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Abstract 

Background Hepatic inflammation is a common initiator of liver diseases and considered as the primary driver of 
hepatocellular carcinoma (HCC). However, the precise mechanism of inflammation-induced HCC development and 
immune evasion remains elusive and requires extensive investigation. This study sought to identify the new target 
that is involved in inflammation-related liver tumorigenesis.

Methods RNA-sequencing (RNA-seq) analysis was performed to identify the differential gene expression signature in 
primary human hepatocytes treated with or without inflammatory stimulus. A giant E3 ubiquitin protein ligase, HECT 
domain and RCC1-like domain 2 (HERC2), was identified in the analysis. Prognostic performance in the TCGA valida-
tion dataset was illustrated by Kaplan–Meier plot. The functional role of HERC2 in HCC progression was determined 
by knocking out and over-expressing HERC2 in various HCC cells. The precise molecular mechanism and signaling 
pathway networks associated with HERC2 in HCC stemness and immune evasion were determined by quantitative 
real-time PCR, immunofluorescence, western blot, and transcriptomic profiling analyses. To investigate the role of 
HERC2 in the etiology of HCC in vivo, we applied the chemical carcinogen diethylnitrosamine (DEN) to hepatocyte-
specific HERC2-knockout mice. Additionally, the orthotopic transplantation mouse model of HCC was established to 
determine the effect of HERC2 during HCC development.

Results We found that increased HERC2 expression was correlated with poor prognosis in HCC patients. HERC2 
enhanced the stemness and PD-L1-mediated immune evasion of HCC cells, which is associated with the activa-
tion of signal transducer and activator of transcription 3 (STAT3) pathway during the inflammation-cancer transition. 
Mechanically, HERC2 coupled with the endoplasmic reticulum (ER)-resident protein tyrosine phosphatase 1B (PTP1B) 
and limited PTP1B translocation from ER to ER-plasma membrane junction, which ameliorated the inhibitory role of 
PTP1B in Janus kinase 2 (JAK2) phosphorylation. Furthermore, HERC2 knockout in hepatocytes limited hepatic PD-L1 
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expression and ameliorated HCC progression in DEN-induced mouse liver carcinogenesis. In contrast, HERC2 overex-
pression promoted tumor development and progression in the orthotopic transplantation HCC model.

Conclusion Our data identified HERC2 functions as a previously unknown modulator of the JAK2/STAT3 pathway, 
thereby promoting inflammation-induced stemness and immune evasion in HCC.

Keywords HERC2, Hepatocellular carcinoma, JAK2/STAT3 signaling, Cancer stemness, PD-L1

Background
Nonresolving chronic inflammation is associated with 
persistent hepatic injury and concurrent regeneration, 
leading to liver fibrosis and cirrhosis thereafter con-
tributing to the development and progression of hepa-
tocellular carcinoma (HCC) [1–3]. The inflammatory 
responses play crucial roles at all stages of HCC devel-
opment, including initiation, promotion, malignant con-
version, invasion, and metastasis. A growing number of 
preclinical and clinical studies have identified a plethora 
of inflammatory mediators and signaling pathways impli-
cated in HCC [1, 4, 5]. Elevated serum levels of IL-6 
have been found to be associated with an increased risk 
of HCC development in patients with chronic hepatitis 
B and C infections [6]. It has also been determined that 
obesity-promoted HCC development is associated with 
enhanced production of inflammatory cytokines IL-6 
and TNF-α, which is dependent on the activation of sig-
nal transducer and activator of transcription 3 (STAT3) 
[7]. Of note, the inflammatory cytokine microenviron-
ment promotes retrodifferentiation and cancer stemness, 
which are closely associated with HCC initiation and 
enable the malignant features of HCC [8]. Accumulat-
ing evidence has shown that cancer stem cells (CSCs) are 
closely related to HCC initiation and promote the malig-
nant features of HCC, making them a promising target 
for developing novel anti-cancer drugs [9]. Hence, further 
investigation of the correlation between cancer stemness 
and cytokine-mediated inflammation will broaden our 
understanding of the pathogenesis and therapy of HCCs.

Immune evasion from cytotoxic immune cells is 
essential for cancer initiation and later metastasis. 
However, its dynamics at intermediate stages, where 
potential therapeutic interventions might be carried 
out, are not well defined.  It should be mentioned that 
progressive immune evasion is validated in treatment-
naïve patients with stage I to III  HCC and a murine 
model of HCC [10]. Chronic inflammation in the tumor 
microenvironment impairs cytotoxic T lymphocyte 
activation and promotes immunosuppression [11]. 
Programmed death ligand-1 (PD-L1) is an essential 
immune checkpoint protein whose overexpression on 
tumor cells provides a mechanism to escape immune 
surveillance.  Lim et  al., observed that cancer-related 

inflammation  is able to increase and stabilize pro-
tein expression of PD-L1 on tumor cells [12]. Inter-
estingly, cancer stemness has also been shown to be 
greatly associated with tumor-intrinsic immunosup-
pressive  features. A previous study identified regula-
tors in liver CSCs that can modulate the expression of 
PD-L1, indicating a possible immune evasion mecha-
nism initiated by CSCs [13]. PD-1/PD-L1 blockade 
cancer immunotherapy is increasingly used for the 
treatment of advanced HCC and is associated with an 
overall survival benefit [14, 15]. Therefore, the contin-
ued characterization of the novel connection between 
inflammation and tumor immune evasion and iden-
tification of crucial inflammatory events with PD-L1 
expression in HCC would provide additional targets for 
improving the clinical responses with immune check-
point blockade therapies.

HECT and RLD domain-containing E3 ubiquitin-
protein ligase 2 (HERC2) belongs to the large HERC 
family of ubiquitin E3 ligases with multiple structural 
domains that have been implicated in a wide range of 
physiological processes, including membrane traffick-
ing, immune response, DNA repair, inflammation, cell 
stress response, and cancer biology [16–18]. Indeed, 
HERC2 is related to the pathogenesis of several inflam-
matory and autoimmune diseases, like inflammatory 
bowel diseases, type 1 diabetes, and sarcoidosis [16]. 
However, the role and function of HERC2 in inflam-
mation-related HCC progression are still unknown. 
Following our initial study showing HERC2 induction 
upon inflammatory stimulation in human primary 
hepatocytes, we explored the role of HERC2 in the pro-
gression of inflammation-associated HCC progression. 
The result showed that HERC2 expression in hepato-
cytes was associated with the progression and poor 
prognosis of HCC. Next, we determined that HERC2 
promoted the malignant phenotype and stemness of 
HCC cells through the Janus kinase 2 (JAK2)/STAT3 
signaling pathway. Moreover, HERC2 deficiency can 
decrease T cell exhaustion by modulating the STAT3-
induced PD-L1 expression. Overall, the role of HERC2 
in HCC provides new insight into the relationship 
between  inflammatory  processes and liver tumori-
genicity and indicates that HERC2 could be a potential 
HCC therapeutic target.
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Methods
Human clinical samples
Human HCC tissues and paired adjacent non-tumor 
tissues were acquired from patients at Nanfang Hos-
pital, Southern Medical University. The adjacent tis-
sues were at least 2  cm away from the paired HCC 
tissues. The investigation was approved by the Medi-
cal Ethics Committee of Southern Medical University 
(NFEC-2017–119).

For the immunohistochemistry assay, tissues were 
fixed in 4% paraformaldehyde for further study.

The isolated non-tumor liver tissues were cut into 
small pieces and digested with 1 mg/ml type IV colla-
genase and DNAase at 37  °C for 30  min. The cell sus-
pension was then passed through a 70  μm filter and 
centrifuged at 4  °C and 50  g/min for 1  min. The cells 
were then washed three times with cold PBS at 4 °C and 
50  g/min for 1  min. After the final centrifugation, the 
cells were removed upon 70% Percoll and centrifuged 
at 22 °C and 400 g/min for 10 min. The cells were then 
washed three times with cold PBS at 4 °C and collected 
for further analyses.

Bioinformatics assay
For bulk RNA-seq analysis, all datasets involved in this 
study were available from Gene Expression Omnibus 
(GEO) (GSE25097, GSE14520) website and The Can-
cer Genome Atlas (TCGA) official website LIHC pro-
ject. The samples have been divided into two groups 
based on the median expression among HCC and adja-
cent liver samples. For survival analysis, survival data 
of a cohort composed of patients with cirrhosis back-
grounds from GSE14520 and TCGA datasets were 
analyzed. In GSE14520 datasets, some samples in the 
datasets missed the adjacent paired counterparts or 
AFP level, thus 198 paired samples were included for 
paired comparison and 200 samples were conducted for 
AFP level analysis.

