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Editorial on the Research Topic

Recent advances in the understanding of hepatocellular carcinogenesis

Hepatocellular Carcinoma (HCC) is one of the deadliest cancers worldwide and a
major health problem across the globe Suresh et al. (1). A better understanding of its
multifactorial underpinnings and disease pathogenesis will aid in the design of novel and
targeted therapeutic strategies for HCC. This special collection of original and review
articles on Recent Advances in the Understanding of Hepatocellular Carcinogenesis
provides new insights on the complexity of the disease.

The crucial role of miRNAs and associated RISC complex in the development and
progression of HCC is highlighted (2-4). Several miRNAs (miR-631, miR-532-3p, miR-
125b) showed tumor suppressor activities in HCC via targeting of various pathways,
including receptor-type protein tyrosine phosphatase epsilon (PTPRE), WEEl G2
checkpoint kinase, TGE-P1 signalling associated SMAD2 protein and MMP-2, MMP-
9, and MMP-14 (Chen et al., Ma et al., Kim et al.). Previous work also demonstrated that
TGF-B1 signalling and MMP9 were involved in HCC development (5, 6). A network
meta-analysis showed that single nucleotide polymorphisms (SNPs) of miR-196a2
rs11614913 are significantly associated with the initiation and development of HCC
(Zhang et al.). SNPs and epithelial mesenchymal transition (EMT)-related genes are
associated with Hepatitis B virus (HBV)-related HCC (Liu et al.) (5). The tryptophan 2,3-
dioxygenase (TDO2) enzyme promotes EMT of HCC through the Kyn-AhR pathway,
with Kyn being the main product of Trp metabolism (Li et al.). Comprehensive analysis
by Zhu et al. proposed a novel prognostic signature involving four differentially co-
expressed hub genes CDCAS, KIF20A, KIF2C and CEP55 that associate with HCC (Zhu
et al.). Bioinformatic analysis using the TCGA database identified methylation status of
PDK4 and CTF1 in survival prediction and as treatment biomarkers for HCC
(Liang et al.).
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Circulating tumor cells and extracellular vesicles including
exosomes are important in HCC metastasis (Luo et al.) (7-8).
Ubiquitin-specific protease 1 (USP1) maintains survival of the
circulating liver tumor cells (HCC) by deubiquitinating and
stabilization of transducin B-like 1 X-linked receptor 1
(TBLR1) which plays a pivotal role in Wnt signalling (Li et
al.). Circulating tumor-associated white blood cell clusters in
peripheral blood signify poor disease prognosis in these patients
(Luo et al.). Hepatic infiltration and metastasis of small cell
neuroendocrine carcinoma cells led to a rare case of acute liver
failure (Yan et al.). Upon partial hepatectomy for HCC, the liver
induces a TNF-dependent Kupffer cell death pathway that favors
cancer cell proliferation (Hastir et al.). Complement molecules
regulate cancer associated stem cells (CSCs) and serve as a
molecular and functional link between the innate and adaptive
immune system, activating immune cells which are critical in
driving hepatocarcinogenesis (Malik et al.). Delineation of these
molecules and molecular pathways show the complexity of HCC
and provide therapeutic opportunities for tumor specific
targeted intervention and management of patients with HCC.

Chemotherapy is essential in current treatment paradigms for
HCC. Metronomic celecoxib reduced tumor burden in HBVtg mice
with implanted spontaneous hepatocarcinogenesis (Ye et al.).
Hepatic artery infusion chemotherapy (HAIC) along with
programmed cell death protein 1(PD-1) inhibitors plus lenvatinib
improved treatment response and survival in patients with
advanced HCC compared to PD-1 inhibitors plus lenvatinib.
(Mei et al.). Along with small molecular targeted therapy, hepatic
resection, trans-arterial chemoembolization (TACE), radiotherapy
(RT) and various combinatorial therapies may be safe and effective
in patients with HCC and portal vein tumor thrombosis. (Luo et
al.). Attention should be paid to the possibility of acute kidney
injury (AKI) in HCC patients with type 2 diabetes, as AKI during
TACE treatment significantly increases patient mortality (Mou et
al.). Surveillance after HCC treatment is essential in early detection
of disease recurrence and can advise subsequent treatment
strategies. Frequent and timely surveillance at intervals not
exceeding 90 days appears effective in reducing the incidence of
extra-Milan criteria relapse for HCC patients with stage B after
attaining complete remission (Wu et al.).

