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Abstract 

Ubiquitination was considered to be a crucial factor in intrahepatic cholangiocarcinoma (iCCA) development. Herein, 
we identified Ubiquitin-specific peptidase 8 (USP8) as a key regulator for promoting the tumorigenesis of iCCA cell 
via stabilizing OGT. USP8 was overexpressed in human tumor tissues and correlated with worse survival. Moreover, 
the mass spectrometry and co-immunoprecipitation analysis indicated that USP8 interacted with OGT. USP8 worked 
as a bona fide deubiquitylase of OGT. It stabilized OGT in a deubiquitylation activity-dependent manner. Meanwhile, 
DUB-IN3, the USP8 inhibitor, could also restrain the malignancy of intrahepatic cholangiocarcinoma. In addition, USP8 
depletion promoted the response of iCCA to pemigatinib. In conclusion, our findings pointed to a previously undocu-
mented catalytic role for USP8 as a deubiquitinating enzyme of OGT. The USP8-OGT axis could be a potential target 
for iCCA therapy.
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Introduction
Intrahepatic cholangiocarcinoma (iCCA) is the second 
most common primary liver cancer (PLC), only after 
hepatocellular carcinoma [1, 2]. The incidence of iCCA 
rises significantly throughout all ages and races in east-
ern and western countries [2–4]. iCCA is defined as CCA 
above the hilar junction of bile ducts, whereas extrahe-
patic cholangiocarcinoma (ECC) develops within or 
below the hilum [5–7]. The prognosis for iCCA remains 
grim despite recent improvements in therapy methods. 
iCCA frequently owned fibroblast growth factor receptor 

(FGFR) 2 fusion gene aberrations or isocitrate dehydro-
genase 1 or 2 (IDH1 or 2) gain of function genetic muta-
tions. Genetic alterations of FGFR2 or IDH1/2 have 
implications for therapy. Therefore, the targeted ther-
apy was vital in iCCA. Recently, a new small molecule 
inhibitor of FGFR2, pemigatinib, received accelerated 
approval by US FDA, bringing a potential treatment for 
iCCA patients [8–10]. Recent clinical trials have indi-
cated that pemigatinib can significantly prolong survival 
in advanced iCCA [8, 9]. However, the response of iCCA 
to pemigatinib remains suboptimal [11]. Therefore, it is 
urgent to improve the efficiency of iCCA to pemigatinib.

Ubiquitination is an essential posttranslational protein 
modification that regulates many eukaryotic signaling 
pathways [12]. It is known that abnormal ubiquitin sign-
aling is a biological cause of certain cancers, neurological 
illnesses, immune system disorders, and cardiovascu-
lar ailments [13–16]. Ubiquitination can be reversed by 
distinct kinds of deubiquitinase [17]. Deubiquitinating 
enzymes (DUBs) prevent proteins from degrading by 
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removing ubiquitin from protein substrates. As a result, 
free ubiquitin is liberated and takes part in the cycle of 
ubiquitination [18, 19]. Ubiquitin-specific peptidase 8 
(USP8), a member of DUB, regulates various substrates 
such as SQSTM1, P27, ESCRT-III, and c-Met in cancers 
[20–24]. However, the pathophysiology and functions of 
USP8 have not been thoroughly verified in iCCA [25].

O-GlcNAc transferase (OGT) is a vital regulator in 
O-linked β-N-acetylglucosamine modification (O-Glc-
NAcylation) [26]. Accumulating evidence has revealed 
that abnormal expression  of  OGT forms a cross-link 
between epigenetics and tumorigenesis [27]. However, 
the upstream role of OGT in cancer biology is poorly 
characterized. In this study, we unexpectedly find that 
USP8 could deubiquitylate and stabilize OGT in a deu-
biquitylation activity-dependent manner. We further 
demonstrate USP8 promotes tumorigenesis and impacts 
on the sensitivity of iCCA to pemigatinib. Our findings 
provide potential therapeutic opportunities for iCCA by 
targeting USP8-OGT axis.