For single cell RNA-seq analysis, samples were 
obtained from GSE146115 datasets. To analyze single 
cell data, Seurat object was created by Seurat R pack-
age (version 3.0). The cells with unique feature counts 
from 200–5000, or < 25% mitochondrial counts have 
remained. The remaining cells were clustered based 
on UMAP. Tumor cells were then included for fur-
ther analysis. Among the tumor cell subsets, cells with 
HERC2 gene counts > 0 were identified as HERC2-
positive cells. IL-6-JAK-STAT3 pathway-related genes 
were obtained from GSEA datasets (http:// www. gsea- 
msigdb. org/ gsea/ index. jsp) (HALLMARK IL6 JAK 
STAT3 SIGNALING, CHIP-seq from STAT3_01).

Establishment of hepatocyte‑specific HERC2 knockout 
mice
The HERC2 targeting construct was linearized by 
restriction digestion with NotI followed by phenol/
chloroform extraction and ethanol precipitation. The 
linearized vector was transfected into C57BL/6N 
embryonic stem (ES) cells by electroporation. The 
transfected ES cells were subject to G418 selection 
(200 μg/ml) 24 h post-electroporation. 186 G418 resist-
ant clones were picked and amplified. Then, clones were 
used for homologous recombination. The PCR screen-
ing identified forty-five potential targeted clones, from 
among which six were expanded and further character-
ized by Southern blot analysis. Five of the six expanded 
clones were confirmed to be correctly targeted prior to 
blastocyst injection (as shown in supplemental Fig. 5A). 
The resulting pups were backcrossed to C57BL/6N or 
F/Cre mice at 8-week-old. The genotype was obtained 
from tail sniping.

Animal breeding and treatments
Mice had free access to water and commercial feed 
and were kept under a 12  h light/dark cycle. Mice 
were housed at a constant temperature (19–23  °C) 
and 55 ± 10% humidity. All animal experiments were 
approved by the Welfare and Ethical Committee for 
Experimental Animal Care of Southern Medical Uni-
versity (2020066). All mice were euthanized with 5% 
isoflurane. For mouse inflammation-related HCC 
model induction, 15-day-old male mice were intra-
peritoneally injected with 25  μg/g diethylnitrosamine 
(DEN). Two weeks later, the mice were intraperi-
toneally injected with 0.5  μl/g carbon  tetrachloride 
(CCl4) once a week for consecutive 22  weeks. For the 
mouse orthotopic injection HCC model, 2 ×  106 or 
2 ×  105 HERC2-overexpressing Hepa1-6 cells or con-
trol cells were orthotopically injected into the livers of 
6-week-old wild-type C57BL/6 J male mice for 4 weeks.

Cell culture and treatments
The cell lines involved in this study have been performed 
short tandem repeat (STR) profiling to guarantee authen-
ticity. Moreover, all the cell lines have been tested for 
mycoplasma negative based on PCR analysis (C0301S, 
Beyotime Biotechnology, Shanghai, China). Cells were 
cultured in DMEM (11,965,092, Thermo Fisher Scien-
tific, Inc, CA, USA) supplemented with 10% fetal bovine 
serum (FBS), 100 U/ml penicillin, and 100  μg/ml strep-
tomycin. Cells were maintained at 37  °C and 5%  CO2. 
Plasmids were transfected through Lipo3000 (L3000150, 
Thermo Fisher Scientific, Inc.) based on the instructions.

http://www.gsea-msigdb.org/gsea/index.jsp
http://www.gsea-msigdb.org/gsea/index.jsp
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CCK‑8 assay
Cell proliferation and viability were tested by Cell 
Counting Kit-8 (CCK-8, Dojindo Molecular Technolo-
gies, Japan) based on the manufacturer’s protocols. 
Briefly, cells were seeded into 96-well plates. 10  μl of 
CCK8 solution were then added to the culture medium, 
followed by incubation at 37  °C for 2  h. The 450  nm 
absorbance was detected.

Colony formation assay
Cells were seeded into 6-well plates. After being cul-
tured for 7  days, the cells were fixed with 4% para-
formaldehyde and then stained with crystal violet at 
room temperature for 20  min. Colony numbers were 
calculated.

EdU assay
Cells were seeded into coverslips that were placed in 
24-well plates. EdU staining was performed with an EdU 
staining kit (C0071, Beyotime Institute of Biotechnology, 
Shanghai, China). Briefly, cells were fixed with 4% para-
formaldehyde and then permeabilized with 0.5% Triton 
X-100. EdU solution was added to each well and incu-
bated at 37 °C for 2 h.

Wound healing assay
HCC cells were seeded into 6-well plates. When the cells 
reached 90% confluence, they were scratched with 200 µl 
pipette tips. After being washed with PBS, serum-free 
medium was used for further culture. Cells were obtained 
after 24 h of culture.

Migration assay
Cells were resuspended in serum-free medium and 
seeded into the upper chambers of transwells. Medium 
containing 10% FBS was added to the lower chambers. 
The chambers were placed in 24-well plates and main-
tained at 37 °C for 24 h. Upper cells were removed, and 
migrated cells were stained with crystal violet.

RT‑qPCR analysis
A total of 1  ml TRIzol® (Thermo Fisher Scientific) was 
used to extract the total RNA of cells or liver tissues 
based on the manufacturer’s instructions. Then, cDNA 
was synthesized at 50  °C for 10  min and 85  °C for 5  s. 
SYBR Green (A46112, Thermo Fisher Scientific) was 
applied for qPCR according to the following conditions: 
initial denaturation at 94 °C for 30 s, followed by 35 cycles 
of denaturation at 94 °C for 5 s and extension at 60 °C for 

30 s. The expression of the target genes was normalized 
to β-actin and determined by the  2−∆∆Ct method.

T cell‑mediated killing assay
The peripheral blood mononuclear cells (PBMCs) were 
isolated from healthy donors and activated with 1 μg/ml 
coated anti-CD3 antibody (16–0037-81, Thermo Fisher 
Scientific) and 1 μg/ml soluble anti-CD28 antibody (14–
0289-82, Thermo Fisher Scientific) for 48 h. The activated 
PBMCs were cocultured with HCC cell lines for 24 h at a 
ratio of 4:1.

Flow cytometry
For CD133 and PD-L1 detection, cells were obtained 
and stained with anti-CD133 (17–1338-42, Thermo 
Fisher Scientific) or anti-PD-L1 antibodies (17–5983-42, 
Thermo Fisher Scientific) at 4 °C in the dark for 30 min. 
A LIVE/DEAD fixable violet dead cell stain kit (L34966, 
Thermo Fisher Scientific) was used to identify live cells.

For T cell detection, cells were treated with cell stimu-
lation cocktail (plus protein transport inhibitors) (00–
4975-93, Thermo Fisher Scientific) for 4  h before being 
harvested. Cells were then stained with anti-CD8 (17–
0086-42, Thermo Fisher Scientific), anti-CD4 (12–0049-
42, Thermo Fisher Scientific), or anti-CD56 (11–0566-42, 
Thermo Fisher Scientific) antibodies at 4  °C in the dark 
for 30  min. Cells were then fixed and permeabilized by 
intracellular Fixation & Permeabilization buffer set (88–
8824-00, Thermo Fisher Scientific), subsequently incu-
bated with anti-IFN-γ antibodies (47–7319-42, Thermo 
Fisher Scientific) at 4 °C in the dark for 30 min. A LIVE/
DEAD fixable violet dead cell stain kit (L34966, Thermo 
Fisher Scientific) was used to identify live cells.

Apoptosis assays were performed using an Annexin 
V/PI apoptosis kit (70-AP101-100, MultiScience, Hang-
zhou, China). Cells were stained with Annexin V/PI solu-
tion at room temperature for 10 min. Then, the cells were 
acquired and analyzed using the BD FACSDiva program 
in a FACS LSRFortessa flow cytometer (BD Biosciences, 
San Jose, CA).