Both nonalcoholic fatty liver disease (NAFLD) and alcohol
associated fatty liver disease (AFLD) and related HCC have
become major public health issues across the globe. Lifestyle
modification through healthy dietary habits and routine physical
activity, exercise and weight loss in NAFLD and avoiding alcohol
consumption in AFLD serve as major preventive strategies
(Suresh et al.). Due to the metabolic and genetic complexities
underlying NAFLD and AFLD, precision and personalized
treatment strategies could aid in the treatment of HCC
associated with these conditions. Dietary natural compounds
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such as the phytochemical Withaferin A may be effective in HCC
treatment (Suresh et al.) (9). Withaferin A activates LXR-¢t and
negatively regulates NF-xB transcription factor, inhibiting
several principal hallmarks of HCC cells and showing promise
in the treatment of highly aggressive HCC (Shiragannavar et
al.) (10).

Early-stage detection and surgical resection can prevent the
development of advanced HCC. Discovering novel molecular and
cellular targets for HCC therapy is essential to understanding
disease progression and for developing new preventive strategies.
In addition, creating global networks and collaborative registries
with centralized pathology and radiology data can help to provide
insights for treatment of HCC as well as combined
Hepatocellular-Cholangiocarcinoma (Azizi et al.). Finally,
consensus-based recommendations on the use of minimally
invasive and multidisciplinary treatments will help in the
detection of early-and intermediate-stages HCC amenable to
curative therapy (Chen et al.).

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.

Acknowledgments

PS acknowledges the Department of Biotechnology (DBT),
Govt. of India, JSS Medical College and JSS AHER,
Mysore, India.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2020.01758
https://doi.org/10.3389/fonc.2020.554809
https://doi.org/10.3389/fonc.2020.554809
https://doi.org/10.3389/fonc.2020.01758
https://doi.org/10.3389/fonc.2021.616337
https://doi.org/10.3389/fonc.2020.547013
https://doi.org/10.3389/fonc.2020.627701
https://doi.org/10.3389/fonc.2020.572861
https://doi.org/10.3389/fonc.2021.618206
https://doi.org/10.3389/fonc.2021.635731
https://doi.org/10.3389/fonc.2021.635731
https://doi.org/10.3389/fonc.2022.627895
https://doi.org/10.3389/fonc.2022.627895
https://doi.org/10.3389/fonc.2020.574804
https://doi.org/10.3389/fonc.2020.601710
https://doi.org/10.3389/fonc.2020.601710
https://doi.org/10.3389/fonc.2020.628506
https://doi.org/10.3389/fonc.2020.628506
https://doi.org/10.3389/fonc.2020.570958
https://doi.org/10.3389/fonc.2021.621834
https://doi.org/10.3389/fonc.2022.963998
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Banini et al.

References

1. Villanueva A. Hepatocellular carcinoma. N Engl ] Med (2019) 380:1450-62.
doi: 10.1056/NEJMral713263

2. Santhekadur PK, Kumar DP. RISC assembly and post-transcriptional gene
regulation in hepatocellular carcinoma. Genes Dis (2019) 7(2):199-204. doi:
10.1016/j.gendis.2019.09.009

3. Yoo BK, Santhekadur PK, Gredler R, Chen D, Emdad L, Bhutia S, et al.

Increased RNA-induced silencing complex (RISC) activity contributes to
hepatocellular carcinoma. Hepatology (2011) 53(5):1538-48. doi: 10.1002/hep.24216

