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FAT10 mediates the sorafenib-resistance of
hepatocellular carcinoma cells by stabilizing
E3 ligase NEDD4 to enhance PTEN/AKT
pathway-induced autophagy
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Abstract: Although sorafenib is the first-line therapeutic agent for advanced hepatocellular carcinoma (HCC), the
development of drug resistance in HCC cells limits its clinical efficacy. However, the key factors involved in mediat-
ing the sorafenib resistance of HCC cells and the underlying mechanisms have not been elucidated. In this study,
we generated sorafenib-resistant HCC cell lines, and our data demonstrate that HLA-F locus-adjacent transcript
10 (FAT210), a ubiquitin-like protein, is markedly upregulated in sorafenib-resistant HCC cells and that reducing the
expression of FAT10 in sorafenib-resistant HCC cells increases sensitivity to sorafenib. Mechanistically, FAT10 stabi-
lizes the expression of the PTEN-specific E3 ubiquitin ligase NEDD4 that causes downregulation of PTEN, thereby in-
ducing AKT-mediated autophagy and promoting the resistance of HCC cells to sorafenib. Moreover, we screened the
small molecule Compound 7695-0983, which increases the sensitivity of sorafenib-resistant HCC cells to sorafenib
by inhibiting the expression of FAT10 to inhibit NEDD4-PTEN/AKT axis-mediated autophagy. Collectively, our pre-
clinical findings identify FAT10 as a key factor in the sorafenib resistance of HCC cells and elucidate its underlying
mechanism. This study provides new mechanistic insight for the exploitation of novel sorafenib-based tyrosine ki-
nase inhibitor (TKIl)-targeted drugs for treating advanced HCC.
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Introduction ing the malignant progression of tumors [4, 5].
In addition, studies have suggested that au-

Autophagy is an evolutionarily conserved cata- tophagy is strongly correlated with drug resis-

bolic degradation process in cells in which cyto-
plasmic components are captured by double-
membrane vesicles (autophagosomes) and
delivered to lysosomes for degradation and
final recycling. Autophagy is a vital mechanism
for maintaining cellular homeostasis [1]. In-
creasing evidence has highlighted that abnor-
mal regulation of autophagy is closely correlat-
ed with the occurrence and development of
various diseases, including cancers [2, 3].
Enhanced autophagy in tumor cells can help
cells resist stress and survive, thereby promot-

tance in tumors [6, 7]. Autophagy functions as a
protective mechanism for cancer cells that
have been exposed to numerous anticancer
drugs. When autophagy in tumor cells is inhib-
ited, this can prevent the development of tumor
drug resistance and improve the effect of anti-
tumor therapy [8]. In recent years, autophagy
has attracted attention respect of in drug resis-
tance to sorafenib, which is the first FDA-
approved first-line systemic drug for treating
advanced hepatocellular carcinoma (HCC) [9,
10]. Studies have revealed that autophagy is
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abnormally elevated in sorafenib-resistant HCC
cells, and inhibition of autophagy can enhance
the response of sorafenib-resistant HCC cells
to treatment with sorafenib [11-13]. However,
the mechanism by which autophagy mediates
sorafenib resistance in HCC cells is complex
and requires further exploration.

HLA-F locus-adjacent transcript 10 (FAT10) is a
specific ubiquitin-like protein, which can direct-
ly mediate the ubiquitin-independent protea-
somal degradation of substrates [14]. FAT10 is
involved in the regulation of cellular biological
processes such as cellular immunity, apopto-
sis, signal transduction and the cell cycle [15].
The expression of FAT10 is upregulated in vari-
ous cancers [16]. Our previous research con-
firmed that FAT10 can compete with ubiquitin
(Ub) to form a FAT10 substrate complex, and
the FAT10 substrate complex is not degraded
by the proteasome, thus stabilizing the expres-
sion of substrate proteins and promoting tumor
progression [17-20]. We also found that FAT10
can stabilize and degrade substrates in HCC
cells simultaneously [21]. In addition, our latest
research showed that FAT10 can stabilize mul-
tiple substrates by antagonizing their ubiquiti-
nation in HCC cells simultaneously [22].
However, whether FAT10 is involved in mediat-
ing sorafenib resistance of HCC cells by exert-
ing the function of stabilizing substrate remains
unclear.

Neuronal precursor cell-expressed develop-
mentally downregulated 4 (NEDDA4) is promi-
nent member of the highly conserved homolo-
gous E6-AP carboxyl terminus (HECT) domain
E3 ligase family in eukaryotes [23]. The E3
ubiquitin ligase NEDD4 exerts its biological
function by interacting with different target pro-
teins and promoting the ubiquitination of sub-
strates [24, 25]. In recent years, NEDD4 has
been shown to play a major role in affecting the
development of tumors [26-28]. In addition,
studies have also showed that NEDD4, as a
specific E3 ubiquitin ligase of phosphatase and
tensin homolog (PTEN), can inhibit PTEN pro-
tein expression by promoting its polyubiquitina-
tion and subsequent proteasomal degradation
[29, 30]. The PTEN-mediated AKT signaling
pathway is abnormally activated and the
autophagy level was significantly increased in
sorafenib-resistant HCC cells, and PTEN-
mediated inhibition of the AKT signaling path-
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way can significantly increase the sensitivity of
sorafenib-resistant HCC cells to sorafenib [31].
Therefore, based on the fact that NEDD4 can
regulate PTEN expression and the importance
of PTEN/AKT signaling pathway-mediated
autophagy in promoting sorafenib resistance,
we hypothesize that FAT10 could stabilize
NEDD4 expression, which in turn downregu-
lates PTEN expression to enhance AKT signal-
ing pathway-mediated autophagy, thereby facil-
itating sorafenib resistance in HCC cells.

In this study, by generating sorafenib-resistant
HCC cell lines, our results showed that FAT10
expression was significantly upregulated in
sorafenib-resistant cell lines and that knock-
down FAT10 expression in sorafenib-resistant
cells could increase sensitivity to sorafenib
treatment. Mechanistic studies have shown
that FAT10 increases the autophagy level of
HCC cells by stabilizing the expression of the
NEDD4 to downregulate PTEN expression and
activate the AKT signaling pathway, thereby
facilitating the resistance of HCC cells to
sorafenib. Finally, we screened the small mole-
cule Compound 7695-0983, which can inhibit
the expression of FAT10, thereby enhancing the
sensitivity of sorafenib-resistant HCC cells to
sorafenib treatment.