Sphere formation assay
Cells were suspended in serum-free DMEM/F12 medium 
(11330032, Thermo Fisher Scientific) supplemented with 
100 × N2 (17502001, Thermo Fisher Scientific, Inc.), 
50 × B27 (17504044, Thermo Fisher Scientific), 20 ng/ml 
epidermal growth factor (EGF, AF-100–15, Peprotech, 
New Jersey, USA), 10 nmol fibroblast growth factor (FGF, 
100-18B, Peprotech)), 5  μg/ml insulin (11376497001, 
Merck, St. Louis, USA), and 0.4% BSA. Then, the cells 
were seeded in low attachment 24-well plates and cul-
tured for 7 days.
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Immunoprecipitation and western blot
Whole-cell lysates were extracted with cell lysis buffer for 
immunoprecipitation (IP) and western blot (P0013, Beyo-
time Biotechnology) and then quantified by BCA (23225, 
Thermo Fisher Scientific). For the immunoprecipitation 
assay, total proteins were incubated with 1 μg antibodies 
at 4  °C overnight, and protein A/G agarose (Santa Cruz 
Biotechnology, CA, USA) was added for another 2  h at 
4  °C or incubated with anti-Flag magnetic beads at 4  °C 
overnight. The eluted immunoprecipitants were analyzed 
by SDS-PAGE.

For western blot analysis, protein samples were sepa-
rated by SDS-PAGE and then transferred onto PVDF 
membranes, followed by blocking with 5% BSA for 1 h at 
room temperature. The membranes were then incubated 
with the indicated primary antibodies at 4 °C overnight. 
Next, membranes were stained with HRP-conjugated 
secondary antibody at room temperature for another 1 h. 
Antibodies used in this section were as follows: HERC2 
(sc-515891, Santa Cruz), β-actin (66009–1-Ig, Protein-
tech, Chicago, IL, USA), phospho-JAK2 (Tyr1007/1008) 
(381556, Zenbio, Wuhan, China), CD133, (18470–1-AP, 
Proteintech), phospho-STAT3 (Tyr705) (381552, Zen-
bio), STAT3 (10253–2-AP, Proteintech), JAK2 (AF6022, 
Affinity), PTP1B (11334–1-AP, Proteintech), PD-L1 
(66248–1-Ig, Proteintech), DYKDDDDK-tag (66008–4-
Ig, Proteintech), HA-tag (3724, Cell Signaling Tech-
nology), GFP (66002–1-Ig, Proteintech), and ATP1A1 
(14418–1-AP, Proteintech).

Immunohistochemistry
Slides were hydrated, followed by an antigen retrieval 
procedure performed in citrate buffer (pH 6.0) at 100 °C 
for 10  min. Then, 3%  H2O2 was used to block endoge-
nous peroxidase activity at room temperature for 15 min. 
Slides were then blocked with goat serum at 37 °C for 1 h 
and stained with the indicated antibody at 4 °C overnight. 
Next, the slides were incubated with HRP-conjugated 
secondary antibody at 37  °C for 1  h. Determination of 
the immunoreactivity was conducted using an enhanced 
diaminobenzidine kit (TransGen Biotech, Beijing, China) 
and nuclear staining with hematoxylin.

Immunofluorescence
For CD133 detection in Huh7 cells, the cells were fixed 
and permeabilized. After blocking with goat serum for 
1 h, the cells were stained with CD133 (18470–1-AP, Pro-
teintech) and HERC2 (sc-515891, Santa Cruz) primary 
antibodies overnight at 4  °C. The cells were then incu-
bated with goat anti-mouse IgG H&L (Alexa Fluor® 488) 
(ab150113, Abcam, USA) and goat anti-rabbit IgG H&L 
(Alexa Fluor® 647) (ab150079, Abcam) antibodies for 1 h 
at 37 °C. The nucleus was stained with DAPI for 30 min at 

37 °C. The images were obtained with a 100 × oil immer-
sion objective on an Olympus FV1000 confocal micro-
scope (Shinjuku, Tokyo, Japan).

For immunofluorescence analysis, HEK293T cells were 
transfected with HERC2-flag, PTP1B-mCherry or Jak2-
GFP plasmids. To detect the interaction between HERC2 
and PTP1B, cells were fixed and permeabilized. Next, the 
cells were incubated with an anti-DDDDK tag antibody 
(ab18230, Abcam) overnight at 4 °C. Nuclei were stained 
with DAPI for 30  min at 37  °C. To detect the interac-
tion between PTP1B and JAK2, the cells were fixed and 
stained with DAPI for 30 min at 37 °C. The images were 
obtained with a 100 × oil immersion objective on an 
Olympus FV1000 confocal microscope (Shinjuku, Tokyo, 
Japan).

For total internal reflection fluorescence spectroscopy 
(TIRF) detection, HEK293T cells were cotransfected 
with PTP1B-mCherry and Sec61β-GFP plasmids. After 
being stimulated with 50 ng/ml IL-6, cells were immedi-
ately captured for 10 min alive.

Statistical analysis
GraphPad Prism 8.0.1 was used for statistical analyses. 
The data are presented as the mean ± standard deviation 
(SD). Unpaired Student’s t test was used to compare the 
difference between two unpaired groups. Paired two-
tailed Student’s t tests were applied for parametric data. 
Differences in the expression of HERC2 between tumors, 
adjacent tumors and HCC patients with different AFP 
levels were evaluated by the χ2 test. Kaplan–Meier and 
log-rank tests were used to determine survival rates. The 
correlations between HERC2 and stemness-related genes 
were assessed using Pearson’s test. p < 0.05 was consid-
ered to indicate a statistically significant difference. All 
experiments were independently repeated in triplicate.

Results
Upregulated HERC2 is associated 
with inflammation‑related HCC progression
Among the multiple cytokines, the role of IL-6 in the 
development and progression of inflammation-associ-
ated HCC has been widely described [4, 6]. We found ele-
vated IL-6 levels in liver tissues from HCC patients with 
multinodular compared to those without multinodular 
(Supplementary Fig. S1A). Besides, patients with high 
predicted risk metastasis signature also displayed higher 
IL-6 expression than patients with low predicted risk 
metastasis signature, which indicated the oncogenic role 
of IL-6 in inflammation-associated HCC (Supplementary 
Fig. S1B). To explore the critical molecules involved in 
inflammation-mediated liver tumorigenesis, hepatocytes 
isolated from human livers were stimulated with inflam-
matory cytokine IL-6, followed by RNA-Seq analysis. 
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twofold change was set as the threshold and the results 
showed a significant difference between samples with 
or without inflammatory stimulation. Upon IL-6 stimu-
lation, a total of 732 and 235 genes were upregulated 
and downregulated, respectively (Fig.  1A). Given that 

inflammatory condition strongly regulates the cell cycle 
process during tumorigenesis, we determined 21 differ-
ential genes involved in the cell cycle pathway, and heat-
map illustrated the distribution and levels of the genes in 
cells with or without inflammatory stimulation (Fig. 1B). 

Fig. 1 Upregulated HERC2 was associated with the progression and poor prognosis of HCC. A‑C Isolated human hepatocytes were treated with 
50 ng/ml IL-6 for 20 min, followed by RNA-sequencing analysis. A Volcano blot displaying twofold change differential genes post IL-6 treatment. B 
Venn diagram exhibiting common differential genes between twofold change differential genes post IL-6 treatment and genes involved in the cell 
cycle pathway based on reactome enrichment. Heatmap displayed the expression of common differentially expressed genes in human primary 
hepatocytes. C 3-D dot plot and bubble diagram displaying significance, fold change, and abundance of indicated genes. D Violin plot showing 
the HERC2 expression in tumor tissues with different immune subtypes based on TCGA dataset (n = 362). E Expression levels of HERC2 in normal 
livers (n = 50) and HCC livers (n = 369) based on TCGA datasets. F Expression levels of HERC2 in cirrhotic livers (n = 40) and HCC livers (n = 268) in the 
GSE25097 dataset. G Expression levels of HERC2 in the tumor area and adjacent nontumor area (n = 198) in HCC patients according to GSE14520 
datasets. H Immunohistochemical analysis of HERC2 expression in healthy livers and HCC livers, scale bars (left) = 100 μm, scale bars (right) = 25 μm. 
I Proportion of high HERC2 expression and low HERC2 expression in tumor or non-tumor liver tissues (n = 198) based on GSE14520 datasets. J 
Proportion of high HERC2 expression and low HERC2 expression in HCC patients with low serum AFP levels (n = 106) or high AFP levels (n = 94) 
based on GSE14520 datasets. (K) Cox regression analysis of HCC patients with high HERC2 expression (n = 122) and low HERC2 expression (n = 81) 
based on GSE14520 datasets. **p < 0.01, ***p < 0.001. Data from one representative experiment of three independent experiments are presented
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We then constructed a 3-D model to analyze the sig-
nificance, abundance and fold change of the differential 
transcripts at the same time. Among all the transcripts, 
HERC2 was identified for further investigation (Fig. 1C). 
RT-qPCR analysis (Supplementary Fig. S1C) and west-
ern blot assay (Supplementary Fig. S1D) were then per-
formed to confirm that IL-6-induced HERC2 expression 
in hepatocytes. Notably, the high expression of HERC2 in 
tumor tissues was related to inflammatory immune sub-
type (Fig. 1D), which indicated a potential role of HERC2 
in inflammation-related liver tumorigenesis. To further 
investigate the role of HERC2 in inflammation-related 
HCC progression, the expression profile of HERC2 was 
analyzed based on HCC public datasets. We found ele-
vated HERC2 expression in tumor tissues compared to 
the normal tissues (Fig. 1E). The preneoplastic setting of 
the cirrhotic background provides a conducive environ-
ment for HCC development [19]. Interestingly, increased 
HERC2 expression was also observed in HCC liver tis-
sues compared to cirrhotic liver tissues (Fig.  1F). Simi-
larly, tumor tissues exhibited higher HERC2 levels than 
the matched adjacent tissues in HCC patients (Fig. 1G). 
Immunohistochemistry analysis validated that liver tis-
sues obtained from HCC patients displayed enhanced 
HERC2 expression compared to the normal liver tissues 
(Fig.  1H). Furthermore, we categorized HERC2 levels 
into high and low expression in HCC patients, and found 
that a greater frequency of high HERC2 expression was 
exhibited in HCC tissues than in the adjacent tissues 
(Fig.  1I). Consistently, liver tissues obtained from HCC 
patients with elevated serum alpha-fetoprotein (AFP) 
levels exhibited a more HERC2 high expression profile 
than those from HCC patients with low serum AFP levels 
(Fig.  1J). In addition, Cox regression analysis suggested 
that HERC2 expression was identified as an independent 
prognostic factor for HCC patients with cirrhosis, and 
high HERC2 expression led to a poor prognosis (Fig. 1K 
and Supplementary Fig. S1E). Accordingly, these data 
suggested that inflammatory stimulation induced HERC2 
expression in hepatocytes and that upregulated HERC2 
was associated with the progression and poor prognosis 
of HCC.