4. Santhekadur PK, Das SK, Gredler R, Chen D, Srivastava J, Robertson C, et al.
Multifunction protein staphylococcal nuclease domain containing 1 (SND1)
promotes tumor angiogenesis in human hepatocellular carcinoma through novel
pathway that involves nuclear factor kB and miR-221. J Biol Chem (2012) 287
(17):13952-8. doi: 10.1074/jbc.M111.321646

5. Santhekadur PK, Akiel M, Emdad L, Gredler R, Srivastava J, Rajasekaran D,
et al. Staphylococcal nuclease domain containing-1 (SND1) promotes migration

Frontiers in Oncology

10.3389/fonc.2022.963998

and invasion via angiotensin II type 1 receptor (AT1R) and TGFp signaling. FEBS
Open Bio (2014) 4:353-61. doi: 10.1016/j.f0b.2014.03.012

6. Santhekadur PK, Gredler R, Chen D, Siddiq A, Shen XN, Das SK, et al. Late
SV40 factor (LSF) enhances angiogenesis by transcriptionally up-regulating matrix
metalloproteinase-9 (MMP-9). J Biol Chem (2012) 287(5):3425-32. doi: 10.1074/
jbc.M111.298976

7. Shiragannavar VD, Sannappa Gowda NG, Santhekadur PK. Is circulating
exosome carry staphylococcal nuclease domain-containing protein 1, a component
of RNA-induced silencing complex? Genes Dis (2020) 8(2):115-6. doi: 10.1016/
j.gendis.2020.03.007

8. Srinivas AN, Suresh D, Santhekadur PK, Suvarna D, Kumar DP. Extracellular
vesicles as inflammatory drivers in NAFLD. Front Immunol (2021) 11:627424. doi:
10.3389/fimmu.2020.627424

9. Shiragannavar VD, Gowda NGS, Santhekadur PK. Discovery of eukaryotic
cellular receptor for withaferin a, a multifaceted drug from withania somnifera
plant. Med Drug Discov (2022) 14:100127. doi: 10.1016/j.medidd.2022.100127

10. Santhekadur PK, Is Withaferin A. A magic bullet for metabolic syndrome?
BioMed Pharmacother (2017) 92:1135-7. doi: 10.1016/j.biopha.2017.04.002

frontiersin.org


https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.1016/j.gendis.2019.09.009
https://doi.org/10.1002/hep.24216
https://doi.org/10.1074/jbc.M111.321646
https://doi.org/10.1016/j.fob.2014.03.012
https://doi.org/10.1074/jbc.M111.298976
https://doi.org/10.1074/jbc.M111.298976
https://doi.org/10.1016/j.gendis.2020.03.007
https://doi.org/10.1016/j.gendis.2020.03.007
https://doi.org/10.3389/fimmu.2020.627424
https://doi.org/10.1016/j.medidd.2022.100127
https://doi.org/10.1016/j.biopha.2017.04.002
https://doi.org/10.3389/fonc.2022.963998
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

',\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 25 September 2020
doi: 10.3389/fonc.2020.554809

OPEN ACCESS

Edited by:

Prasanna K. Santhekadur,

JSS Academy of Higher Education
and Research, India

Reviewed by:

Prashant Khare,

All India Institute of Medical Sciences
Bhopal, India

Zehua Bian,

Affiliated Hospital of Jiangnan
University, China

*Correspondence:
Xinrong Yang
yang.xinrong@zs-hospital.sh.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Gastrointestinal Cancers,

a section of the journal
Frontiers in Oncology

Received: 24 June 2020
Accepted: 07 September 2020
Published: 25 September 2020

Citation:

LiY, Xu'Y, Gao C, Sun 'Y, Zhou K,
Wang PX, Cheng JW, Guo W, Ya C,
Fan J and Yang XR (2020) USP1
Maintains the Survival of Liver
Circulating Tumor Cells by
Deubiquitinating and Stabilizing
TBLR1. Front. Oncol. 10:5548009.
doi: 10.3389/fonc.2020.554809

Check for
updates

USP1 Maintains the Survival of Liver
Circulating Tumor Cells by
Deubiquitinating and Stabilizing
TBLR1