Materials and methods
Cell culture and reagents

Human HCC cell lines (Huh7 and HepG2 cells)
were obtained from the National Collections of
Authenticated Cell Cultures, Chinese Academy
of Sciences. To establish sorafenib-resistant
clones, Huh7 and HepG2 cells were succes-
sively treated with increasing concentrations of
sorafenib, followed by training treatment with
5.5 pyM sorafenib. Cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with antibiotics and 10% fetal
bovine serum (Gibco) at 37°C and 5% CO,.
Sorafenib, rapamycin and SC79 were pur-
chased from MedChemExpress (Monmouth
Junction, NJ, USA).

Cell transfection

The FAT10-overexpressing and shFAT10-ex-
pressing plasmids were purchased from
Genechem (Shanghai, China). Transfection was
carried out in 60-70% confluent cells by apply-
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ing Lipofectamine 3000 reagent according to
the manufacturer’s protocol. Huh7 and HepG2
cell lines stably expressing FAT10 plasmids
and Huh7 and HepG2 cell lines stably express-
ing shFAT10 plasmids were screened for 4
weeks with puromycin (2.5 pyg/mL). The shR-
NAs targeting FAT10 sequences: 5-GGAGAA-
GCCTCTCATCTTA-3’ (shFAT10#1) and 5-GGCA-
GATTACGGCATCAGA-3’ (shFAT10#2).

Clinical HCC specimens

A total of 14 human liver puncture biopsy sam-
ples, which were obtained from patients with a
clinical and histopathological HCC diagnosis
and treated with sorafenib, were collected from
the Second Affiliated Hospital of Nanchang
University. Informed consent was obtained
from each patient and the study protocol was
approved by the ethics committee of the sec-
ond affiliated hospital of Nanchang University.

Western blotting

Western blotting was performed as described
previously [22]. These primary antibodies were
applied to the Western blotting: anti-FAT10
(1:500, MABS351, Merck Millipore, Billerica,
MA, USA and PA5-72864, Invitrogen, MA, USA),
anti-NEDD4 (1:1000, 21698-1-AP, Proteintech,
China), anti-PTEN (1:1000, ab267787, Abcam,
USA), anti-p-AKT (1:1000, ab18206, Abcam,
USA), anti-AKT (1:1000, ab8805, Abcam, USA),
anti-MAP1LC3B (1:1000, ab192890, Abcam,
USA), anti-Caspase3 (1:1000, ab32351, Ab-
cam, USA), and anti-cleaved PARP1 (1:1000,
13371-1-AP, Proteintech, China) antibodies.
The membrane was incubated with horserad-
ish peroxidase-conjugated goat anti-rabbit or
anti-mouse IgG secondary antibodies (1:5000,
Abcam) for 60 min at room temperature (RT).
Immunoreactive signals were developed using
chemiluminescence.

Flow cytometry analysis

Cell apoptosis was detected using a FITC
Annexin V Apoptosis Detection Kit (BD Bio-
sciences) according to the protocol of manu-
facturer. Cells were collected and resuspended
in ice-cold PBS, followed by staining with 5%
Annexin V-FITC and 5% propidium iodide (PI) for
15 min at RT in the darkness. Samples were
detected utilizing a FACSCalibur flow cytometer
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(BD Biosciences, USA), and the data were ana-
lyzed using FlowJo software version 10.

Immunohistochemical (IHC) analysis

Tumor tissue sections were dehydrated with a
graded alcohol series, cleared with xylene, and
subjected to antigen retrieval with citrate buff-
er (0.01 M). The sections were blocked using
protein blocking buffer without serum for 30
min, followed by incubation with anti-FAT10
(1:500, MA5-32487, Invitrogen), anti-NEDD4
(1:2000, 21698-1-AP, Proteintech, China) and
anti-MAP1LC3 (1:1000, PA1-16930, Invitrogen)
antibodies. Images of the sections were cap-
tured under an Olympus BH-2 microscope
(Olympus). The 3,3-diaminobenzidine signal
was quantified using Imagel) v.1.51 (National
Institutes of Health).

RNA extraction and quantitative real-time poly-
merase chain reaction (QRT-PCR)

Extraction of total RNA from the cultured cells
using TRIzol reagent (Invitrogen, 15596026)
following the instructions of manufacturer. The
isolated RNA was reverse-transcribed into
complementary DNA (cDNA) with the Prime-
Script RT reagent kit (RRO36A, Takara, Japan).
The cDNA was subjected to gRT-PCR analysis
with TB Green® Fast gPCR Mix (RR430A,
Takara, Japan) and a QuantStudio5 Q5 (Appli-
ed Biosystems). The primers sequences uti-
lized for gRT-PCR assay were as below: FAT-
10, 5-CTCTGGTTTCTGGCCCCTTG-3’ (forward)
and 5-CCATTCCTCGGAACGGACAT-3’ (reverse);
NEDD4, 5-GTGCAGACTCACCTTGCAGA-3’ (for-
ward) and 5-TTTTTCTTCCCAACCTGGTG-3’ (re-
verse); and GAPDH, 5-CATACCAGGAAATGAGC-
TTGAC-3’ (forward) and 5-AACAGCGACACCCA-
CTCCTC-3’ (reverse).

Subcutaneous xenograft transplantation

A subcutaneous xenograft transplantation
mouse model was established to examine the
tumorigenic capacity of FAT10 knockdown
HCC cells treated with sorafenib. Male athymic
BALB/c nude mice aged 6-8 weeks were pro-
cured from Gempharmatech Co., Ltd. shNC
Huh7-SR, shFAT10 Huh7-SR cells, shNC Hep-
G2-SR and shFAT10 HepG2-SR cells stably
transduced with firefly luciferase gene. 100 uL
of phosphate-buffered saline (PBS) which con-
taining 1 x 107 cells were injected subcutane-
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ously into the flanks of nude mice. After 1 week,
the mice in the experimental groups were intra-
peritoneally injected with sorafenib (30 mg/kg
bodyweight) twice a week. The width and length
of the tumors were determined once every five
days with Vernier calipers. The tumor volume
(V) was measured as follows: V = 0.52 x length
x width2. For the detection of bioluminescent
signals in vivo, mice were anesthetized utilizing
isoflurane and subsequently imaged on a
Lumina Series Il IVIS (In Vivo Imaging System)
instrument (PerkinElmer, MA, USA). After the
observation period, the mice were euthanized.
The tumors were excised and imaged.

Coimmunoprecipitation (Co-IP)

Coimmunoprecipitation was performed as de-
scribed previously [22]. Cells were lysed in the
cell lysis buffer for IP and Western (Beyotime
Biotechnology, 50 mM Tris-HCI, pH 8.0, 0.5%
Nonidet P-40, 5 mM EDTA, and 150 mM NaCl)
and centrifuged at 16,000 x g for 15 minutes
for debris removal. Cleared lysates were immu-
noprecipitated utilizing antibodies. Roll over-
night at 4°C. Protein A/G PLUS-agarose (Santa
Cruz Biotechnology, USA) was thereafter added
and rolling was continued for 8 hours. Cleaning
three times with Wash Buffer. Western blot and
SDS-PAGE were later implemented with proper
Bis-Tris Gel.