HERC2 promotes the malignant phenotype of HCC cells
The HERC2 expression profile of different HCC cell lines 
by means of immunoblotting assay showed that  Huh7 
and Hep3B cells exhibited a high level of HERC2 while 
limited HERC2 expression was presented in SMMC-7721 
and HCC-97 h cells (Fig. 2A). Thus, knockout of HERC2 
expression was conducted in Huh7 and Hep3B cells by 
the CRISPR-Cas9 system. Meanwhile, HERC2 over-
expression was established in SMMC-7721 and HCC-
97  h cells (Fig.  2B). As indicated by CCK-8 and colony 

formation assays, the knockout of HERC2 significantly 
attenuated the proliferation ability of HCC cells, while 
overexpression of HERC2 promoted HCC cell prolif-
eration (Fig. 2C and D). Similarly, the EdU assay demon-
strated that HERC2 deficiency inhibited DNA synthesis 
in HCC cells, while overexpression of HERC2 boosted 
HCC cell DNA synthesis (Fig.  2E). We then tried to 
clarify the effect of HERC2 on HCC metastasis in vitro. 
Wound healing assays showed that HERC2 knockout 
reduced the wound-healing efficacy of Huh7 and Hep3B 
cells. In contrast, accelerated cell migration was observed 
in HERC2-overexpressing SMMC-7721 and HCC-97  h 
cells (Fig.  2F). Furthermore, migration assays showed 
decreased cell counts of HERC2 knockout Huh7 and 
Hep3B HCC cells in the lower chamber compared to 
their counterparts, while more migrated cells were found 
in the lower chamber than in the control groups when 
HERC2 levels were overexpressed in SMMC-7721 and 
HCC-97 h cells (Fig. 2G). Altogether, these results indi-
cated that HERC2 promoted the malignant phenotype of 
HCC cells.

HERC2 enhances the stemness of HCC cells
CSCs promote HCC progression, metastasis, and 
immune evasion [9]. Treatment with IL-6 significantly 
induced CD133 expression in HCC cells [20]. Herein, the 
“stem cell division pathway” was differentially identified 
in HERC2 knockout Huh7 cells and their counterparts 
upon inflammatory stimulation based on GSEA enrich-
ment analysis (Fig. 3A). Therefore, we raised the question 
of whether HERC2 regulates the stemness of HCC cells. 
Indeed, RT-qPCR assay demonstrated that stemness-
related gene levels (e.g., CD133, Epcam, Nanog, Bmi1, 
OCT3/4, Zeb1, and Sox2) were decreased in HERC2 
knockout Huh7 cells under inflammatory stimulation, 
while HERC2 overexpression promoted the expression of 
these genes (Fig. 3B). Since CD133 is a generally known 
CSC marker in HCC, CD133 expression was then evalu-
ated by flow cytometry and immunofluorescence. As 
expected, attenuated expression of CD133 was detected 
in HERC2 knockout cells, and the CD133 level was sig-
nificantly increased when HERC2 was overexpressed 
(Fig. 3C and D).  CD133+ and  CD133− cells were further 
isolated from Huh7 and Hep3B cells to clarify the cor-
relation between HERC2 expression and CD133 levels, 
and we observed higher HERC2 levels in  CD133+ cells 
than those in  CD133− cells (Fig. 3E). Self-renewal ability 
is one of the typical stemness-related properties. Thus, a 
sphere formation assay was performed. Limited sphere 
formation ability was observed in hepatocytes when 
HERC2 expression was ablated, while increased diam-
eter of spheres was exhibited in HERC2-overexpressing 
cells (Fig.  3F). Resistance to chemotherapeutic drugs is 
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another characteristic of CSCs. We then investigated 
whether HERC2 regulated the drug-resistance ability of 
HCC cells. Sorafenib, the most common chemothera-
peutic agent for HCC therapy, was chosen to induce 
HCC cell apoptosis. Annexin V-PI staining demonstrated 
that HERC2 deficiency attenuated the drug-resistance 

ability of Huh7 and Hep3B cells. In contrast, HERC2 
overexpression increased the viability of SMMC-7721 
and HCC-97 h cells during sorafenib treatment (Fig. 3G). 
To further confirm the role of HERC2 in stemness-
related features, a correlation between HERC2 levels and 
CSC markers in tissues from HCC patients was analyzed. 

Fig. 2 HERC2 promoted the malignant phenotype of HCC cells. A Expression levels of HERC2 in Hep3B, Huh7, Bel-7402, LM3, HCC-97 h, and 
SMMC-7721 cell lines were measured by immunoblotting assay. B Western blot analysis of HERC2 protein levels both in HERC2 knockout and 
overexpression cell lines. C A CCK-8 assay was used to detect cell proliferation in both HERC2 knockout and HERC2 overexpression cell lines. D 
A colony formation assay was performed to investigate cell proliferation in HERC2 knockout and overexpression cell lines. E Immunofluorescent 
detection of EdU was employed to determine the proliferation of HERC2 knockout and overexpression cell lines. Wound healing assays F and 
migration tests G were used to detect the migration ability of HERC2 knockout and overexpression HCC cells. *p < 0.05, **p < 0.01, ***p < 0.001. Data 
from one representative experiment of three independent experiments are presented
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We found that HERC2 levels were positively related to 
various stemness-related markers in the liver tissues of 
HCC patients (Fig.  3H). In addition, liver tissues from 
sorafenib-resistant patients exhibited higher HERC2 lev-
els than those from sorafenib-sensitive patients (Fig. 3I).