Yuancheng Li*?t, Yang Xu?t, Chao Gao?t, Yunfan Sun?, Kaiqian Zhou?,
Pengxiang Wang?, Jianweng Cheng?, Wei Guo?, Cao Ya*, Jia Fan'? and Xinrong Yang?*

" Institutes of Biomedical Sciences, Fudan University, Shanghai, China, ¢ Key Laboratory of Carcinogenesis and Cancer
Invasion, Department of Liver Surgery, Ministry of Education, Zhongshan Hospital, Liver Cancer Institute, Fudan University,
Shanghai, China, ° Department of Laboratory Medicine, Zhongshan Hospital, Fudan University, Shanghai, China, * Key
Laboratory of Carcinogenesis and Cancer Invasion, Ministry of Education, Cancer Research Institute, Central South
University, Changsha, China

The prognosis of hepatocellular carcinoma (HCC) is closely associated with the
occurrence of distant metastases, which is likely due to circulating tumor cells
(CTCs). However, the low number of CTCs is the main obstacle limiting research
of the mechanism of CTC metastasis. Here, We evaluated the role of ubiquitin-
specific protease 1 (USP1) in promoting CTC survival during blood-borne metastases.
We observed that USP1 was frequently upregulated in CTCs and correlated with
metastasis and a reduced overall survival rate of patients. Additionally, genetic knockout
of USP17 the survival rate of CTCs. Further analyses showed that USP1 mediates
oncogenic activity by deubiquitinating and stabilizing transducin p-like 1 X-linked
receptor 1 (TBLR1), which plays essential roles in regulating Wnt signaling. These results
demonstrated that USP1 may act as an essential factor in promoting the survival of
CTCs and suggest that inhibition of USP1 is a potential strategy for HCC treatment.

Keywords: circulating tumor cells, deubiquitination, hepatocellular carcinoma, USP1, Wnt pathway

INTRODUCTION

Hepatocellular carcinoma (HCC) is among the most prevalent malignancies worldwide accounting
for >90% of human liver cancer cases. The morbidity and mortality rates of HCC has increased
in recent decades (1). HCC has a high risk of metastasis, especially intrahepatic metastasis, and
recurrence, which are the primary causes of death (2). Dissemination of circulating tumor cells
(CTCs) is highly correlated with cancer metastasis and recurrence (3). Enumeration of CTCs is
currently performed to monitor the anticancer treatment response and guide the prognosis of
patients (4). Further investigation of the CTC survival mechanism may improve our understanding
of metastasis and lead to new cancer therapies targeting CTCs. However, the number of CTCs is
very low (1-10 single CTCs per 7.5 mL blood) and the lack of CTCs to analyze is the main obstacle
to studies of the survival mechanisms of CTCs in blood-borne metastasis (5, 6).

Deubiquitination, a highly regulated process, is essential for maintaining cellular homeostasis
via the regulation of numerous cellular functions, including protein levels, apoptosis,
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DNA repair, and cell motility (7-11). Ubiquitin-specific protease
1 (USP1), a sub-type of deubiquitinases, reportedly regulates
DNA-repair processes by deubiquitinating proliferating cell
nuclear antigen and Fanconi anemia group D2 and preserves
cancer stem cells in osteosarcoma by stabilizing inhibitor of
DNA binding (ID)1 and ID2 (12, 13). However, few studies
have examined USPl-related function in HCC and/or the
mechanism of CTC survival. We demonstrated that USP1
promotes the survival of liver CTCs in the bloodstream by
regulating the ubiquitination of transducin p-like 1 X-linked
receptor 1 (TBLR1), a critical regulator of the Wnt pathway,
suggesting USP1 as a potential target for anticancer therapy.