Materials and methods
Patients specimens and IHC analysis
Paraffin-embedded tissues including tumors and paired 
normal tissue were collected from 126 iCCA patients 
who underwent hepatectomy at Xiangya hospital 
between 2015 and 2020. IHC staining were performed 
on 5  μm–thick paraffin sections. The quantification of 
IHC staining was done according to the proportion of 
positively stained tumor cells and the intensity of stain-
ing. The proportion of positively stained tumor cells was 
graded as follows: 0, no positive tumor cells; 1, 0.01%–
25% positive tumor cells; 2, 25.01%–50% positive tumor 
cells; 3, 50.01%–75% positive tumor cells; and 4, 75% or 
greater positive tumor cells. The cells at each intensity 
of staining were recorded on a scale of 0 (no signal), 1 
(weak), 2 (moderate), and 3 (strong). The IHC score for 
each section was computed by the following formula: 
IHC score = staining intensity × proportion of positively 
stained tumor cells. In compliance with the Declara-
tion of Helsinki, all patient data were collected anony-
mously. This study was authorized by the Ethics Council 
of Xiangya Hospital affiliated to Central South University 
(No. 202103377).

IP mass spectrometry and RNA sequencing assays
For IP mass spectrometry assay, HCCC9810 cells (three 
samples were prepared) was wash by PBS for three times. 
Then, we used the RIPA lysis buffer (Abiowell, China) 
which contained a cocktail of protease inhibitors to lyse 
the cells. Rabbit IgG was used to preclear the total cell 
lysis buffer for 4  h, followed by an overnight immuno-
precipitation along with USP8 antibody and Protein A/G 

PLUS-Agarose beads at 4  °C. The immunoprecipitated 
proteins were collected for LC-MS mass spectrometry. 
And technical support was provided by oebiotech com-
pany (www. oebio tech. com). For RNA sequencing assay, 
we first transfected FGFR- CCDC6 fusion plasmid into 
HCCC9810 cells. Then, HCCC9810 cells were treated by 
pemigatinib or DMSO for one month, respectively. Then, 
we obtained HCCC9810 resistant (HCCC9810-R) cell 
line and HCCC9810 sensitive (HCCC9810-S) cell line. 
Next, we extract the total RNA from the cells by using 
Hipure total RNA mini kit (Magen, Guangzhou, China) 
according to the manufacturer’s instructions. Finally, the 
total 6 samples (3 samples for HCCC9810 resistant cell 
and 3 samples for HCCC9810 sensitive cell) were used 
for RNA sequencing and technical support was provided 
by HUADA company (www. genom ics. cn). The results of 
RNA sequencing were in Table S3.

Cell culture, plasmids, shRNAs, drugs and chemicals
The human intrahepatic cholangiocarcinoma cell lines 
HCCC9810 and RBE were purchased from American 
Type Culture Collection (ATCC). RPMI-1640 (Cell-
max, China) with 10% fetal bovine serum was used to 
culture HCCC9810 and RBE under 37  °C and 5% CO2 
culture conditions. USP8 cDNA clones were purchased 
from Vigene Biosciences. Then, the Flag-USP8 plasmid 
was established by insertion of the USP8 cDNA into the 
Plvx-flag vector. USP8 overexpression, Wild-type (WT) 
USP8 and the inactive mutant plasmids were purchased 
from Hanbio Biotechnology (Shanghai, China). Plas-
mid transfection using  Lipofectamine® 2000 was car-
ried out according to the manufacturer’s instructions. 
The sequences of shRNAs targeting USP8 were 5′- GCT 
GTG TTA CTA GCA CTA TAT -3′ (#1) and 5′-GCT GTG 
TTA CTA GCA CTA TAT -3′ (#2). DUB-in3 (HY-50737-
11866) and MG132 (HY-13259-110290) were purchased 
from MedChemExpress in  vivo experiments. Besides, 
for explored the response of iCCA cells to Pemitibib, we 
used the FGFR2-CCDC6 fusion plasmids to transfect 
iCCA cells. The sequence was 5′-AGG ACC GGG GAT 
TGG TAC CGT AAC -3′. The details about the reagents 
were listed in Table S4.

Cell proliferation and migration assays
The cell Counting Kit-8(CCK8) and EdU incorporation 
assay were used to detect cell viability. Briefly, 1 ×  103 
cells were seeded into duplicate wells of 96-well plates 
for CCK8 assay. After the mixture with CCK8 reagent 
for 1 h, we measured the OD470 at the same time every 
24  h. For EdU incorporation assay, we used a 24-well 
plate to culture iCCA cells. After cells grew about 
70% of the well, we performed the EdU assay by the 
instructions. The wound healing assay was performed 
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to assess the cell migration capacity. HCCC9810 and 
RBE cells were planted in 6 well dishes. When cells 
grew almost covering the dish, a 200 μl pipette tip was 
used to scratch on the cell. Cells were cultured by 1640 
medium with 1% FBS. The wound width was measured 
at the same time for each day. The transwell assay was 
performed as follow. Matrigel and serum-free culture 
media were mixed in a 1:7 ratio. The 50 μl mixture was 
added to the chamber. Each chamber was seed 5 ×  105 
cells. Then, the cells were fixed with methanol and 
stained with 0.5% crystal violet 48 h later. A microscope 
was used to count the cells.