In vivo ubiquitination assay

Cells were exposed to 15 mmol/L MG132 for
eight hours, and subsequently cell lysates were
immunoprecipitated by anti-NEDD4 antibody.
NEDD4 ubiquitination was examined with anti-
ubiquitin antibody.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay

Apoptosis was investigated by TUNEL assay uti-
lizing an in situ cell death detection kit (Roche,
Indianapolis, IN, USA) in accordance with the
instructions of the manufacturer. To gain quan-
titative results, TUNEL-positive cells were coun-
tered in five random area images for each sam-
ple with ImageJ.

Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis

FAT10 was immunoprecipitated from the
lysates of HCC cells using the same protocols
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as those used for the co-IP assay. Samples
were cultured in electrophoresis sample buffer
and underwent electrophoresis on sodium
dodecyl sulfate-polyacrylamide gels. The gel
was stained via utilizing Coomassie brilliant
blue for 3 hours and cleaned utilizing an eluent
overnight. The proteins resolved from the gels
were analyzed by LC-MS/MS as described pre-
viously [32].

Molecular docking analysis

The structure of proteins and compounds were
optimized for docking analysis using the
Discovery Studio (DS) 2019 Client. The hydro-
genation and force field structure were opti-
mized by removing water molecules from the
NEDD4 (PDB ID: 5C91) and FAT10 (PDB ID:
6GF2) receptor model structures. The ZDOCK
module of DS software was used to dock the
protein receptor and ligand in an induced-fit
method. The cavity of 20 A was selected as
the docking active region, and the docking cal-
culation was carried out with standard param-
eters. The docking models with the highest
score were analyzed and visualized.

Generation of CRISPR-Cas9 knockout cell lines

To establish Huh7 and HepG2 cells deficient
in FAT10, we designed the specific target
sequences for single-guide RNA synthesis, the
primer sequences (5’ to 3’) were: FAT10#1 for-
ward cacc gcatgtccgttccgaggaat, reverse aaac
attcctcggaacggacatge; FAT10#2 forward cacc
gcaatgatcgagactaagac, reverse aaac gtct
tagtctcgatcattge. Pairs of annealed oligos
were ligated into the pX459 (Addgene Plasmid
#48139) after being digested with Bbsl
(Thermo). The cells were transfected with 2 ug
of total plasmid DNA per well in 6-well plates
using Lipofectamine 3000 (Invitrogen) accord-
ing to the manufacturer’s instructions. After 2
days, these cells were treated with 1 pg/mL
puromycin for 72 h for enrichment. The surviv-
ing cells were sorted into single clones in a
96-well plate. The viable clones further grown
for approximately one week, and 80% of
the cells per well were picked up for DNA isola-
tion and genotyping. The genomic PCR primer
sequences (5’ to 3’) for genotyping FAT107
cells were: reverse ctagaggaccagatagatag, for-
ward cctccaatacaataacatgc. The remaining
20% of the cells were cultured for 8-10 days,
and clones propagated from single cells were
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picked out. The knockout efficacy of FAT107
cells was confirmed by both western blotting.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 9.0. Data are presented as the
mean * SD. Differences between two groups
were analyzed using Student’s t test; differenc-
es between more than two groups were ana-
lyzed by one-way analysis of variance (ANOVA).
All experiments were independently repeated
three times. Differences were considered sig-
nificant at P < 0.05.

Results

Reducing the expression of FAT10 in HCC-SR
cells enhances sorafenib-induced apoptosis in
vitro and in vivo

To investigate whether FAT10 in HCC cells is
involved in sorafenib resistance, we estab-
lished two sorafenib-resistant (SR) HCC cell
lines in HepG2 and Huh7 cells (HepG2-SR and
Huh7-SR) (Figure S1A and S1B). The gRT-PCR
and Western blot results showed that com-
pared with those in the parental HCC cell lin-
es, the expression levels of FAT10 mRNA and
protein were upregulated in HCC-SR cells
(Figures 1A, S2A). Furthermore, we knocked
down FAT10 in HepG2-SR and Huh7-SR cells
with shRNA (shFAT10 HepG2-SR and shFAT10
Huh7-SR), and the qRT-PCR and Western blot
results showed that compared with shNC
HCC-SR cells, the expression of FATI0 mRNA
and protein in shFAT10 HCC-SR cells was sig-
nificantly reduced (Figures 1B, S2B). Sorafenib
was used to treat HCC-SR cells in the shNC
and shFAT10 groups, and apoptosis was de-
tected via flow cytometry and TUNEL assays.
The results showed that compared with shNC
HCC-SR cells, the apoptosis rate of shFAT10
HCC-SR cells in response to sorafenib was
significantly increased (Figures 1C, 1D, S2C,
S2D). Moreover, the Western blot results
showed that compared with shNC HCC-SR
cells, the protein expression levels of the apop-
tosis-related proteins cleaved Caspase3 and
cleaved PARP1 in shFAT10 HCC-SR cells were
significantly increased (Figures 1E, S2E).
Overall, our results indicate that reducing the
expression of FAT10 in HCC-SR cell lines can
increase sorafenib-induced apoptosis in vitro.
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Our in vivo data also confirmed that knocking
down the expression of FAT10 in HCC-SR cells
could increase the apoptosis induced by
sorafenib. We constructed subcutaneous tu-
mor-bearing models of nude mice using shNC
HCC-SR cells and shFAT10 HCC-SR cells, which
were then treated with sorafenib. Evaluation of
the subcutaneous tumor-bearing model in
HCC-SR cells using an in vivo fluorescence
imaging system (IVIS) revealed that compared
with the shNC group, the tumor volume of the
shFAT10 group was significantly decreased
after sorafenib treatment (Figures 1F, S2F).
Statistical analysis showed that compared
with the shNC HCC-SR cells, the shFAT10 HCC-
SR cells had a slower growth rate and signifi-
cantly reduced tumor weight (Figures 1G, 1H,
S2G, S2H). IHC and fluorescence analysis of
tumor tissues showed that compared with the
corresponding shNC group, the expression of
FAT10 in the tumor tissues of the shFAT10
group was significantly decreased, and the
apoptosis rate was significantly increased
(Figures 1l, S2I). In addition, our results also
found that reducing the expression of FAT10
significantly increased sorafenib-induced apop-
tosis; however, overexpression of FAT10 could
attenuate sorafenib-induced apoptosis (Figure
S3A-D). Taken together, our results suggest
that reducing the expression of FAT10 in HCC-
SR cells could significantly increase their sensi-
tivity to sorafenib treatment in vitro and in vivo.