MATERIALS AND METHODS

Patients and Specimens

For immunohistochemistry (IHC) assay, from 2002 to 2008, 217
tissue specimens from patients with HCC were collected at the
Zhongshan Hospital (Shanghai, China). For CTC analytical assay,
blood (7.5 mL) was obtained from the peripheral veins of patients
from 2017 to 2018. This study was approved by the Research
Ethics Committee of the Zhongshan Hospital (B2017-159R), and
the procedures were in accordance with the ethical guidelines
outlined in the 1975 Declaration of Helsinki.

Cell Culture and Construction of

USP1-Knockout Cells

The PLC/PRF/5 human HCC cell line and 293T cell line were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, United States) and the MHCC-97H cell line was
obtained from the Liver Cancer Institute of the Zhongshan
Hospital, Fudan University (Shanghai, China). MHCC-97H-GFP
and PLC/PRF/5-GFP cell lines were constructed by lentiviral
transfection, and MHCC-97H and PLC/PRF/5 USPI-knockout
(KO) cell lines were constructed using CRISPR technology
as follows: MHCC-97H and PLC/PRF/5, wild-type cell lines,
were transfected with a USPI-targeting KO plasmid. Following
digestion, single cells were seeded into a well, and after
reaching confluence, sequencing was performed to confirm the
construction of the KO cell lines (14).

RNA Extraction and qRT-PCR

Total RNA was extracted using TRIzol reagent (Ambion, Austin,
TX, United States). cDNA of the target gene was reverse-
transcribed from total RNA (1 jLg) using the Transcriptor reverse
transcriptase kit (RR036A; TaKaRa, Shiga, Japan). Single CTCs
from each patient were transferred to individual PCR tubes
containing lysis buffer by micromanipulation. Single CTCs from
each patient were transferred individually to single PCR tubes
containing lysate buffer. Single cell RNA was extracted from
each CTC and reverse-transcribed by Single Cell-to-CT qRT-
PCR kit (Invitrogen, Carlsbad, CA, United States) following the
manufacturer’s protocols. SYBR Green (Bio-Rad Laboratories,
Hercules, CA, United States) and ABI Prism 7500 real-time PCR
(Bio-Rad) were used for single-step gqRT-PCR. Gene expression

was calculated relative to that of B-actin expression using the
27 AAC method.

Tissue Microarrays,

Immunohistochemistry, and Evaluation

An immunohistochemistry assay was performed. Briefly, serial-
sectioning of tissue samples was performed after fixation in
paraffin using 4% paraformaldehyde, microwave antigen retrieval
was performed and the samples were incubated overnight
with primary antibody followed by 1 h incubation with
secondary antibodies. All tissues were counterstained with
hematoxylin. The antibodies used in IHC assay included anti-
USP1 (1:300; Proteintech, Rosemont, IL, United States), anti-
TBLRI1 (1:300; Proteintech).

Circulating Tumor Cells Capture and

Fluorescence-Activated Cell-Sorting
Circulating tumor cells were enriched from 7.5 ml blood samples
by Ficoll solution (Sigma-Aldrich, St. Louis, MO, United States),
incubated with fluorescent antibodies include anti-cytokeratin 19
(1:300; Cell Signaling Technology, Danvers, MA, United States),
anti-EpCAM (1:300; Cell Signaling Technology), anti-CD45
(1:300; Cell Signaling Technology), and captured by flow
cytometry (BD Biosciences, San Diego, CA, United States). The
criteria for identifying the captured cells as the CTCs were:
EpCAM positive; pan-cytokeratin-19 positive; CD45 negative;
the presence of a nucleus, stained using 4,6-diamidino-2-
phenylindole (DAPI) (15). GFP cells sorted from mouse
blood after injection or cultured GFP cells harvested from
plates, were evaluated by Annexin V-Allophycocyanin (APC)/7-
Aminoactinomycin D (7-AAD) kit (BD Biosciences Pharmingen,
San Diego, CA, United States) following the manufacturer’s
instructions and FlowJo software (TreeStar, Ashland, OR,
United States) was used for data analysis.

