pool were collected. A 30-mm-
diameter ROI was placed at the normal right hepatic lobe to avoid
intrahepatic lesions. A 10-mm-diameter ROI was placed at the
middle of the descending aorta to avoid partial volume effects. SUR
values were defined as the ratios of lung lesions/metastatic lesions
SUVmax to liver and blood pool SUVmean (SUR-L and SUR-
BP, respectively).

Immunohistochemical staining
All tissues were fixed with 10% formalin after no less than 6 h

and embedded in paraffin, and then hematoxylin-eosin (HE)
staining and IHC were conducted. All samples were analyzed on
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an automated stainer with 22C3 (PD-L1 test kits, DAKO/Agilent,
USA) (25). At least two pathologists evaluated the slides to
determine the scores of PD-L1-positive cells on TC and/or IC.
According to clinical trials (1, 2), PD-L1 high expression was
defined as positive scores on TC of no less than 50% or IC no
less than 10%.

Response assessment

All patients’ treatment response information was retrospectively
acquired from electronic medical records and patients’ imaging and
testing results. Disease-free survival (DFS) was used to conduct a
response assessment over a median follow-up of 5.53 (0.17-34.07)
months in our patients. DFS was defined as the time from diagnosis
until disease progression (positive) or the last visit in our hospital
where the patient was alive without recurrence (negative). All
treatment protocols were the first line. As for the immunotherapy
group, those patients were undergoing immunotherapy only or
in combination with chemotherapy. As for the “others” group,
those patients were undergoing chemotherapy, targeted therapy,
or radiotherapy. The response to therapy was assessed on 4
August 2023.

Statistical analysis

Statistically significant differences were analyzed using chi-
square test or Fisher’s exact test for categorical variables and
Mann-Whitney U test for continuous variables. Receiver
operating characteristic (ROC) curve analyses were used to test
the continuous variables and discriminate negative and positive
PD-L1 expression; sensitivity (Se) and specificity (Sp) were collected
to choose the optimal cutoff value, and the 95% confidence intervals
(CIs) were calculated. The log-rank test with Kaplan-Meier analysis
was used to make survival analysis. All statistical analyses were
carried out with SPSS, version 23.0 (SPSS Inc., Chicago, IL, USA).
Statistical significance was defined as p < 0.05.

Results
Patients’ clinical characteristics

Clinical characteristics are shown in Table 1. There were 99
patients enrolled in the research with 20 squamous cell carcinoma
(SCC) and 79 adenocarcinoma (ADC). Among these 99 patients, the
biopsy of 62 patients was from the PTs and that of 37 patients was from
the MTs. A total of 37 patients (37.4%) expressed PD-L1 positively with
23 (37.1%) in biopsy of PTs and 14 (37.8%) in MTs. As for MTs, 27
(73%) were from lymph nodes, 5 (13.5%) from bone, 2 (5.4%) from
brain, 1 (2.7%) from pleura, and 2 (5.4%) from pleural fluid.

Among all the patients, a total of 30 patients received
immunotherapy and 69 patients received other first-line
treatments. A total of 47 patients (47.4%) had disease
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progression, with 18 (60%) patients receiving immunotherapy
and 29 (42%) receiving the other treatments. Of the patients, 58
(58.6%) were younger than 63 years, 62 (62.6%) were male patients,
62 (62.6%) had a diameter of no less than 30 mm, and 48 (48.5%)
were smokers. None of these characteristics were correlated with
PD-L1 expression or DES.

18FE-FDG PET parameters

The correlation between PET-related parameters and PD-L1
expression is shown in Table 2 and Figure 1. PET/CT parameters
were acquired from both primary and metastatic lesions, ensuring
spatial concordance with biopsy sites.