HERC2 ‑mediated PD‑L1 expression promotes immune 
evasion of HCC cells
Tumor cells expressed PD-L1 coupled with PD-1 on acti-
vating T cells, resulting in the apoptosis and dysfunction 

of T cells, which has been documented as a critical pro-
cedure in tumor cell-mediated immune evasion to sus-
tain the tumorigenic process [21]. CSCs were found to 
be more resistant to T cell-mediated cytotoxicity than 
non-CSCs, due to the enrichment of PD-L1 [22]. We 
thus investigated whether HERC2 regulates anti-tumor T 
cell immunity via modulating PD-L1 expression in HCC 
cells. The result showed that HERC2 knockout reduced 
PD-L1 expression in HCC cells, while HERC2 overex-
pression significantly increased the PD-L1 level in HCC 

Fig. 3 HERC2 promoted the stemness of HCC cells. (A) HERC2 knockout Huh7 cells were treated with 50 ng/ml IL-6 for 24 h and then subjected 
to RNA-seq analysis. GSEA revealed enrichment of the somatic stem cell division-related gene signature in HERC2 knockout cells. B‑D HERC2 
knockout and overexpression cells were treated with 50 ng/ml IL-6 for 24 h. B RT-qPCR analysis was used to evaluate the mRNA levels of cancer 
stem cell-related genes. C Flow cytometry analysis was used to determine CD133 expression. D An immunofluorescence assay was conducted 
for CD133 detection. E CD133-positive and -negative cells were isolated from the Huh7 and Hep3B cell lines, respectively, through magnetic cell 
sorting. Western blot analysis was performed to detect HERC2 levels. (F) Cells were cultured under 100 × N2, 50 × B27, 20 ng/ml EGF, 10 nmol FGF, 
5 μg/ml insulin, and 0.4% BSA conditions for 7 days, scale bars = 100 μm. G Cells were treated with 20 μM sorafenib for 24 h. A flow cytometry 
assay was used to determine the percentage of apoptotic cells. H The correlation between HERC2 expression and levels of cancer stem cell-related 
genes (e.g., CD133, CD44, CD90, Epcam, OCT3/4, Bmi1, Nanog, and Zeb1) based on TCGA datasets (n = 369). I The levels of HERC2 in liver tissues 
from sorafenib-sensitive and -resistant patients were analyzed according to GSE109211 datasets. *p < 0.05, **p < 0.01, ***p < 0.001. Data from one 
representative experiment of three independent experiments are presented
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cells (Fig. 4A and Supplementary Fig. S2A). T cell-medi-
ated killing assay was then performed in vitro by cocul-
turing activated PBMCs from healthy donors with HCC 
cell lines. We observed that HERC2-deficient HCC cells 
were more vulnerable to T cell-mediated cytotoxicity. By 
contrast, more resistant HCC cells were against T cell 
killing when HERC2 was overexpressed (Fig. 4B). Addi-
tionally, the IFN-γ levels of  CD8+ T cells,  CD4+ T cells, 
and  CD56+ NK cells were determined by flow cytome-
try. HERC2-deficient HCC cells promoted  CD8+ T cells, 
 CD4+ T cells, and  CD56+ NK cells to produce IFN-γ, 
while HERC2-overexpressed HCC cells limited IFN-γ 
secretion from  CD8+ T cells,  CD4+ T cells, and  CD56+ 
NK cells (Fig. 4C and Supplementary Fig. S2B and S2C). 
To further confirm our results in clinical samples, the 
relationship between HERC2 expression and the immune 
microenvironment in HCC was analyzed based on 
TCGA datasets. We found that HERC2 expression was 
positively correlated to PD-L1 levels in the liver tissues 
of HCC patients (Fig. 4D). Furthermore, hepatic HERC2 
expression was negatively correlated to the abundance 
of activated  CD8+ T cell, central memory  CD8+ T cell, 
effector memory  CD8+ T cell, γδT cell, NKT cell, and 
 CD56bright NK cell, which have been reported to express 

PD-1 (Fig.  4E). Taken together, our data indicated that 
HERC2 promotes the immune evasion of HCC cells.

HERC2 controls stemness and immune evasion of HCC cells 
through JAK2/STAT3 signaling
To characterize the underlying mechanism of HERC2 
in HCC cell regulation, Reactome pathway enrichment 
was performed among HERC2-deficient Huh7 cells and 
control cells upon inflammatory stimulation. Strikingly, 
the “expression of STAT3-upregulated nuclear pro-
teins” pathway exhibited the most significant difference 
(Fig. 5A), which indicated that HERC2 might be involved 
in the process of STAT3 phosphorylation. We then tried 
to validate whether HERC2 modulates the activation 
of the JAK2/STAT3 signaling pathway in hepatocytes 
stimulated with IL-6. As expected, HERC2 deficiency 
significantly inhibited STAT3 phosphorylated levels, 
while HERC2 overexpression promoted STAT3 phospho-
rylation (Fig. 5B). In addition, IL-11, another IL-6 family 
cytokine, and EGF, which activates JAK2/STAT3 sign-
aling in a gp130-independent way, were used to induce 
JAK2/STAT3 signaling activation. We found HERC2 also 
affected IL-11  or EGF-induced STAT3 phosphorylation 
(Fig.  5C and D). Additionally, the single cell RNA-seq 

Fig. 4 HERC2 participated in the immune evasion of HCC cells. A HERC2-deficient Huh7 cells and HERC2-overexpressing HCC-97 h cells were 
treated with 50 ng/ml IL-6 for 24 h and then subjected to western blot assay for PD-L1 detection. B and C Activated PBMCs were cocultured with 
Huh7 cells or HERC2-overexpressing HCC-97 h cells at the ratio of 4:1 for 24 h. Apoptosis of HCC cells was detected by flow cytometry assay (B). C 
IFN-γ levels of  CD8+ T cells were determined by flow cytometry analysis. D The correlation between HERC2 expression and levels of PD-L1 based 
on TCGA datasets (n = 369). E The correlation between HERC2 expression and liver immune cell recruitment based on TCGA datasets (n = 369). 
**p < 0.01, ***p < 0.001. Data from one representative experiment of three independent experiments are presented
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data of HCC specimens from GSE146115 datasets were 
analyzed. The tumor cells were divided into HERC2-pos-
itive and HERC2-negative groups based on the HERC2 

expression (Supplementary Fig. S3A and B). Notably, 
HERC2-positive tumor cells expressed higher IL-6/
JAK/STAT3-related genes and STAT3-targeted  genes 

Fig. 5 HERC2 promoted the stemness and immune evasion of HCC cells through JAK2/STAT3 signaling. A HERC2 knockout Huh7 cells were 
treated with 50 ng/ml IL-6 for 24 h and then subjected to RNA-seq analysis. Reactome pathway analysis displayed the most enriched pathways. B‑D 
HERC2-deficient Huh7 cells and HERC2-overexpressing HCC-97 h cells were treated with 50 ng/ml IL-6 (B), 50 ng/ml IL-11 (C), or 20 ng/ml EGF (D), 
respectively. The phosphorylation of JAK2 and STAT3 was determined by western blot analysis. E HERC2 and STAT3 double-deficient Huh7 cell lines 
were established. F The cells were treated with 50 ng/ml IL-6 for 24 h. The RT-qPCR assay was used to detect the mRNA expression of cancer stem 
cell-related genes. G The cells were cultured in a conditioned medium with 100 × N2, 50 × B27, 20 ng/ml EGF, 10 nmol FGF, 5 μg/ml insulin, and 
0.4% BSA for 7 days, scale bars = 100 μm. H The cells were treated with 20 μM sorafenib for 24 h. A flow cytometry assay was used to determine the 
percentage of apoptotic cells. I Cells were treated with 50 ng/ml IL-6 for 24 h and then subjected to western blot assay for PD-L1 detection. J and 
K Activated PBMCs were cocultured with HCC cells at the ratio of 4:1 for 24 h. Apoptosis of HCC cells was detected by flow cytometry assay (J). K 
IFN-γ levels of  CD8+ T cells were determined by flow cytometry analysis. NS: not significant, **p < 0.01, ***p < 0.001. Data from one representative 
experiment of three independent experiments are presented
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than HERC2-negative tumor cells, which also indicated 
the regulatory role of HERC2 in JAK2/STAT3 signaling 
(Supplementary Fig. S3C and D). Together, these results 
suggested that HERC2 promoted the STAT3 activation 
induced by either gp130-dependent or independent path-
ways. To further validate whether HERC2 regulated HCC 
cells through STAT3 signaling, STAT3-deficient/HERC2 
knockout Huh7 and STAT3-deficient/HERC2 overex-
pressing HCC-97 h cells were established by the CRISPR-
Casp9 system (Fig. 5E and Supplementary Fig. S4A). We 
observed that STAT3 deficiency abolished the promotive 
effect of HERC2 on HCC cell proliferation (Supplemen-
tary Fig. S4B and C). Similarly, when STAT3 expression 
was ablated, neither knockout nor overexpression of 
HERC2 affected the HCC cell migration (Supplementary 
Fig. S4D and E). We then investigated whether HERC2 
regulated the stemness of HCC cells through STAT3 
signaling. We found HERC2 exhibited limited influence 
on stemness-related gene expression in STAT3 knockout 
conditions (Fig.  5F and Supplementary Fig. S5A). Con-
sistently, the effect of HERC2 on sphere formation was 
abolished in STAT3 knockout HCC cells (Fig.  5G and 
Supplementary Fig. S5B). Both HERC2 knockout and 
overexpression cells showed comparable cell viability to 
controls under sorafenib exposure when STAT3 expres-
sion was knocked out (Fig.  5H and Supplementary Fig. 
S5C). Moreover, STAT3 ablation dismissed the effect of 
HERC2 on PD-L1 expression in HCC cells (Fig.  5I and 
Supplementary Fig. S5D and E). Comparable viability was 
also found between HERC2 knockdown or overexpressed 
HCC cells and counterparts in the condition of cocultur-
ing with PBMC when STAT3 was knockdown (Fig. 5J and 
Supplementary Fig. S5F). Consistently, neither HERC2 
knockout nor overexpression in HCC cells affected IFN-γ 
production from  CD8+ T cells,  CD4+ T cells, and  CD56+ 
NK cells when STAT3 expression was ablated (Fig.  5K 
and Supplementary Fig. S5G-I). Overall, we concluded 
that HERC2 enhanced the malignancy, stemness, and 
immune evasion of HCC cells through JAK2/STAT3 
signaling.