Knockdown of FAT10 expression promotes
sorafenib-induced apoptosis by inhibiting au-
tophagy in HCC-SR cells

Studies have highlighted the important role
that autophagy plays in sorafenib resistance
[33, 34]. Therefore, we wanted to further
explore whether reducing the expression of
FAT10 in HCC-SR cells increases the sensitivity
to sorafenib by affecting autophagy. Our result
first found that compared with those in the
parental HCC cell lines, the expression level of
autophagy-related protein LC3-Il were upregu-
lated in HCC-SR cells (Figure 2A). Furthermore,
Western blot analysis revealed that compared
with the shNC HCC-SR cells, the expression
level of LC3-Il protein decreased in the shFAT10
HCC-SR cells (Figure 2B). Moreover, we con-
structed an mRFP-GFP-LC3 reporter, and the
results showed that compared with that in
shNC HCC-SR cells, the level of autophagy in
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Figure 1. Reducing the expression of FAT10 in HCC-SR cells enhances sorafenib-induced apoptosis in vitro and in
vivo. (A) qRT-PCR analysis and Western blot analysis of FAT10 expression in parental and HepG2-SR cells. (B) qRT-
PCR analysis and Western blot analysis of FAT10 expression in FAT10-knockdown HepG2-SR cells. (C) Flow cytom-
etry analysis of apoptosis in shNC- or shFAT10-transfected HepG2-SR cells (10 uM) after exposure to sorafenib for
24 h. (D) Representative figures and quantification of TUNEL staining showing apoptotic cells (stained in green). (E)
Western blot analysis of the expression of cleaved caspase, PARP, and cleaved PARP in shNC- or shFAT10-transfected
HepG2-SR cells after exposure to sorafenib for 24 h. (F) Nude mice injected with luciferase-expressing shNC or
shFAT10 HepG2-SR cells were treated with sorafenib (30 mg/kg/day) intraperitoneally, and then subcutaneous
xenografts were assessed by an IVIS imaging system (n = 6). (G and H) The (G) weights and (H) volumes of subcuta-
neous tumors were measured. (I) IHC detected the expression of FAT10 in subcutaneous xenografts and represen-
tative figures of TUNEL staining showing apoptotic cells (stained in green) in subcutaneous xenografts. Scale bars:

100 pm. **P < 0.01, ***P < 0.001.

shFAT10 HCC-SR cells was also significantly
inhibited (Figure 2C). Similar experimental
results were obtained using transmission elec-
tron microscopy analysis (Figure 2D). In addi-
tion, IHC analysis was used to determine the
expression of LC3-Il protein in subcutaneous
tumor-bearing tissues of nude mice. The results
showed that compared with that in the shNC
group, the expression of LC3-Il in the shFAT10
group was significantly decreased (Figure 2E).
Thus, these results suggest that knockdown of
FAT10 expression can inhibit autophagy in
HCC-SR cells. Next, we knocked down FAT10
expression in HCC-SR cells and treated them
with the autophagy agonist rapamycin. The
results showed that FAT10 knockdown sup-
pressed autophagy and increased sorafenib-
induced apoptosis in HCC-SR cells; however,
rapamycin mitigated the effects of FAT10
knockdown on autophagy and sorafenib-in-
duced apoptosis (Figure 2F-1). Taken together,
our data indicate that knockdown of FAT10 in
HCC-SR cells enhances their sensitivity to
sorafenib by inhibiting autophagy.

Downregulation of FAT10 promotes sorafenib-
induced apoptosis by upregulating PTEN to
inhibit AKT pathway-mediated autophagy in
HCC-SR cells

The Cancer Genome Atlas dataset was subject-
ed to gene set enrichment analysis to investi-
gate the potential correlation between FAT10
and various signaling pathways. As shown in
Figure 3A, the PISBK/AKT/mTOR pathway was
markedly enriched in HCC samples exhibiting
FAT10 upregulation, suggesting that the PI3K/
AKT/mTOR pathway was strongly correlated
with the upregulation of FAT10 in HCC. Studies
have con-firmed that the PTEN/AKT signaling
pathway is closely related to autophagy [35,
36]. Therefore, we aimed to further investigate
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whether FAT10 affects the sensitivity of HCC-
SR cells to sorafenib by upregulating PTEN to
inhibit AKT pathway-mediated autophagy. To
this end, we analyzed the correlation between
the expression of FAT10 and PTEN/AKT path-
way-related proteins in shNC HCC-SR cells
and shFAT10 HCC-SR cells. The Western blot
results showed that compared with the shNC
HCC-SR cells, the expression of PTEN increased
in the shFAT10 HCC-SR cells, while the expres-
sion levels of phosphorylated AKT (p-AKT) was
decreased (Figure 3B). Next, we treated sh-
FAT10 HCC-SR cells with the specific AKT sig-
naling activator SC79. The results showed that
SC79 inhibited FAT10 knockdown-induced
upregulation of PTEN expression, the inhibi-
tion of autophagy mediated by the AKT pathway
and upregulation of sorafenib-induced apopto-
sis in HCC-SR cells (Figure 3C-F). Taken togeth-
er, our data indicate that knockdown of FAT10
in HCC-SR cells enhances their sensitivity to
sorafenib by upregulating PTEN to inhibit AKT-
pathway-mediated autophagy.

Downregulation of FAT10 promotes sorafenib-
induced apoptosis by inhibiting the NEDD4-
mediated PTEN/AKT pathway in HCC-SR cells

Studies have highlighted that NEDD4 is a spe-
cific E3 ubiquitin ligase of PTEN and plays an
important role in regulating the expression of
the PTEN protein [29]. On this basis, we sought
to explore whether FAT10 regulates PTEN/AKT-
mediated autophagy by regulating NEDD4 in
HCC-SR cells, thereby affecting their sensitivity
to sorafenib. Thus, we further investigated the
expression of NEDD4 in parental HCC cells
and HCC-SR cells. Western blot results showed
that compared with those in the parent HCC
cell lines, the expression levels of NEDD4 were
upregulated in the HCC-SR lines (Figure 4A).
Furthermore, we determined the expression of
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Figure 2. Knockdown of FAT10 expression promotes sorafenib-induced apoptosis by inhibiting autophagy in HCC-SR
cells. (A) Western blot analysis of LC3B expression in parental and HepG2-SR cells and Huh7-SR cells. (B) Western
blot analysis of FAT10 and LC3B expression in shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells
after exposure to sorafenib for 24 h. (C) shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells were
treated with sorafenib for 24 h and then transiently transfected with mRFP-GFP-LC3B plasmid for another 24 h.
Scale bars: 10 uym. (D) Ultrastructural analysis of the shNC and shFAT10 groups. The yellow arrowhead represents
autophagic vacuoles (defined to include autophagosomes and autolysosomes). Scale bars: 50 um. (E) IHC detected
the expression of FAT10 in subcutaneous xenografts. Scale bars: 100 um. (F) Western blot analysis of LC3B, cleaved
caspase, PARP, and cleaved PARP expression in shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells
treated with or without rapamycin (5 pM). (G) shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells
treated with or without rapamycin and then transiently transfected with mRFP-GFP-LC3B plasmid for 24 h. Scale
bars: 10 um. (H and I) Flow cytometry analysis (H) and TUNEL assay (I) detection of cell apoptosis in HepG2-SR cells

and Huh7-SR cells with the indicated treatments. **P < 0.01, ***P < 0.001.