In our patients, those metabolic parameters were higher in
positive than in negative, including SUVmax (16.29 + 9.06 vs.
10.29 + 5.50, p < 0.001), SUR-L (7.78 + 4.17 vs. 4.67 £ 291, p <
0.001), and SUR-BP (11.51 £ 6.96 vs. 6.87 + 4.36, p = 0.001). The
best cutoff value of SUVmax determined by ROC was 13.29, and
the area under curve (AUC) was 0.739 (95% CI: 0.642-0.836, p <
0.001) with a sensitivity (Se) of 64.9% (95% CI: 47.5%-79.8%) and
a specificity (Sp) of 72.6% (95% CI: 59.8%-83.2%). The best cutoff
value of SUR-L determined by ROC was 4.97, and the AUC was
0.758 (95% CI: 0.663-0.853, p < 0.001) with a Se of 75.7%(58.8%-
88.2%) and a Sp of 67.7% (54.7%-79.1%). The best cutoft value of
SUR-BP determined by ROC was 7.30, and the AUC was 0.735
(95% CI: 0.636-0.834, p = 0.000) with a Se of 70.3% (53.0%-
84.1%) and a Sp of 67.7% (54.7%-79.1%). It could be seen that
SUR-L, which had the largest AUC, demonstrated moderate
diagnostic accuracy.

The PET/CT and IHC images are shown in Figure 2. The first
patient (A-C) was a 68-year-old man with ADC. The biopsy site
was from a rib metastasis and PD-L1 expression was negative. The
SUVmax, SUR-L, and SUR-BP of PTs were 15.72, 6.89, and 9.14,
and those of rib metastasis were 19.92, 8.74, and 11.58, respectively.
The second patient (D-F) was a 66-year-old woman with SCC. The
biopsy site was from lung PTs and PD-L1 expression was positive.
The SUVmax, SUR-L, and SUR-BP of PTs were 14.76, 5.35, and
10.32 and those of lung PTs were 5.23, 1.89, and 3.66, respectively.

Prognostic value of PD-L1 expression and
PET parameters

Kaplan-Meier survival curves for DFS based on PD-L1
expression and PET parameters are shown in Figures 3, 4. In our
group, there were 30 patients undergoing immunotherapy only or
combination with chemotherapy and 69 patients undergoing other
treatments, including chemotherapy, targeted therapy, or
radiotherapy. During our follow-up process, a total of 47 people
had disease progression. PD-L1 expression was not related to DFS
in all patients (p = 0.622) and it was the same with the other
treatments (p = 0.426). However, PD-L1 positivity had a
significantly longer DFS (p = 0.012) than PD-LI negativity in
patients who received immunotherapy.
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TABLE 1 Characteristics of PD-L1 expression.

Characteristics PD-L1 DFS
Negative (62) Positive (37) x? Negative (52) Positive (47) 2

Age (year) 0.081 0.775 0.358 0.550
<63 25 16 23 18
263 37 21 29 29

Gender 0.126 0.722 0.356 0.551
Male 38 24 34 28
Female 24 13 18 19

Maximum Diameter (mm) 1.475 0.225 0.055 0.814
<30 26 11 20 17
=30 36 26 32 30

Smoking history 0.001 0.980 0.518 0.472
Smoker 30 18 27 21
Non-smoker 32 19 25 26

Histologic subtype 3.327 0.068 0.562 0.454
ADC 53 26 40 39
scc 9 11 12 8

Biopsy 0.005 0.941 0.033 0.857
Primary tumors 39 23 33 29
Metastatic tumors 23 14 19 18

Metastatic tumors 4.184 0.382 1.211 0.876
Lymph node 16 11 13 14
Bone 3 2 3 2
Brain 2 0 1 1
Pleura 0 1 1 0
Pleural fluid 2 0 1 1

Treatments 2.932 0.087 2.708 0.100
Immunotherapy 15 15 12 18
Others 47 22 40 29

PD-L1, programmed death ligand 1; DFS, disease-free survival; NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SCC, squamous cell carcinoma; immunotherapy, immunotherapy
only or combination with chemotherapy; others, chemotherapy, targeted therapy or radiotherapy.
Bold value, p value.

TABLE 2 The relationship between PET parameters and PD-L1 expression.