Animal study
Female SCID mice aged four weeks were purchased from 
Hunan SJA Laboratory Animal Co., Ltd. (Changsha, 
China) for the xenograft tumor model. Animal protocols 
were approved by the Ethics Committee at Xiangya Hos-
pital of Central South University. HCCC9810 cells were 
dissociated with trypsin and washed with PBS. Then, sta-
ble USP8-overexpressing or USP8-deletion HCCC9810 
cells, as well as the equivalent control cells, were injected 
subcutaneously into the axilla or inguinal area of each 
mouse (5 ×  106 cells/mouse). Besides, Tumor-bearing 
mice were pooled and randomly divided into the follow-
ing groups: (1) vector; (2) USP8 inhibitor (DUBs-IN-3); 
(3) USP8-OE; (4) USP8-sh; (5) USP8-shctr. All treatments 
were conducted by intraperitoneal injection every three 
days.

To explore whether USP8 affected tumor growth 
in vivo, we performed a xenograft model assay. In brief, 
5 ×  106 cells shControl or shUsp8 HCCC9810 cells in 
100 μl PBS were subcutaneously injected into the flank of 
4-week-old female SCID mice, respectively. On the day of 
3 after tumor cells injection, tumor sizes were measured 
every day. At the end of the fourth week, the tumours 
were harvested and weighed.

To explore whether USP8 inhibitor affected tumor 
growth in  vivo, we performed a xenograft model assay. 
In brief, 5 ×  106 cells HCCC9810 cells in 100 μl PBS were 
subcutaneously injected into the flank of 4-week-old 
female SCID mice, respectively. On the day of 3 after 
tumor cells injection, tumor-bearing mice were pooled 
and randomly divided into the following groups: (1) vec-
tor; (2) USP8 inhibitor. Tumor sizes were measured every 
day. At the end of the fourth week, the tumours were har-
vested and weighed. The USP8 inhibitor treatment was 
given with a dosage of 2 mg/kg of mouse body weight by 
intraperitoneal injection every 3 days.

All the animal study was authorized by the Animal 
Ethics Council of Xiangya Hospital affiliated to Central 
South University (No. 202103378).

Western blot analysis and co‑immunoprecipitation assay
PBS was used to wash the iCCA cells before lysate them 
in IP lysis solution (Abowell. AWB0164, China) with 
a protease inhibitor cocktail on ice. The protein of the 
sample was electrophoresed in 10% sodium dodecyl 
sulfate–polyacrylamide gel. Then, the proteins were 
transferred to a polyvinylidene fluoride membrane 
(Millipore, USA). For immunoprecipitation experi-
ments, the sample was prepared as above. Rabbit IgG 
was used to preclear the total cell lysis buffer for 4  h, 
followed by an overnight immunoprecipitation along 
with either USP8 (Cell Signaling Technology, #8644) 
or OGT (Proteintech, 10851-1-AP) antibody. Finally, 
western blotting was used to analyze the samples. The 
western blotting analysis were performed in in three 
biological replicas/each.

In vivo deubiquitination assay
HCCC9810 cells and HEK293 cells were used to 
perform the vivo deubiquitination assay. HA-Ub, 
Flag-USP8, Myc-OGT, or Myc-USP8 plasmids were 
transfected into HEK293 cells for two days. HCCC9810 
cells with USP8 depletion were transfected with HA-Ub 
plasmid. Western blotting was used to analyze the 
ubiquitination of OGT.

Immunofluorescence assay
HCCC9810 and RBE cells were cultured on 15  mm 
coverslips on 12 well plates. Then, the cells were fixed 
using 4% paraformaldehyde. PBS was used to wash the 
fixed cells three times. To block the cells for 24 h, 10% 
goat serum with USP8 and OGT antibodies was used. 
At last, the fixed cells were incubated with FITC  and 
Cy3-conjugated secondary antibodies. The Leica N2 
microscope was used to examine images.

Statistical analysis
Student’s t-test and one-way ANOVA were used to 
compare two and more groups respectively. When nec-
essary, multiple comparisons with Bonferroni correc-
tion were carried out. A P value < 0.05 was considered 
statistically significant. All statistical tests were per-
formed with Prism 7.0 (GraphPad, USA).