Western Blot Analysis

Cells were lysed using RIPA buffer (Beyotime, Nantong, China)
containing 1 mM phenylmethylsulfonyl fluoride (Beyotime).
Protein was loaded and separated by 8% or 12% SDS-PAGE gels,
transferred to polyvinylidene fluoride membranes (Millipore,
Darmstadt, Germany), and blocked with bovine serum albumin
(5%; Sangon Biotech, Shanghai, China). The primary antibodies
included anti-USP1 (1:1000; Cell Signaling Technology), anti-
TBLR1 (1:1000; Abcam, Cambridge, United Kingdom), anti-HA
(1:2000; Proteintech, Wuhan, China), anti-B-actin (1:5000; Cell
Signaling Technology). Secondary antibodies included donkey
anti-rabbit (1:2500; Cell Signaling Technology), rabbit anti-
mouse (1:2500; Cell Signaling Technology), and anti-light chain
(1:3000; Abcam).

Ubiquitination and CHX-Protein Stability
Assays

For the ubiquitination assay, HA-ubiquitin plasmids were
transfected into USP1-NC and USP1-KO cells. Following treated
with the proteasome inhibitor MG-132 (5 wM) for 6 h, cells
were harvested and lysed for immunoprecipitation of TBLR1 and
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immunoblotting of HA. Western blot was performed as described
above. For the CHX-protein stability assay, in order to inhibit
protein synthesis, cells in each group were treated with CHX
(100 pg/mL) for 0, 3, 6, and 9 h. MG-132 (5 M) was added along
with CHX (16). Cell lysates were collected and western blot was
performed as described above.

Establishment of Mouse Tumor
Xenograft Model

Twenty male BALB/c nude mice were divided into four groups
randomly (n = 5/group). For the subcutaneous assay, 1 x 10°
tumor cells were injected subcutaneously into each mouse. For
the liver xenograft assay, 1 x 10 tumor cells were transplanted
into the hepatic lobes of mice. All animal experiments were
approved by the Research Ethics Committee of the Zhongshan
Hospital (B2017-159R) and mice were sacrificed at 5 weeks post-
injection.

Statistical Analysis

All experimental results were obtained from assays performed
in triplicate and are shown as the mean & standard deviation.
Relationships between USPI expression and clinicopathological
factors were analyzed using the Pearson y? test. Differences
between treated and control groups were determined using the
Student’s t-test and one-way analysis of variance. P < 0.05 was
considered a statistically significant result.

RESULTS

USP1 Is Upregulated in HCC and
Correlated With Metastasis

Ubiquitin-specific protease 1 is ubiquitously expressed in human
tissues. We first assessed USPI mRNA levels in tumor and
para-tumor tissues, which revealed higher USPI expression
in tumor tissues than in para-tumor tissues (Figure 1A).
IHC and western blot analysis also confirmed higher levels
of USP1 in HCC samples relative to those in adjacent non-
tumor tissues (Figures 1B,C). Next, a tissue microarray with
217 samples of HCC tissues was IHC stained to test the
correlations between USPI1 levels and overall survival (OS)
of patients. According to the staining intensity, we observed
elevated levels of USP1 (92/217) in patients with a short OS and
low levels (125/217) in patients with a long OS (P = 0.0248)
(Figure 1D). We then evaluated the relationship between the
USP1 levels and the clinical characteristics of patients with
HCC (Supplementary Table S1). Interestingly, the only clinical
characteristics positively correlated with USP1 levels were serum
a-fetoprotein level (P = 0.013) and tumor number (P = 0.028).
USP1 level was not correlated with tumor size (P = 0.696).
These results indicates that the short OS of HCC patients
with high levels of USP1 is mainly caused by metastasis rather
than proliferation.

We knocked down the expression of USP1 in MHCC-97H
cells (Supplementary Figure S1A) and, as expected, found no
significant difference in proliferation between USP1-knockdown

cells and control cells (Supplementary Figure S1B). Further, we
created USP1 knockout (USP1-KO) cells in MHCC-97H and
PLC/PRE/5 cell lines by sgRNA-Cas9 system (Supplementary
Figure S1C). The data showed USP1 level did not correlate with
proliferation (Figures 1E,F). These results indicated that USP1 is
involved in metastasis and may be the reason for poor patient
prognoses. We found no significant difference in migration
or invasion between USP1-knockdown cells and control cells
(Supplementary Figures S1D,E). Thus, we hypothesized that
USP1 contributed to cancer metastasis mainly by promoting
cancer cell survival in the blood rather than promoting
cancer cell invasion.