Parameters Numerical value (mean+SD)
PD-L1(-)(62) PD-L1(+)(37) u
SUVmax 10.29+5.50 ‘ 16.29+9.06 599 0.000*
SUR-L 4.67+2.91 ‘ 7.78+4.17 ‘ 555 ‘ 0.000*
SUR-BP 6.87+4.36 ‘ 11.5146.96 ‘ 608 0.000*

*: P<0.05; SD, standard deviation; U, Mann-Whitney U test; SUVmax, the maximum of standard uptake value; SUR-L, the ratio of lung lesion SUVmax to liver SUVmean; SUR-BP, the ratio of
lung lesion SUVmax to blood pool SUVmean.
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FIGURE 1

The relationship between PET parameters and high PD-L1
expression. The area under curve (AUC), cutoff value, sensitivity, and
specificity of SUVmax were 0.739, 13.29, 64.9%, and 72.6%,
respectively; those of SUR-L were 0.758, 4.97, 75.7%, and 67.7%,
respectively; and those of SUR-BP were 0.735, 7.30, 70.3%, and
67.7%, respectively.
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By applying a cutoff value of PD-LI-positive expression in
SUVmax (13.29), SUR-L (4.97), and SUR-BP (7.30), we found
that DFS was longer in SUR-BP > 7.30 for those who received
immunotherapy only or combination with chemotherapy. There
was no significant difference in the other groups. SUR-BP > 7.30
was the only correlating factor for DFS in our analysis.

Discussion

ICIs targeting PD-1/PD-L1 have prolonged the survival time in
patients with advanced NSCLC, and PD-L1 is the only biomarker
used for screening patients for ICIs. Previous studies had pointed
out that PD-L1 expression was inconsistent in PT and MT. Based
on these studies, PD-L1 expression data were collected from PTs
and MTs of patients with advanced lung cancer, as well as the
relevant PET parameters from PET/CT machines corresponding to
the biopsy sites. To our knowledge, this represents the first
investigation of the predictive value of PET/CT parameters for
immunotherapy outcomes in patients with advanced NSCLC.

Some studies have investigated PD-L1 expression in NSCLC
between PTs and MTs and found significant discrepancy between

FIGURE 2

Representative images of PET/CT and IHC. (A-C) A 68-year-old man with ADC. The biopsy site was from rib metastasis and PD-L1 expression was
negative. The SUVmax, SUR-L, and SUR-BP of primary tumors were 15.72, 6.89, and 9.14 and of rib metastasis were 19.92, 8.74, and 11.58. (D-F) A
66-year-old woman with SCC. The biopsy site was from lung primary tumors and PD-L1 expression was positive. The SUVmax, SUR-L, and SUR-BP
of primary tumors were 14.76, 5.35, and 10.32, and those of lung primary tumors were 5.23, 1.89, and 3.66, respectively.
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Kaplan—Meier survival curves for DFS based on PD-L1 expression. (A) In all patients (99 patients), p = 0.622; (B) in immunotherapy (30 patients), p =
0.012, PD-L1 positivity had longer DFS; (C) in other treatments (69 patients), p = 0.426.

the two (10-13, 16-18). Generally, the expression was higher in PTs
than that in MTs. Previous studies (22, 23, 26-28) had confirmed
that PET/CT parameters were related to PD-L1 expression in lung
cancer. The PET/CT parameters included SUVmax, SUVmean,
SUVpeak, SUR, metabolic tumor volume (MTV), and total lesion
glycolysis (TLG). These studies included patients with stage I-IV
disease, but the studies mentioned did not specifically distinguish
the source of the specimens between the primary and
metastatic lesions.

For better patient management, in our study, for patients whose
biopsy sites were from MT, we collected PET/CT-related
parameters from those biopsy sites to ensure sites’ consistency
between the PD-L1 expression and PET/CT parameters. In this
regard, we found that SUVmax, SUR-L, and SUR-BP were
associated with PD-L1 expression but not with clinical factors. In
PET/CT data, SUR-L had the biggest AUC, which was 0.758.
Therefore, our research indicated that the stability of SUR was
superior to SUVmax, which was consistent with previous studies
(29, 30).