HERC2 modulates JAK2/STAT3 signaling 
through interaction with PTP1B
Next, we investigated the molecular mechanism by 
which HERC2 promoted JAK2/STAT3 signal activation. 
The HERC2 immunoprecipitation complex was pulled 
down to identify potential HERC2-interacting proteins. 
The immunoprecipitants were separated by SDS-PAGE 
followed by silver staining. We found a protein band at 
40–55  kDa, and among the recognized proteins. The 
band was extracted  from the gel and subjected to mass 
spectrometry analysis (Fig.  6A). Among the candi-
dates, PTP1B has been widely reported to interact with 

JAK2 and inhibit JAK2 signaling through dephospho-
rylation of JAK2 [23–25]. We confirmed the interaction 
between HERC2 and PTP1B in Huh7 cells. Interestingly, 
IL-6 stimulation significantly enhanced the interaction 
between HERC2 and PTP1B (Fig.  6B). To further iden-
tify the direct interaction between HERC2 and PTP1B, 
HERC2 and PTP1B plasmids were co-transfected into 
HEK293T cells. Both immunoprecipitation assays 
(Fig.  6C) and immunofluorescence analysis (Fig.  6D) 
revealed a direct interaction between HERC2 and 
PTP1B. Moreover, PTP1B knockout Huh7 and HCC-97 h 
cells were established by the CRISPR-Cas9 system. Strik-
ingly, PTP1B knockout significantly abolished the effect 
of HERC2 knockout or overexpression on JAK2/STAT3 
signal activation (Fig.  6E and Supplementary Fig. S6A). 
We further demonstrated that HERC2 exhibited limited 
influence on HCC cell proliferation (Supplementary Fig. 
S6B and C) and migration (Supplementary Fig. S6D) 
when PTP1B was knocked out. In addition, the effect 
of HERC2 on stemness-related gene expression (Fig.  6F 
and Supplementary Fig. S7A), sphere formation abil-
ity (Fig. 6G and Supplementary Fig. S7B), and sorafenib 
resistance (Fig.  6H and Supplementary Fig. S7C) were 
abolished in PTP1B knockout HCC cells. Moreover, abla-
tion of PTP1B expression led to the restricted effect of 
HERC2 on PD-L1 expression (Fig. 6I and Supplementary 
Fig. S7D and E) and immune evasion in HCC cells (Fig. 6J 
and K and Supplementary Fig. S7F-I). Overall, these data 
indicated that HERC2 directly interacted with PTP1B 
and modulated JAK2/STAT3 signaling through PTP1B.

HERC2 inhibited PTP1B translocation to ER‑PM junctions, 
thereby limiting the interaction between PTP1B and JAK2
HERC2 has been widely reported as an E3 ubiquitin 
ligase [26, 27]. We thus first evaluated whether HERC2 
participated in proteasome-mediated PTP1B degrada-
tion. Strikingly, no significant difference in the protein 
level of PTP1B was observed under HERC2 knockout 
or HERC2 overexpression conditions (Fig. 7A). Notably, 
HERC2 has also been identified to function as a scaffold-
ing factor that supports the protein–protein complex 
formation and mediates intracellular protein transloca-
tion [28]. We then investigated whether HERC2 affected 
the crosstalk between PTP1B and JAK2. Interestingly, 
HERC2 knockout promoted PTP1B interaction with 
JAK2, while HERC2 overexpression limited the PTP1B-
JAK2 association in HCC cells (Fig. 7B and C). To con-
firm the results, HEK293T cells were co-transfected 
with PTP1B and JAK2 plasmids. Both immunoprecipi-
tation assay (Fig.  7D) and immunofluorescence analysis 
(Fig. 7E) demonstrated that HERC2 suppressed the inter-
action between PTP1B and JAK2. It should be noted that 
PTP1B has been identified as an ER-anchored protein. 
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Fig. 6 HERC2 regulated JAK2/STAT3 signaling through direct interaction with PTP1B. A Huh7 cells were treated with 50 ng/ml IL-6 for 20 min. The 
extracted protein was precipitated with an antibody against HERC2 and separated by SDS-PAGE followed by silver staining. On the other hand, 
the band was analyzed with 4-D label-free quantitative proteomics. B Huh7 cells were treated with 50 ng/ml IL-6 for 20 min, and the interaction 
between HERC2 and PTP1B was validated by an immunoprecipitation assay. C‑D HEK293T cells were co-transfected with HERC2-Flag and PTP1B-HA 
(C) or PTP1B-mcherry (D) plasmids. C Immunoprecipitation was performed using an anti-FLAG magnetic beads. The presence of coprecipitated 
HERC2 was determined by immunoblotting with the anti-HA antibody. D The colocalization of HERC2 and PTP1B in the cells was analyzed by 
immunofluorescence assay. E HERC2 and PTP1B double-deficient Huh7 cell lines were established. The cells were treated with 50 ng/ml IL-6 for 
20 min, and the phosphorylation levels of JAK2 and STAT3 were detected by western blot analysis. F Cells were treated with 50 ng/ml IL-6 for 
24 h. The RT-qPCR assay was used to detect the mRNA expression of CSC-related genes. G Cells were cultured with medium containing 100 × N2, 
50 × B27, 20 ng/ml EGF, 10 nmol FGF, 5 μg/ml insulin, and 0.4% BSA for 7 days, scale bars = 100 μm. H The cells were treated with 20 μM sorafenib 
for 24 h. A flow cytometry assay was used to determine the percentage of apoptotic cells. I Cells were treated with 50 ng/ml IL-6 for 24 h and then 
subjected to western blot assay for PD-L1 detection. J and K Activated PBMCs were cocultured with HCC cells at the ratio of 4:1 for 24 h. Apoptosis 
of HCC cells was detected by flow cytometry assay (J). K IFN-γ levels of  CD8+ T cells were determined by flow cytometry analysis. NS: not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001. Data from one representative experiment of three independent experiments are presented
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Emerging evidence indicates that ER-plasma membrane 
(PM) junctions are membrane microdomains essential 
for communication between the ER and the PM [29, 30]. 
Most importantly, the results showed that HERC2 over-
expression inhibited the translocation of PTP1B from 
the ER to ER-PM junctions (Fig. 7F and Supplementary 
Video). Furthermore, plasma membrane proteins were 
isolated from HERC2 knockout and HERC2-overexpress-
ing HCC cells. We observed increased PTP1B levels in 
PM isolated from HERC2 knockout HCC cells compared 
to that from control cells. In contrast, decreased PTP1B 
levels were observed in PM isolated from HERC2-overex-
pressing HCC cells (Fig. 7G and 7H). We then established 

PTP1B functional domain mutant plasmids based on 
a previous study [31] to investigate the specific domain 
that interacted with HERC2. Interestingly, only when 
PTP1B reserved the ER targeting domain did it interact 
with HERC2 (Fig. 7I). Overall, we concluded that HERC2 
limits the interaction between PTP1B and JAK2 by inhib-
iting PTP1B translocation to ER-PM contact sites.

HERC2 promoted tumorigenesis and immune evasion of HCC 
in vivo
To further study the effect of HERC2 on HCC tumo-
rigenesis in  vivo, hepatocyte-specific HERC2 knockout 
mice  (HERC2∆Alb) were established (Supplementary Fig. 