Results
USP8 impacted the sensitivity of iCCA to pemigatinib
To explore whether the DUBs impacted the sensitivity 
of iCCA to pemigatinib, HCCC9810 cells which trans-
fected with FGFR CCDC6 fusion plasmid were treated 
by pemigatinib (10.0  nM) or DMSO for one month, 
respectively. Then, we obtained HCCC9810 resist-
ant (HCCC9810-R) cell line and HCCC9810 sensitive 
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(HCCC9810-S) cell line. The CCK-8, crystal violet 
staining and EdU assays indicated the HCCC9810-R 
cell had a better growth and survival capacity than the 
HCCC9810-S cell line under the treatment with pemi-
gatinib (Fig. 1A, B, and C). Furthermore, we extracted 
the total RNA from each cell line and performed RNA 
sequence analysis to identify the differentially expressed 
DUBs (Fig.  1D). As the results showed, USP8 was the 
most significantly upregulated among all detected 
DUBs (Fig.  1E). KEGG Pathway analysis showed that 
the differentially expressed genes of HCCC9810-R and 
HCCC9810-S cell lines were enriched in drug metabo-
lism pathways (Fig. 1F). We used the data of RNA sec 
to perform the gene ontology analysis. The GO analysis 
depicted the cellular component, molecular function 
and biological process. The cellular component (CC) 
showed that the HCCC9810-R cell was primarily cor-
related with kinetochore binding (Fig. 1G). Formolecu-
lar function (MF) showed that kinetochore binding was 
mainly enriched for the HCCC9810-R cell (Fig.  1H). 
The biological process (BP) indicated the enrichment 
function of the centrione replication process and 
mitotic sister chromatid segregation (Fig.  1I). These 
results indicated that USP8 impacted the sensitivity of 
iCCA to pemigatinib.

USP8 associated with a poor prognosis in iCCA patients
To illustrate the role of USP8 in iCCA, we first explored 
the expression of USP8 in clinical samples. Immunohis-
tochemistry (IHC) staining was performed in tumor tis-
sues and matched normal tissues of 126 iCCA patients. 
Upregulation of USP8 was observed in tumor tissue 
(Fig.  2A, B). Moreover, we utilized the Kaplan–Meier 
analysis to assess the correlation between USP8 expres-
sion levels and survival. The results showed that upreg-
ulation of USP8 was associated with poor prognosis 
(Fig. 2C, D).

Then, we investigated the relationship between the 
expression of USP8 and clinical features in iCCA patients. 
According to the IHC score, all 126 iCCA patients were 
separated into two groups. The results revealed that 
increased USP8 expression was positively associated with 
tumor size and TNM stage but did not relate to age, gen-
der, CA19-9, hepatitis infection, tumor differentiation, 
or lymphatic metastasis (Table  S1). In summary, these 

findings indicated that increased USP8 expression was 
strongly associated with tumor malignancies and a worse 
prognosis.

USP8 interacted with OGT and enhances OGT stability
We found that USP8 was closely correlated with iCCA 
prognosis, indicating that it might play a crucial role in 
the development of iCCA. Then, protein mass spec-
trometry was performed to investigate the deep mecha-
nism of USP8 in the tumor (Supplementary Table  S2). 
We surprisingly found OGT was immunoprecipitated 
by USP8 (Fig.  3A). We further explored the interrela-
tion between USP8 and OGT. The immunofluorescence 
experiment revealed USP8 and OGT were both localized 
in the nucleus of iCCA cells (Fig. 3B). Moreover, the co-
immunoprecipitation (IP) assay revealed that USP8 could 
interact with OGT in 293 T cells. Besides the association 
between endogenous USP8 and OGT was also identified 
in HCCC9810 and RBE cells. (Fig.  3C). Besides, west-
ern blotting analysis revealed that knockdown of USP8 
dramatically reduced OGT protein levels (Fig.  3D). The 
above findings indicated that USP8 was a regulator of 
OGT expression in iCCA.