In our study, all patients whose biopsy sites were from MT also
had PET parameters from the corresponding MT. To compare with
other studies, we also analyzed PET/CT parameters in those 99
patients’ PTs with PD-L1 expression (regardless whether the biopsy
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sites were from PT or MT); the AUC of PT-SUVmax, PT-SUR-L,
and PT-SUR-BP was 0.675, 0.696, and 0.683, respectively (not
shown). These results were in line with previous studies (22-24,
31). However, it was clear that the PET/CT parameters
corresponding to the biopsy sites had greater reference value,
which indicated that PET/CT parameters had good correlation
with PD-L1 expression. In our group, PET/CT parameters in
primary lesions were higher than those in metastatic lesions (not
shown). Kaira et al. pointed out that PD-L1 expression was linked to
hypoxia-inducible factor alpha (HIF-or) and glucose transporter 1
(GLU1) (32). Hence, our metabolic values might support the idea
that PD-L1 expression was lower in MT (12, 13).

Some studies concluded that both PD-L1 expression and PET/
CT parameters were predictive factors to survival outcomes (32—
36). However, others did not support the conclusion (26, 37-39). In
our group, when we did not separate immunotherapy from the
other treatments, the survival analysis showed no significant
correlation between PD-L1 expression and DFS, as well as PET/
CT parameters. Such different results might be related to several
factors, such as treatment protocols, tumor types, patients’
selection, and stage.

Kudura et al. (40) pointed out that PD-L1 expression and PET/
CT parameters were very strong long-term outcome predictors
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of patients treated with immunotherapy, while no significant
outcome predictors could be found for the cohort with no
immunotherapy. To avoid treatments bias, we performed analysis
on immunotherapy and other treatments separately. Our results
were in line with them. In patients who received immunotherapy as
first line, we found that PD-L1 positivity and having a SUR-BP no
less than 7.30 had favorable clinical outcomes, which was consistent
with previous research (41). What was more important, we were the
first to report that SUR-BP was associated with PD-L1 expression
and immunotherapy outcomes.

In the immunotherapy subgroup, PET/CT parameters were
acquired from both primary and metastatic lesions, ensuring
spatial concordance with biopsy sites. In addition, we also
analyzed the relationship between the primary lesion PET/CT
parameters and prognosis. The p-value of PT-SUVmax, PT-SUR-
L, and PT-SUR-BP was 0.384, 0.047, and 0.224 by Kaplan-Meier
analysis, respectively. The results indicated that PT-SUR-L had a
higher reference value for the prognosis of immunotherapy. In our
follow-up, positive DFS was due to the progression of the metastatic
lesions. This might explain the difference between the two sets
of results.

There were some limitations in our study: First, the absence of
paired PD-L1 measurements in PT-MT pairs limits our ability to
characterize intrapatient heterogeneity. Future studies incorporating
multi-site synchronous biopsies are warranted. Second, we only
collected DFS without overall survival (OS) and progression-free
survival (PFS). If we included these two factors, we could provide
more comprehensive prognostic information. Third, as for PET/CT
parameters, we lacked MTV and TLG, among other parameters (42,
43). They also had some influence on PD-LI expression and clinical
outcomes. More parameters should be included in future studies in
order to obtain more accurate prognostic information. Fourth, our
study was single-center, retrospective, and based on a Chinese
cohort; thus, the results might have some limitations. Multi-center,
prospective, and multi-population studies might yield more
authoritative results.

Conclusion

SUVmax, SUR-L, and SUR-BP values were consistent with PD-
L1 expression. PD-L1 expression and SUR-BP were related to DES.
In immunotherapy, PET/CT parameters could provide relevant
reference values for PD-L1 expression and treatment prognosis,
especially SUR-BP.
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