USP1 Maintains CTC Survival in

Blood-Borne Metastasis

To identify the role of USP1 in cancer cell survival in the
blood, we obtained single CTCs from peripheral vein blood
and extracted RNA using a single-cell-to-CT quantitative reverse
transcription-PCR (qRT-PCR) kit. We observed that USPI
expression in CTCs was higher than in primary tumor cells
(Figure 2A). Additionally, we injected PLC/PRF/5-GFP or
MHCC-97H-GFP cells into the peripheral tail vein of nude mice
and sorted GFP-positive cells by flow cytometry after 0, 12, 24,
and 36 h, with results showing that USPI expression increased
over time (Figure 2B). These results indicate USP1 is involved in
the survival of CTCs.

To test the above hypothesis, cancer cells (1 x 10%) were
injected into mice via the peripheral tail vein, which simulated
CTCs in the blood. FACS cell counting results showed that the
number of CTCs in the USPI-KO group was less than in the
control group (Figure 2C). Apoptotic assays showed that USPI-
KO cells have a lower survival rate compared with control cells
at 24 h post-injection (Figure 2D). Similar results were observed
in USP1-knockdown cells and control cells (Supplementary
Figure S2A). Individually USPI knockout did not affect cell
apoptosis in cultured medium (Supplementary Figure S2B).
These results indicated that USP1 depletion attenuated the
survival ability of CTCs.

A Xenograft-formation assay was performed to determine
the effects of USP1 in vivo. After 5 weeks of liver xenografting,
the USPI-KO group showed a lower tumor number than the
USPI-NC group (P < 0.05) (Figure 2E). Furthermore, we
observed pulmonary tumor formation in the control group but
not in the USPI-KO group according to computed tomography
(Figure 2F) and hematoxylin-eosin staining (Figures 2G,H).
Additionally, apoptotic cell usually exhibit the pattern with
cell shrinkage or cell membrane rupture which can be
detected by cell surface marker (17). We enriched the
CTCs in mouse blood, labeled the CTCs with fluorescent
EpCAM (green), detected CTCs with their apoptotic pattern!'®
by microscope (Figure 2I, left) and found that knockout
of USP1 increased apoptotic-like CTC patterns compared
with the control group (USP1-NC 55% VS USP1-KO 73%)
(Figure 2I, right). These observations demonstrate that USP1
modulates HCC CTC blood-borne metastasis in vivo. Moreover,
the cell apoptotic rate (Figure 2D) and metastases number
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FIGURE 1 | Elevated expression of USP7 in HCC. (A) USP1 mRNA levels in 40-paired specimens of HCC tissues and matched para-tumor liver tissues. (B) IHC
staining of USP1 in 56 pairs of HCC and matching para-tumor tissues. Representative images are shown. (C) USP1 levels in seven paired samples. T, HCC tissues;
P, para-tumor tissues. B-actin was used as a control. (D) Kaplan—Meier analysis with log-rank testing of survival was performed in 217 patients with HCC exhibiting
different USP7 expression levels. Error bars represent the standard deviation. *P = 0.025. (E,F) Cell numbers were count by cell counting instrument after 0, 24, 48,

and 96 h of seeding.

(Figure 2H) confirmed that USP1 assists CTC survival in
the bloodstream.

USP1 KO Impairs Wnt Targets in HCC

High-throughput sequencing (The Beijing Genomics Institute,
Beijing, China) was used to identify USP1-regulated pathways in
HCC and determine how USP1 affects cancer cell survival and
metastasis. As expected, compared with those in the USPI-KO
group, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis showed the enrichment of Wnt, Notch, and Hedgehog
pathways, which play essential roles in cancer stem cell regulation
(18) and may support the survival of CTCs (Figure 3A). In
gene set enrichment analysis, Wnt signaling and Notch signaling
showed significant associations with USP1 knockout (Figure 3B).