As previous studies indicated USP8 was a member 
of the family of ubiquitin-specific proteases (USPs) 
[28]. It harbored three functional domains. The Rhoda-
nese homology (RH) domain and the trafficking (MIT) 
domain were located on the N-terminal side of USP8. 
Furthermore, the catalytic domain of USP8 was posi-
tioned on the C-terminal side. Therefore, we constructed 
the deletion mutants of USP8 as follows: MIT domain 
and RH domain (USP8 1-313), other domain (USP8 314-
714), and USP domain (USP8 715-1118). Meanwhile, 
OGT deletion mutants were created that lacked each of 
the component domains (TPR domain and GT domain) 
(Fig. 3E). Then, we performed the Co-IP assay to explore 
the interaction domains of OGT and USP8. The results 
indicated that the USP domain was required for interac-
tion with OGT (Fig. 3F). Besides, the GT domain had the 
ability to interact with USP8 (Fig. 3G). The investigation 
of USP8 mutations demonstrated that the base at posi-
tion 786 was an essential for USP8 and its deubiquit-
inating [22]. We re-expressed wild-type USP8 and the 
inactive mutants USP8 to reverse the knockdown effects 
in HCCC9810 and RBE cells with USP8 depletion. USP8 

(See figure on next page.)
Fig. 1 USP8 was elevated in iCCA and linked to a poor prognosis. A HCCC9810-R cell showed better proliferation ability by CCK8 assay, HCCC9810 
cell was transinfected FGFR2 CCDC6 fusion plasmid. B and C Crystal violet staining and Edu assay were used to examine the cell viability 
under the pemigatinib treatment. D The total RNA was isolated from HCCC9810-S and HCCC9810-R cells. The heat map showed the differences 
of RNA sequence between the two cell lines. E USP8 gene expression showed the largest difference between the two cell lines. F KEGG Pathway 
analysis between the two kinds of cells. G, H and I GO enrichment analysis showed the BP, CC, and MF of the two kinds of cells
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Fig. 1 (See legend on previous page.)
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depletion obviously decreased OGT expression, and the 
reduced expression of OGT could be reversed by the re-
expression of wild-type USP8 (Fig. 3H).

We next performed a series of assays to assess OGT 
protein stability. HCCC9810 cells with USP8 deple-
tion were treated by proteasome inhibitor MG132. The 
results demonstrated a notable inhibition of OGT deg-
radation when MG132 was present (Fig.  3I). Moreo-
ver, OGT protein degradation level was determined 

under the treatment of CHX. In HCCC9810 cells 
with USP8 depletion, the half-life of OGT was short-
ened (Fig.  3J). As opposed to the catalytically inactive 
mutant  USP8C786A, the half-life of OGT was signifi-
cantly lengthened in cells overexpressing the wild-type 
USP8 (Fig. 3K). These results demonstrated that USP8 
increased OGT stability.

Fig. 2 USP8 associated with a poor prognosis in iCCA patients. A and B USP8 expression levels in tumor tissue and adjacent normal tissue were 
analyzed using IHC. C and D The analysis of OS and PFS in USP8 high expression group and low expression group. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
Fig. 3 USP8 interacts with OGT and enhances OGT stability. A Mass spectrometry analysis revealed USP8 interacted with OGT. B The 
immunofluorescence images showed that USP8 and OGT at colocalized in HCCC9810 and RBE cells. C IP identification revealed a bonding 
between exogenous and endogenous USP8 and OGT in HEK293, HCCC9810 and RBE cells. D Western blot analysis revealed depletion of USP8 
inhibited the expression of OGT. E The structure of the USP8 and OGT domains as well as deletion mutants were constructed. F USP8 regulated 
OGT through the USP domain. USP8 full-length or mutations were transfected into HEK293 cells along with 2 μg Myc-OGT. Using NP-40 lysis 
buffer, cells were collected after 24 h. Myc antibody was used for co-IP. The possible interacted USP8 domains were detected by Flag antibody. 
The Flag antibody was used to find the potential interacting domains of USP8. G OGT interacted with USP8 via its GT and TPR domains. OGT 
full-length or mutants were transfected into HEK293 cells along with 2 μg Flag-USP8. Using NP-40 lysis buffer, cells were collected after 24 h. 
Flag antibody was used for co-IP. The Myc antibody was used to find the potential interacting domains of USP8. H USP8 (wild type or C786) 
was transfected into iCCA cells with USP8 depletion. The OGT level was measured. I The expression of OGT was not further decreased by USP8 
depletion when the proteasome inhibitor MG132 was present. HCCC9810 cells were transfected with shUSP8 or shControl RNA. Cells were treated 
with 10 mM MG132/vehicle for 6 h after 2 days, and then lysates of the treated cells were prepared for western blot analysis. J knockdown USP8 
decreased OGT half-life. iCCA cells (HCCC9810 and RBE) were transfected with siUSP8 or siControl. After 48 h, cells were treated with 100 μM 
cycloheximide/vehicle for indicated times. Cell lysates were prepared for western blot analysis. K  USP8C786A lost the ability to increase half-life 
of OGT in HEK293 cells. OGT, Myc-tag, Flag-USP8, and USP8C786A plasmids were all transfected into HEK293 cells. Cells were exposed to 100 μM 
cycloheximide/vehicle for the specified periods after 24 h
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Fig. 3 (See legend on previous page.)
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USP8 stabilized the OGT protein through deubiquitination
In this section, we discovered depletion of USP8 raised 
the degree of ubiquitinated OGT (Fig.  4A). Meanwhile, 
the ubiquitylation of OGT was significantly reduced by 
ectopic production of USP8-WT whereas USP8C786A 
did not (Fig.  4B). Then, we detected the ubiquitination 
level of OGT in cells treated with different doses of USP8 
plasmids. The results indicated that USP8 directly elimi-
nated the ubiquitin chain of OGT in a dose-dependent 
way (Fig.  4C). We further carried out ubiquitination 
assays with a variety of ubiquitin mutants to determine 
which kind of ubiquitin chain of OGT was affected by 
USP8. It was found that USP8 could remove the K27 
and K48 linked ubiquitin chains from the OGT protein 
(Fig.  4D). Generally, the above findings indicated that 
USP8 was a DUB of OGT. Meanwhile, USP8 promoted 
OGT protein stability in a DUB activity-dependent way.