NEDD4 in shNC HCC-SR cells and shFAT10
HCC-SR cells. gRT-PCR and Western blot
results showed that compared with the shNC
HCC-SR cells, the expression of NEDD4 mRNA
in shFAT10 HCC-SR cells remained unchanged,
while the expression of protein decreased
(Figure 4B). Moreover, overexpressing NEDD4
mitigated FAT10 knockdown-induced the up-
regulation of PTEN expression, the inhibition of
autophagy mediated by the AKT pathway and
the upregulation of sorafenib-induced apopto-
sis in HCC-SR cells (Figure 4C-F). In addition,
we investigated the expression of FAT10 and
NEDD4 in sorafenib-resistant and sorafenib-
sensitive HCC tissues. Our results revealed
that FAT10 and NEDD4 were highly expressed
in sorafenib-resistant tissues (Figure S4A,
S4B). Overall, our data indicate that down-
regulating FAT10 in HCC-SR cells upregulates
PTEN expression through NEDD4, and subse-
quently inhibits AKT-pathway-mediated autoph-
agy, thereby enhancing sensitivity to sorafenib.

FAT10 stabilizes NEDD4 expression by antago-
nizing its ubiquitination in HCC cells

Next, we investigated the molecular mecha-
nism by which FAT10 regulates NEDD4 expres-
sion. Our previous studies showed that FAT10
can stabilize the expression of substrate pro-
teins by antagonizing its ubiquitination [17-
20]. In addition, studies have confirmed that
NEDD4 could be degraded by the ubiquitin pro-
teasome pathway [37, 38]. Therefore, we spec-
ulate that FAT10 could stabilize its protein
expression by antagonizing the ubiquitination
of NEDDA4. Our results confirm that FAT10 and
NEDD4 can bind to each other in HepG2 and
Huh7 cells. The LC-MS/MS results showed
that NEDD4 can bind to FAT10 in HCC cells
(Table S1). Docking analysis also revealed an
interaction between NEDD4 and FAT10 (Figure

1531

5A). Co-IP and confocal microscopy colocaliza-
tion analysis showed that NEDD4 and FAT10
can combine with each other (Figures 5B, 5C,
SHA). Furthermore, our results show that
FAT10 regulates NEDD4 protein expression by
affecting its proteasome pathway degradation
in HCC cells. Western blot analysis showed
that reducing or increasing FAT10 expression
altered the protein levels of NEDD4, whereas
these effects were not evident after HCC cells
were treated with MG132 (Figures 5D, S5B).
Western blot analysis also showed that altering
the expression of FAT10 can affect the stability
of NEDD4 protein in HCC cells (Figures 5E,
S5Q). Finally, our data indicate that overex-
pressed FAT10 can compete with Ub to bind
NEDD4, which leads to an increase in the
FAT10-NEDD4 complex, thus inhibiting its ubig-
uitination level. A glutathione S-transferase
(GST) pulldown assay showed that as FAT10
expression increased, the levels of the FAT10-
NEDD4 complexes gradually increased, where-
as the levels of the Ub-NEDD4 complexes
gradually decreased (Figures 5F, 5G, S5D). The
Co-IP and in vivo ubiquitination assay results
showed that the downregulation of FAT10
increased the ubiquitination level of NEDD4
and that FAT10 overexpression decreased the
ubiquitination level of NEDD4 in HCC cells
(Figures 5H, S5E). Taken together, our data
confirm that FAT10 stabilizes protein expres-
sion by antagonizing the ubiquitination of
NEDD4 in HCC cells.

FAT10-NEDD4 complexes are not degraded by
proteasomes in HCC cells

Our previous studies showed that FAT10 com-
petes with Ub to bind eukaryotic translation
elongation factor 1A1 (eEF1A1) to form the
FAT10-eEF1A1 complex, which is not recog-
nized by the only FAT10 receptor, RPN10, in the
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Figure 3. Downregulation of FAT10 promotes sorafenib-induced apoptosis by upregulating PTEN to inhibit AKT pathway-mediated autophagy in HCC-SR cells. (A)
Gene set enrichment analysis for the enriched underlying biological pathways between high and low expression of FAT10. (B) Western blot analysis of PTEN, AKT and
p-AKT expression in shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells after exposure to sorafenib for 24 h. (C) Western blot analysis of PTEN, AKT,
p-AKT, LC3B, cleaved caspase, PARP, and cleaved PARP expression in shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells treated with or without sc79
(1 nM). (D) shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells treated with or without sc79 and then transiently transfected with mRFP-GFP-LC3B