Fig. 7 HERC2 inhibited PTP1B translocation in ER-PM junction. A HCC cells were treated with 50 ng/ml IL-6 for the indicated time points, and then 
the expression level of PTP1B was detected with western blot analysis. HERC2 knockout (B) and HERC2 overexpression (C) cells were treated with 
50 ng/ml IL-6 for 20 min, and an immunoprecipitation assay was performed to analyze the interaction between JAK2 and PTP1B. D‑E HEK293T cells 
were co-transfected with JAK2-GFP and PTP1B-HA (D) or PTP1B-mCherry (E) plasmids after being transfected with HERC2 or mock plasmids. The 
cells were then treated with 50 ng/ml IL-6 for 20 min. D An immunoprecipitation assay was performed to evaluate the interaction between JAK2 
and PTP1B. E An immunofluorescence assay was performed to assess the colocalization of JAK2 with PTP1B. F HEK293T cells were co-transfected 
with PTP1B-mCherry and Sec61β-GFP plasmids. After transfection with HERC2 or mock plasmids, the cells were treated with 50 ng/ml IL-6 for 
10 min. The localization of the indicated proteins was observed by total internal reflection fluorescence spectroscopy (TIRF). G‑H HERC2 knockout 
(G) and HERC2 overexpression (H) cells were treated with 50 ng/ml IL-6 for 20 min, then membrane protein was isolated and tested for PTP1B levels 
by western blot analysis. I HEK293T cells were co-transfected with HERC2-Flag and PTP1B mutant-HA plasmids, an immunoprecipitation assay 
was performed to determine which domain of PTP1B that interacted with HERC2. Data from one representative experiment of three independent 
experiments are presented
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Fig. 8 HERC2 promoted hepatic STAT3 activation and facilitated HCC tumorigenesis in vivo. A Diagram for mouse primary HCC induction. 
15-day-old male mice were intraperitoneally injected with 25 μg/g DEN. Two weeks later, the mice were intraperitoneally injected with 0.5 μl/g 
CCl4 once a week for consecutive 22 weeks. B Tumor formation in liver tissues was observed, and the red arrow indicates typical tumor nodes. C 
The statistical diagram for tumor numbers is presented. D The statistical diagram for the liver index is presented. (E) H&E staining was performed 
to examine the pathological changes in liver tissues. Top scale bars = 250 μm, and bottom scale bars = 25 μm. F The expression of Ki67 and PCNA 
in liver tissues was determined by immunohistochemical assay. Scale bars = 100 μm. G Western blot analysis was performed to detect JAK2/
STAT3 signaling activation. H RT-qPCR analysis was conducted to evaluate the levels of cancer stem cell-related genes. I Western blot analysis was 
performed to detect PD-L1 expression in liver tissues. J PD-L1 expression was evaluated by immunohistochemical assay. Top scale bars = 250 μm, 
and bottom scale bars = 50 μm. K The expression of CD8 was determined by immunohistochemical assay. Top scale bars = 250 μm, and bottom 
scale bars = 50 μm. L‑N A total of 2 ×  106 or 2 ×  105 HERC2-overexpressing Hepa1-6 cells or control cells were orthotopically injected into mouse 
livers. L A diagram of mouse orthotopically implanted HCC is presented. M Tumor formation in liver tissues is presented. N A statistical diagram for 
liver tumor volume is presented. O‑Q A total of 2 ×  106 HERC2-overexpressing Hepa1-6 cells or control cells were orthotopically injected into mouse 
livers. O H&E staining was performed to examine the pathological changes in liver tissues. Top scale bars = 250 μm, and bottom scale bars = 25 μm. 
P The expression of Ki67 and PCNA in liver tissues was determined by immunohistochemical assay. Scale bars = 250 μm. Q CD133 expression in liver 
tissues was determined by immunohistochemical assay. Top scale bars = 100 μm, and bottom scale bars = 25 μm. *p < 0.05, **p < 0.01. Data from 
one representative experiment of three independent experiments are presented
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S8) and used to establish an inflammation-related HCC 
model (Fig.  8A). We observed decreased liver tumor 
amounts (Fig.  8B and C) and liver index (Fig.  8D) in 
 HERC2∆Alb mice compared to control mice. Attenuated 
tumorigenesis was displayed in  HERC2∆Alb mice com-
pared to their counterparts, as determined by patho-
logical analysis (Fig.  8E and F). Western blot analysis 
showed declined JAK2/STAT3 activation in liver tissues 
obtained from  HERC2∆Alb mice (Fig. 8G), and decreased 
expression of stemness-related genes was detected in 
livers from  HERC2∆Alb mice (Fig.  8H). We also tested 
PD-L1 expression in liver tissues and found restricted 
PD-L1 levels in  HERC2∆Alb mice compared to counter-
parts (Fig. 8I and J). Consistently, abundant  CD8+ T cells 
were accumulated in liver tissues from  HERC2∆Alb mice 
compared to those from control mice (Fig.  8K). To fur-
ther determine the role of HERC2 in HCC progression, 
HERC2-overexpressing Hepa1-6 cells and control cells 
were orthotopically injected into mouse liver to gener-
ate an orthotopic transplantation HCC model (Fig.  8L). 
Increased tumor size was observed in mice injected with 
diluted HERC2-overexpressing HCC cells compared to 
their counterparts (Fig.  8M and N). Aggravated tumo-
rigenesis in HERC2-overexpressing cell-treated mice was 
also confirmed by pathological analysis (Fig. 8O and P). 
We further observed enhanced CD133 expression in liver 
tissues from HERC2-overexpressing cells injected into 
mice, as indicated by immunohistochemistry analysis 
(Fig. 8Q). Collectively, these data suggested that HERC2 
enhanced hepatic STAT3 activation, presumably contrib-
uting to accelerated liver tumorigenesis in vivo.

Discussion
HCC commonly develops in a background of chronic 
inflammation. The prolonged expression of proinflamma-
tory cytokines and chemokines promotes the malignant 
transformation of hepatocytes. In this study, we observed 
that inflammatory stimulation increased HERC2 expres-
sion in hepatocytes and that elevated HERC2 expression 
was associated with the progression and poor prognosis 
of HCC. Interestingly, HERC2 inhibited PD-L1 expres-
sion in HCC cells, which might be associated with the 
immune evasion of HCC. Moreover, we demonstrated 
that HERC2 promoted the stemness and immune evasion 
of HCC cells via JAK2/STAT3 signaling. Mechanistically, 
HERC2 interacted with PTP1B and inhibited PTP1B cou-
pling with JAK2 at ER-PM junctions, thereby promoting 
STAT3 signaling activation (Fig. 9).

HERC2 belongs to the large HERC family of ubiquitin 
E3 ligases implicated in DNA repair regulation, neurode-
velopment, and inflammation [16]. HERC2-mediated 
breast cancer gene 1 (BRCA1) degradation is involved 
in DNA double-strand breaks repair, thereby enhancing 

breast cancer cell proliferation [17]. Lomi et  al. found 
that HERC2 could be used as a predictive factor in uveal 
melanoma with high pigmentation, which exhibited high 
metastatic potential [32]. Herein, we detected elevated 
HERC2 levels in HCC cells upon inflammatory stimula-
tion, and that HERC2 overexpression promoted the pro-
liferation and migration of HCC cells. The observation 
is correlated with the GSE21031 datasets that exhibited 
increased HERC2 expression in IL-6-stimulated primary 
mouse hepatocytes [33]. Our findings revealed a vital role 
of HERC2 in the process of inflammation-related HCC 
tumorigenesis. Notably, ChIP-seq analysis showed that 
STAT3 binds to the promoter of HERC2 based on the 
Cistrome DB database, indicating that HERC2 is a poten-
tial target gene of STAT3 that inflammatory cytokines 
can induce. This study showed that inflammatory stim-
ulus-induced HERC2 expression in hepatocytes and that 
HERC2 significantly enhanced STAT3 phosphorylation. 
Therefore, we assumed that HERC2 might participate in 
the feed-forward STAT3-activation signaling loop  that 
drives HCC tumorigenesis, which still needs further 
demonstration.

Expansion of CSCs is thought to be the initial stage 
of cancer development [9]. In our study, we found that 
HERC2 enhanced the stemness of HCC cells, includ-
ing high expression of stemness-related markers, accel-
erated self-renewal ability, and increased resistance 
to sorafenib-induced apoptosis. Saez. et  al. found that 
HERC2 is one of the most elevated E3 ubiquitin ligases in 
human embryonic stem cells (hESCs) compared to their 
differentiated counterparts [34]. Indeed, the highly abun-
dant E3 enzymes interact with stem cell regulators in 
hESCs. Notch signaling has been demonstrated to be 
critical in the regulation of stem cells to differentiated cell 
fates [35, 36]. HERC2 interacts with leucine-rich repeat 
kinase 2 (LRRK2) to facilitate the recycling of the Notch 
ligand Delta-like 1, consequently accelerating neural 
stem cell differentiation [37]. McMillan et al. determined 
that HERC2 promotes ubiquitination of Notch ligands 
through its Mind bomb (Mib) domain [38]. Further-
more, exome sequencing data showed rare mutations in 
the HERC2 and Notch2 genes in individuals with central 
precocious puberty [39]. We postulated that the crosstalk 
between HERC2 and its interacting partners is essential 
for stem cell regulation.