The inhibition of most Wnt targets by USPI KO was
confirmed by real-time PCR (Supplementary Figure S3).
These results suggest USP1 as an essential factor involved in
Wnt-signaling. We performed a label-free ubiquitin quantitative

assay using MHCC-97H cells to determine the USP1 target(s)
in the Wnt signaling pathway. Ubiquitin is the substrate of
deubiquitinases; therefore, immunoprecipitation (IP) with
an antibody against ubiquitin chains can enrich ubiquitin-
modified proteins. Moreover, subsequent high-throughput
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis (Shanghai Applied Protein Technology Company,
Shanghai, China) and quantitative proteomics analysis were
performed to investigate how USP1 influences the ubiquitination
levels of the target peptide-binding region in HCC cell lines
(Figure 3C). Cells were divided into two groups: the MHCC-
97H-USPI-NC cell line with endogenous USP1-deubiquitinating
activity and MHCC-97H-USP1-KO cell line with no USP1-
deubiquitinating activity. Among the peptide-matched proteins,
29 proteins were identified as part of the ubiquitin interactome
only in MHCC-97H-USPI-NC cells (Figure 3D) and not in
USP1-KO cells, whereas 275 highly ubiquitin modified proteins
were specifically detected in USPI-KO cells, indicating that
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FIGURE 2 | USP1 promotes circulating tumor cell survival in blood. (A) USP7T mRNA expression level in primary tumors and CTCs. (B) USP1 expression at 0, 12,
24, and 36 h after tail injection. (C) After 0, 12, 24, and 36 h of tail injection, GFP-labeled cells were sorted and counted by FACS. (D) 24 h after injection,
GFP-labeled cells were sorted and labeled with Annexin V-APC and 7AAD. (E) Intrahepatic metastatic tumors in hepatic lobes 5 weeks after liver xenografting. (F,G)
Lung metastasis detected by computed tomography and IHC. The arrows were used to show lung metastasis. (H) Bar graph of pulmonary metastases tumor
numbers. (I) CTCs detected in blood and labeled by EpCAM and pan-cytokeratin (green) and DAPI (red). *P < 0.05.

USP1 can modulate the cell state by deubiquitinating these
proteins. KEGG analysis showed that among these 275 proteins,
five participate in Wnt signaling, including TBLR1, Ras-related
C3 botulinum toxin substrate 1, SMAD4, BMP4 and protein
phosphatase 2B regulatory subunit 1 (Figure 3E).

USP1 Maintains the Survival of CTCs by
Deubiquitinating and Stabilizing TBLR1

We then investigated the biochemical interaction between USP1
and these five proteins. We observed that USP1 interacted
with TBLR1 in a Co-IP assay (Figure 4A). Reciprocal Co-IP
assays using tag antibodies revealed similar results, showing that
USP1 can co-interact with TBLR1 (Supplementary Figure S4A).

In contrast, the other four proteins did not show a co-
interaction with USP1 (Supplementary Figure S4B). USP1 KO
decreased TBLRI protein levels in PLC/PRF/5 and MHCC-
97H cells (Supplementary Figure S4C); however, TBLRI
mRNA levels were unaffected by USPI KO (Supplementary
Figure $4D). Additionally, in patient samples, we found that
USP1 was positively correlated with the TBLR1 level at the
protein but not the mRNA level (Supplementary Figure S4E).
Moreover, we observed that PLC/PRF/5 and MHCC-97H cells
degraded TBLRI in a proteasome-dependent manner, as TBLR1
accumulated after treatment with the proteasome inhibitor MG-
132 (Supplementary Figure S4F). These findings demonstrate
that USP1 regulates TBLR1 at the protein level. We performed
an in vitro ubiquitination assay to determine whether USP1
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