plasmid for 24 h. Scale bars: 10 um. (E and F) Flow cytometry analysis (E) and TUNEL assay (F) detection of cell apoptosis in HepG2-SR cells and Huh7-SR cells with
the indicated treatments. **P < 0.01, ***P < 0.001.
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Figure 4. Downregulation of FAT10 promotes sorafenib-induced apoptosis by inhibiting the NEDD4-mediated PTEN/AKT pathway in HCC-SR cells. (A) Western blot
analysis of NEDD4 expression in parental and HepG2-SR cells and Huh7-SR cells. (B) gRT-PCR analysis and Western blot analysis of NEDD4 expression in shNC- or
shFAT10-transfected HepG2-SR cells and Huh7-SR cells after exposure to sorafenib for 24 h. (C) Western blot analysis of PTEN, AKT, p-AKT, LC3B, cleaved cas-
pase, PARP, and cleaved PARP expression in shNC- or shFAT10-transfected HepG2-SR cells and Huh7-SR cells, with or without NEDD4 overexpression. (D) shNC- or
shFAT10-transfected HepG2-SR cells and Huh7-SR cells, with or without NEDD4 overexpression, were then transiently transfected with mRFP-GFP-LC3B plasmid
for 24 h. Scale bars: 10 um. (E and F) Flow cytometry analysis (E) and TUNEL assay (F) detection of cell apoptosis in HepG2-SR cells and Huh7-SR cells with the
indicated treatments. *P < 0.05, **P < 0.01, ***P < 0.001, NS, not significant.
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26S proteasome and is not degraded by prote-
asomes, resulting in increased expression of
the eEF1A1 protein in 293 cells [17]. Therefore,
we aimed to further investigate whether the
FAT10-NEDD4 complex is also not recognized
by RPN10 and thus not degraded by the pro-
teasome in HCC cells. To do this, we first con-
structed the HA-FAT10-p62 fusion plasmid as
a positive control to observe whether the
FAT10-NEDD4 complex was degraded by the
proteasome in HCC cells. In addition, to elimi-
nate the effect of endogenous FAT10 on the
expression of substrate proteins, we generat-
ed FAT10 knockout (HepG2 FAT107- and Huh7
FAT107) HCC cell lines. Interestingly, our re-
sults confirm that the FAT10-NEDD4 complex
is not recognized by RPN10 and likewise not
degraded by proteasomes in HCC cells. This
conclusion was based on the following ob-
servations. First, HA-FAT10-p62 is degrade by
the proteasome in HCC cells, whereas HA-
FAT10-NEDD4 is not. Western blot analysis
showed that HA-FAT10-p62 expression signifi-
cantly increased with MG132 treatment in
FAT107 HCC cells, while the expression of
HA-FAT10-NEDD4 remained unchanged irre-
spective of MG132 treatment (Figure 6A).
Second, altering the expression of RPN10 do
not affect the proteasomal degradation of
the FAT10-NEDD4 complex in FAT107- HCC
cells. Western blot analysis showed that re-
ducing or increasing RPN10 expression alter-
ed the half-life of ectopically expressed HA-
FAT10-p62; however, reducing or increasing
the expression of RPN10 had no effect on
the degradation rate of HA-FAT10-NEDD4 in
FAT107- HCC cells (Figure 6B). Third, to exclude
the effect of Ub on the degradation of the
FAT10-NEDD4 complex, we generated HCC cell
lines with stable low expression of Ub (shUb
HepG2/shUb Huh7). Our results show that
RPN10 cannot recognize the FAT10-NEDD4
complex in HCC cells, which means that the
FAT10-NEDD4 complex is not degraded by pro-
teasomes. The Co-IP and Western blot analy-
sis results showed that the expression of the
FAT10-P62 complex, FAT10-NEDD4 complex,
P62 and NEDD4 was altered with changes in
RPN10 in shNC HCC cells; however, in shUb
HCC cells, changing the expression of RPN10
also altered the expression of the FAT10-P62
complex and P62 but not the expression of the
FAT10-NEDD4 complex and NEDD4 (Figure
6C).

1536

Targeting FAT10 inhibits the NEDD4-PTEN/AKT
axis to enhance sorafenib sensitivity in HCC-
SR cells

Our results confirm that the expression of
FAT10 in HCC-SR cells increases, which can
induce HCC cell sorafenib resistance by pro-
moting NEDD4-PTEN/AKT axis-mediated au-
tophagy. Thus, we aimed to find a drug that
targets FAT10 to inhibit NEDD4-PTEN/AKT axis-
mediated autophagy, thereby increasing the
sensitivity of HCC-SR cells to sorafenib. We
screened the small molecule Compound 7695-
0983, which inhibits the expression of FAT10,
through the ChemDiv database. Protein struc-
ture and drug target analysis indicated that
the small molecule Compound 7695-0983
(PubChem CID 328269049, Ethyl 4-(3-hydro-
xyphenyl)-2-methyl-1,4-dihydropyrimido [1,2-a]
benzimidazole-3-carboxylate) binds to the ac-
tive pocket of FAT10 (Figure 7A-D). Next, we
investigated whether the small molecule Com-
pound 7695-0983 can enhance the sensiti-
vity of HCC-SR cells to sorafenib. First, our in
vitro results show that treatment with the small
molecule Compound 7695-0983 combined
with sorafenib could inhibit FAT10 to inhibit
NEDD4-PTEN/AKT axis-mediated autophagy to
increase sorafenib-induced apoptosis. Wes-
tern blot analysis showed that compared with
the sorafenib treatment group alone, the
expression of FAT10, NEDD4, p-AKT and
autophagy-related proteins decreased, and the
expression of PTEN and apoptosis-related pro-
teins increased in the combined treatment
group (Figures 7E, S6A). The flow cytometric
and TUNEL results showed that the combined
treatment group of HCC-SR cells exhibited a
higher apoptosis rate than the single treat-
ment group of sorafenib (Figures 7F, 7G, S6B,
S60C). Our in vivo data also confirm that small
molecules combined with sorafenib treatment
can inhibit FAT10 and then inhibit NEDDA4-
PTEN/AKT axis-mediated autophagy to increase
the sensitivity to sorafenib. We constructed a
nude mouse subcutaneous tumor-bearing
model using HCC-SR cells and investigated the
therapeutic effects of sorafenib alone or in
combination with the small molecule Com-
pound 7695-0983. The results showed that
compared with the sorafenib alone treatment
group, the combined treatment group tumor
volume was significantly decreased, with a sig-
nificantly reduced tumor weight and a slower
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Figure 7. Targeting FAT10 inhibits the NEDD4-PTEN/AKT axis to enhance sorafenib sensitivity in HCC-SR cells. (A) FAT10 active pocket. (B) Chemical structure of
small molecule Compound 7695-0983. (C and D) Protein structure and drug target analyses revealed that the small-molecule Compound 7695-0983 binds to the
active pocket of FAT10. (E) Western blot analysis of NEDD4, PTEN, AKT, p-AKT, LC3B, cleaved caspase, PARP, and cleaved PARP in HepG2-SR cells treated with
sorafenib alone or combined with 7695-0983. (F and G) Flow cytometry analysis (F) and TUNEL assay (G) detection of cell apoptosis in HepG2-SR cells treated with
sorafenib alone or combined with 7695-0983. (H) Nude mice injected with luciferase-expressing HepG2-SR cells were treated with sorafenib alone or combined
with 7695-0983 intraperitoneally, and then subcutaneous xenografts were assessed by an IVIS imaging system (n = 3). (I and J) The () weights and (J) volumes of
subcutaneous tumors were measured. (K) Nude mouse body weights were recorded. (L) IHC detected the expression of FAT10, NEDD4, and LC3B in subcutaneous