T-cell exhaustion plays a vital role in the suppressive 
tumor microenvironment and tumor immune evasion. 
Emerging evidence supports the opinion that PD-L1 
engagement on cancer cells with its receptor, PD-1, on 
effector T cells is the major mechanism contributing to 
the exhaustion of tumor-infiltrating  CD8+  T cells  and 
subsequent tumor immune evasion. Moreover, PD-1 
expression was also observed in  CD4+ T cells and 
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 CD56+ NK cells. A gene signature of cytotoxic  CD4+ 
T cells in tumors predicts a clinical response in patients 
treated with anti-PD-L1 therapy [40]. Both PD-1 and 
PD-L1 blockade elicited a potent NK cell response as 
well [41].The US Food and Drug Administration (FDA) 
approved anti-PD-1 therapy has become a promising 
immunotherapy strategy for HCC. However, single-
agent anti-PD-1 therapy did not reach a predetermined 
benefit in recent trials [42, 43]. Recent advances have 
transformed the focus on targeting immune check-
points, such as PD-L1, to restore anti-tumor immune 
response [44]. The present study showed a signifi-
cant correlation between HERC2 and PD-L1 expres-
sion in HCC.  We observed that HERC2 increased the 
expression of PD-L1 in HCC cells, unveiling a critical 
role of HERC2 in the tumor immune microenviron-
ment. Furthermore, our study implicated that HERC2 

induced PD-L1 expression by activating STAT3, which 
is consistent with a previous research that showed that 
STAT3 increases PD-L1 expression via direct inter-
action with the PD-L1 promoter [45].  Additionally, 
we employed a coculture system in which activated 
PBMCs from healthy donors were cocultured with 
HCC cells in vitro. The result demonstrated the inhibi-
tory effect of HERC2 on anti-tumor immunity, as indi-
cated by impaired activation of  CD8+ T cells,  CD4+ T 
cells, and NK cells in the coculture system of PBMCs 
with HERC2-overexpressed HCC cells. Our study iden-
tified that HERC2 serves as an opposing force actively 
participating in the homeostatic control of PD-L1 in 
HCC, and interfering with the expression or function of 
HERC2 might help promote the anti-tumor efficiency 
of immune checkpoint-based therapy.

JAK2/STAT3 signaling is aberrantly hyperactivated in 
various cancers, and such hyperactivation is commonly 

Fig. 9 Schematic representation of the mechanism by which HERC2 promotes inflammation-related HCC progression. Inflammatory stimulation 
induces HERC2 expression in hepatocytes. HERC2 interacts with the C-terminal of PTP1B and limits PTP1B translocation in ER-plasma membrane 
junctions, thereby inhibiting PTP1B-mediated dephosphorylation of JAK2. The enhanced JAK2 phosphorylation activates STAT3 phosphorylation. 
Consequently, the overactivation of STAT3 is correlated with increased expression of stemness-related genes and PD-L1, further promoting cancer 
stemness and immune evasion in HCC
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associated with a poor clinical prognosis [46]. It should 
be noted that STAT3 activation affects both cancer 
stemness and immune evasion, which have emerged as 
important features of HCC initiation, development, and 
metastasis [47, 48]. Indeed, cancer stemness and immune 
evasion are closely associated and play crucial roles in 
tumor development [22]. Cancer stemness has been 
shown to be closely associated with the intrinsic immu-
nosuppressive tumor microenvironment [48]. PD-L1 has 
functional roles in cancer stem-like cell phenotypes and 
chemoresistance besides immune evasion [22, 49]. We 
assumed that the regulatory effect of HERC2 on STAT3 
signaling participates in the crosstalk between cancer 
stemness and immune evasion. Notably, STAT3 activa-
tion could be regulated by diverse protein tyrosine phos-
phatases that directly target JAKs or STAT3 [50]. We 
provided the first biochemical evidence displaying the 
interaction between HERC2 and PTP1B, which is able 
to dephosphorylate activated  JAK2  and STAT3. Indeed, 
JAK2 is a substrate of PTP1B, and PTP1B deficiency 
causes the increased phosphorylation of JAK2 [25, 51]. 
It should be noted that PTP1B is anchored on the exter-
nal face of the ER, and its activity is partly dependent on 
ER distribution and dynamics [52]. ER-PM junctions are 
contact sites between the ER membranes and the plasma 
membrane, where the two membranes are located in a 
close position and build a restricted cytoplasmic region 
[53]. The junction provides an ideal platform for lipid 
homeostasis, ion dynamics, and cell signaling [54]. 
Indeed, a number of proteins localize in crowded ER-PM 
junctions and act synergistically to maintain the local 
microenvironment. PTP1B is anchored to the surface 
of the ER membrane  via  its C-terminal fragment com-
posed of 35 proline-rich residues. Anderie et al. demon-
strated that PTP1B plays a catalytic function at ER-PM 
junctions by dephosphorylating its substrates located 
on the plasma membrane through the cytosolic catalytic 
domain [55]. JAK2, an essential physiological regulator 
of cytokine signaling in the plasma membrane, is one of 
the substrates of PTP1B [25]. Herein, the results showed 
that HERC2 significantly restricted the association of 
PTP1B with JAK2 in hepatocytes upon inflammatory 
stimulation. Most importantly, we provided evidence 
that HERC2 interacted with the ER-targeting domain 
of PTP1B and inhibited PTP1B translocation to ER-PM 
junctions. We assumed that HERC2 might function as 
a regulator supporting the communication of signal-
ing proteins between the ER and the plasma membrane 
at ER-PM junctions. In this study, we observed HERC2 
interacted with several ER-resident proteins based on 
our mass spectrum analysis. It is still worth investigating 
whether HERC2 affects the protein quality control of ER-
resident protein and the potential role of HERC2 in ER 

homeostasis. The ubiquitin–proteasome system played 
an essential role in protein quality control, by which cells 
evolved dynamic and self-regulating quality control pro-
cesses to adapt to new environmental conditions and 
prevent prolonged damage [56]. The E3 ligases have been 
classified into three families, the HECT-type, RING-type, 
and  U-box-type E3 ligases [57]. HERC2 belongs to the 
HECT-type E3 ubiquitin family that mediated protein 
degradation [26, 27]. The RING-type ubiquitin ligase 
tripartite motif 18 (TRIM18) and U-box-type ubiqui-
tin ligase precursor RNA processing-19β (PRP19β) have 
been reported to regulate PTP1B levels by ubiquitin-
dependent proteasomal degradation under STAT3 acti-
vation [58, 59]. However, it seems that the HECT-type 
E3 ubiquitin ligases did not degrade PTP1B protein since 
HERC2 exhibited no influence on PTP1B protein level in 
hepatocytes upon inflammatory stimulation. A previous 
proteomic analysis determined potential HERC2 interac-
tion networks of distinct cellular functions, consisting of 
regulating intracellular protein transport and trafficking 
[60]. Significantly, PTP1B can interact with diverse sub-
strates, including cytosolic, nuclear, plasma membrane-
bound, mitochondrial, and adherent junction proteins 
[61]. It might be a common phenomenon that HERC2 
limits the connection of PTP1B with its substrates asso-
ciated with the cytosolic face of the plasma membrane. 
Further research is warranted to determine whether 
PTP1B substrates are involved in HERC2-mediated 
inflammatory regulation of the STAT3 signaling pathway.

Conclusions
In summary, we have demonstrated that HERC2 over-
expression in hepatocytes enhances the develop-
ment  of  HCC. The data showed that inflammatory 
stimulation significantly promotes HERC2 expression in 
hepatocytes. In turn, HERC2 modulates the dynamics of 
PTP1B and limits the function of PTP1B in regulating the 
STAT3 signaling pathway, thereby amplifying the STAT3-
activation signaling feedback loop. Consequently, hyper-
activated STAT3 signaling leads to stem-like genes and 
PD-L1 expression, eventually contributing to HCC devel-
opment. In conclusion, our study identified HERC2 as a 
novel regulator for cancer stemness and immune evasion 
in inflammation-related HCC. HERC2 might be a poten-
tial therapeutic target for HCC immunotherapy, alone or 
in combination with anti-PD-L1/PD-1 antibodies.
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