xenografts and representative figures of TUNEL staining showing apoptotic cells (stained in green) in subcutaneous xenografts. Scale bars: 100 ym. **P < 0.01,
***p < (0.001.
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growth rate (Figures 7H-J, S6D-F). In addition,
compared with the sorafenib alone treatment
group, no significant changes in the body
weight of mice were observed in the combined
treatment group of Compound 7695-0983
and sorafenib (Figures 7K, S6G). IHC analysis
further showed that the expression of FAT10
and NEDD4 and autophagy levels in tumor tis-
sues in the combined treatment group were
lower than those in the sorafenib alone treat-
ment group, and the TUNEL results showed
that HCC cell apoptosis in tumor tissue in the
combination treatment group of small molecule
Compound 7695-0983 and sorafenib was
significantly increased (Figures 7L, SGH). Thus,
our data demonstrate that the small molecule
Compound 7695-0983 can inhibit the expres-
sion of FAT10 to inhibit NEDD4-PTEN/AKT axis-
mediated autophagy, thereby increasing the
sensitivity of HCC-SR cells to sorafenib in vivo
and in vitro.

Discussion

HCC is the fifth most common cancer in the
world, with an increasing incidence worldwide,
and it is the fourth leading cause of cancer-
related death globally [39]. Due to the difficulty
of early diagnosis, most patients with HCC are
already in advanced stages at the time of diag-
nosis, losing the opportunity to undergo sur-
gery or ablation treatment [40]. Therefore, the
development of drugs for patients with
advanced HCC is of great value in prolonging
their survival and improving their quality of
life. Sorafenib is the first standard first-line sys-
temic treatment drug approved by the FDA for
patients with advanced HCC [41]. Sorafenib is
a multitarget tyrosine kinase inhibitor that
inhibits tumor growth and angiogenesis by
inhibiting intracellular Raf kinase and cell sur-
face kinase receptors in the treatment of
tumors [42]. In clinical trials, sorafenib has
been proven to prolong the survival of patients
with advanced HCC by approximately three
months, setting the gold standard for frontline
systemic drug therapy in the treatment of
advanced HCC [43, 44]. However, with the
extensive use of sorafenib in clinical practice,
only 30% of patients can benefit from sora-
fenib therapy, and this population usually devel-
ops drug resistance within six months, increas-
ing the risk of cancer recurrence and present-
ing significant challenges to the treatment of
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HCC patients with sorafenib [45]. Although
researchers have carried out structural modifi-
cations based on sorafenib and upgraded itera-
tive TKl-targeted drugs, such as lenvatinib,
regorafenib and donafenib, the clinical treat-
ment efficacy is still poor because of the pro-
gressive development of drug resistance in
patients [46]. Therefore, further identification
of key factors involved in mediating the
sorafenib-resistance of HCC cells and explora-
tion of the underlying mechanisms are of
great value for the future development of novel
TKI-targeted drugs based on sorafenib. In this
study, we observed the high expression of
FAT10 in sorafenib-resistant HCC cells by gen-
erating sorafenib-resistant HCC cell lines and
knocking down the expression of FAT10 in
sorafenib-resistant HCC cells enhance their
sensitivity to sorafenib in vitro and in vivo.
Further studies have shown that knockdown of
FAT10 expression in sorafenib-resistant HCC
cells can significantly suppress the level of
autophagy in sorafenib-resistant HCC cells and
that treatment with the autophagy activator
rapamycin can reverse the reduction in cell
autophagy levels caused by knockdown of
FAT10 and increase the sensitivity of sorafenib-
resistant HCC cells to sorafenib. Next, we found
that reducing the expression of FAT10 in
sorafenib-resistant HCC cells can significantly
promote the expression of PTEN and inhibit the
AKT signaling pathway in sorafenib-resistant
HCC cells. Furthermore, we found that treat-
ment with the specific AKT signaling activator
SC79 can also reverse the reduction in cell
autophagy and increased sensitivity of resis-
tant cells to sorafenib caused by FAT10 knock-
down. These findings indicate that FAT10 is a
key factor involved in mediating sorafenib-
resistant of HCC cells by downregulating PTEN
expression to induce AKT-mediated autoph-

agy.

E3 ligases can be divided into three main typ-
es based on the presence of characteristic
domains and the mechanism of ubiquitin trans-
fer to substrate proteins: the truly interesting
new gene (RING) finger family, the HECT family,
and the RING between RING (RBR) family [47].
NEDD4, a HECT-type E3 ubiquitin ligase, has
attracted much attention in regard to tumors.
Studies have found that NEDD4 is highly
expressed in various tumor tissues and is
closely related to the pathological characteris-
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Figure 8. The mechanism by which FAT10 promotes sorafenib resistance in

HCC cells. The expression of FAT10 increased in HCC-SR cells, which stabi-

lized the protein expression of the PTEN-specific E3 ubiquitin ligase NEDD4,
increased autophagy mediated by the PTEN/AKT signaling pathway, and
promoted sorafenib resistance in HCC cells.

clusion is based on the follow-
ing observations. First, the
expression of NEDD4 was
increased in sorafenib-resis-
tant HCC cells, and reducing
the expression of FAT10 in
sorafenib-resistant HCC cells
reduced the protein expres-
sion of NEDD4 but did not
affect its mMRNA expression
level. Second, knocking down
the expression of FAT10 in
sorafenib-resistant HCC cells
reduced the expression lev-
els of NEDD4, which caused
downregulation of PTEN, th-
ereby inducing AKT-mediated
autophagy and promoting the
sensitivity of sorafenib-resis-
tant HCC cells to sorafenib.
Third, on the one hand, FAT10
can antagonize the ubiqui-
tination of NEDD4, inhibiting
its degradation; on the other
hand, the FAT10-NEDD4 com-
plex is not degraded by the
proteasome, and these eff-
ects lead to the stabilization
of NEDD4 protein expression
by FAT10. Finally, we screen-
ed the small molecule Com-
pound 7695-0983 through
protein structure and drug tar-
get analysis, and the results
show that it can inhibit the
expression of FAT10 to inhibit
NEDD4-PTEN/AKT axis-medi-
ated autophagy, thereby incr-
easing the sensitivity of so-
rafenib-resistant HCC cells
to sorafenib. Therefore, com-
bined with our results in vivo

tics and poor prognosis of tumor patients [48].
Knockdown of NEDD4 expression can signifi-
cantly inhibit the malignant phenotype of tumor
cells [49]. The mechanisms of regulating the
expression of NEDD4 to affect the occurrence
and development of cancers are complex [48].
Our results confirm that FAT10 can stabilize
the protein expression of NEDD4 and then
downregulate PTEN expression, thereby induc-
ing AKT-mediated autophagy to promote the
resistance of HCC cells to sorafenib. This con-
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and in vitro, we established a mechanistic
model to describe how FAT10 mediates
sorafenib resistance in HCC cells (Figure 8).
The expression of FAT10 was increased in
sorafenib-resistant HCC cells. On the one hand,
FAT10 inhibits NEDD4 ubiquitination through
reduced Ub-NEDD4 complexes. On the other
hand, the expression of NEDD4 increases with
the increase of FAT10-NEDD4 complexes,
which are not degraded by proteasomes. These
effects lead to FAT10 stabilizing NEDD4 protein

Am J Cancer Res 2024;14(4):1523-1544



FAT10 mediates the sorafenib-resistance of HCC

expression, which cause downregulation of
PTEN, thereby inducing AKT-mediated autopha-
gy, and ultimately promoting sorafenib resis-
tance in HCC cells. To the best of our knowl-
edge, this is the first study to identify FAT10 as
a key factor in sorafenib resistance in HCC cells
and explain its underlying mechanism in the
preclinical model.

Conclusion

By constructing sorafenib-resistant HCC cell
lines, our preclinical study found that FAT10
stabilizes the protein expression of PTEN-
specific E3 ubiquitin ligase NEDD4, which in
turn enhances PTEN/AKT pathway-induced
autophagy to mediate sorafenib-resistant of
HCC cells. In the future, further exploration is
warranted regarding the relationship between
the expression of FAT10 in HCC tissues
and the sensitivity of patients with HCC to
sorafenib, in addition to determining why
FAT10 is highly expressed in sorafenib-resis-
tant HCC cells. These studies will provide new
strategies for the development of new TKI tar-
geted drugs based on sorafenib for the treat-
ment of advanced HCC in the future.
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Figure S1. Differences in sorafenib sensitivity between parental and sorafenib-resistant cells. A. Bright-field images of parental and sorafenib-resistant HepG2 cells,
as well as flow cytometry analysis of their apoptotic rates under different concentrations of sorafenib treatment. B. Bright-field images of parental and sorafenib-
resistant Huh7 cells, as well as flow cytometry analysis of their apoptotic rates under different concentrations of sorafenib treatment. ***P < 0.001.
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Figure S2. Reducing the expression of FAT10 in Huh7-SR cells enhances sorafenib-induced apoptosis in vitro and in vivo. (A) gRT-PCR analysis and Western blot
analysis of FAT10 expression in parental and Huh7-SR cells. (B) gRT-PCR analysis and Western blot analysis of FAT10 expression in FAT10-knockdown Huh7-SR
cells. (C) Flow cytometry analysis of apoptosis in shNC- or shFAT10-transfected Huh7-SR cells (7.5 uM) after exposure to sorafenib for 24 h. (D)Representative figures
and quantification of TUNEL staining showing apoptotic cells (stained in green). (E) Western blot analysis of the expression of cleaved caspase, PARP, and cleaved
PARP in shNC- or shFAT10-transfected Huh7-SR cells after exposure to sorafenib for 24 h. (F) Nude mice injected with luciferase-expressing shNC or shFAT10 Huh7-
SR cells were treated with sorafenib (30 mg/kg/day) intraperitoneally, and then subcutaneous xenografts were assessed by an IVIS imagingsystem (n=6). (G and H)
The (G) weights and (H) volumes of subcutaneous tumors were measured. (1) IHC detected the expression of FAT10 in subcutaneous xenograftsand representative
figures of TUNEL staining showing apoptotic cells (stained in green) in subcutaneous xenografts. Scale bars: 100 ym. **P < 0.01, ***P < 0.001.
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Figure S3. The effect of FAT10 expression on the sensitivity of sorafenib in HCC cells. A. Flow cytometry analysis of apoptosis in HepG2 cells with the indicated treat-
ment. B. Flow cytometry analysis of apoptosis in Vector- or Flag-FAT10-transfected HepG2 cells after exposure to sorafenib. C. Flow cytometry analysis of apoptosis
in Huh7 cells with the indicated treatment. D. Flow cytometry analysis of apoptosis in Vector- or Flag-FAT10-transfected Huh7 cells after exposure to sorafenib.
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Figure S4. The expression of FAT10 and NEDD4 in sorafenib-resistant and sorafenib-sensitive HCC tissues. A. Representative radiomic features from contrast en-
hanced CT for patients with HCC sensitive to sorafenib before and after receiving sorafenib treatment, and IHC detected the expression of FAT10 and NEDD4 in HCC
tissues sensitive to sorafenib. B. Representative radiomic features from contrast enhanced CT for patients with HCC resistant to sorafenib before and after receiving
sorafenib treatment, and IHC detected the expression of FAT10 and NEDD4 in HCC tissues resistant to sorafenib. Scale bars: 100 um.
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Figure S5. FAT10 stabilizes NEDD4 expression by antagonizing its ubiquitinationin Huh7 cells. A. Co-IP for FAT10 and NEDD4 in Huh7 cells. B. Western blot analy-
sis of NEDD4 and PTEN expression in shNC- or shFAT10-transfected Huh7 cells treated with or without MG132 (15 uM). C. The cells were subjected to CHX (20
umol/1) exposure at the indicated times, and the degradation of exogenous NEDD4 and PTEN was detected in Huh7 cells transfected with the indicated plasmids.
D. Binding of NEDD4 during the course of the competition was analyzed by GST pulldown experiments. E. Huh7 cells were transfected with the indicated plasmid.
The cells in each group were treated with MG132. The ubiquitination of NEDD4 was detected.
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Figure S6. Targeting FAT10 inhibits the NEDD4-PTEN/AKT axis to enhance sorafenib sensitivity in Huh7-SR cells. (A) Western blot analysis of NEDD4, PTEN, AKT,
p-AKT, LC3B, cleaved caspase, PARP, and cleaved PARP in Huh7-SR cells treated with sorafenib alone or combined with 7695-0983. (B and C) Flow cytometry analy-
sis (B) and TUNEL assay (C) detection of cell apoptosis in Huh7-SR cells treated with sorafenib alone or combined with 7695-0983. (D) Nude mice injected with
luciferase-expressing HepG2-SR cells and Huh7-SR cells were treated with sorafenib alone or combined with 7695-0983 intraperitoneally, and then subcutaneous
xenografts were assessed by an IVIS imaging system (n=3). (E and F) The (E) volumes and (F) weights of subcutaneous tumors were measured. (G) Nude mouse
body weights were recorded. (H) IHC detected the expression of FAT10, NEDD4, and LC3B in subcutaneous xenografts and representative figures of TUNEL staining
showing apoptotic cells (stained in green) in subcutaneous xenografts. Scale bars: 100 ym. **P < 0.01, ***P < 0.001.
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