Modulation of USP8 affects cell growth, colony formation, 
and tumor formation
To assess the biological functions of USP8 in iCCA, 
we knocked down USP8 in HCCC9810 and RBE cells 
and overexpress USP8 in HCCC9810 cells. After USP8 
depletion, the growth and clone formation capacity of 
iCCA cells was inhibitive in vitro (Fig. 5A, B). In con-
trast, USP8-overexpressing enhanced cell growth and 
colony formation ability (Figure S1A, B). Moreover, 
USP8 depletion restrained the cell migration ability in 
the scratch assay (Fig.  5C, D) while the results were 
opposite in USP8-overexpressing cells (Figure S1D). It 
indicated that migration and invasion ability of shUSP8 
iCCA cells were weakened (Fig. 5E, F) but USP8-over-
expressing promoted the migration and invasion abil-
ity by transwell assay (Figure S1C). In addition, we 
observed consistent experimental phenomenon in EdU 
cell proliferation assay in USP8-depletion (Fig.  5G, H) 
and USP8-overexpressing iCCA cells (Figure S1E).

Fig. 4 USP8 stabilized the OGT protein through deubiquitination. A OGT protein was degraded through deubiquitination when USP8 
was inhibited and was exposed to MG132 for 6 h before collection. Anti-OGT was used to immunoprecipitate OGT, while anti-HA was used 
for immunoblotting. B In HEK293 cells cotransfected with Myc-OGT, HA-Ubiquitin, and Flag-USP8 (wild type or C786A), immunoblotting 
was utilized to identify the ubiquitination of OGT. C In a time- and dose-dependent way, USP8 eliminated the OGT ubiquitin chain. D USP8 removed 
the K11- and K48-linked ubiquitin chains on OGT. HCCC9810 cell lysates were used for the ubiquitination experiment after 6 h of treatment 
with 10 M MG132. Then, the HA antibody was used to determine the ubiquitination level of OGT. Each WB assay was repeated three times to verify 
our conclusions
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What’s more, we used a xenograft model assay to 
explore whether USP8 affects tumor growth in  vivo. 
The results showed knockdown USP8 significantly 
decreased tumor growth and USP8 overexpression 
enhanced tumor growth (Fig.  5I). These results con-
vincingly revealed USP8 had a vital function in cell 
growth, colony formation, and tumor growth.

To further determine whether the functions of USP8 
in regulating iCCA cells malignancy through the effects 
of OGT, we performed rescue experiments by overex-
pressing OGT in USP8 knockdown cells. We found that 
increased the expression of OGT facilitated the prolif-
eration and clonogenicity of iCCA cells (Figure S2A, B). 
Meanwhile, it was indicated that re-expression of OGT 
mostly rescued the migration and invasion capacity of 
iCCA cells through the wound healing and transwell 
invasion assays (Figure S2C, E). Additionally, Edu assays 
indicated that the re-expression of OGT largely rescued 
the proliferation of HCCC9810 cells (Figure S2D). Taken 
together, above results suggested that USP8 promotes 
iCCA progression through OGT (Fig 6).

Pharmacological inhibition of USP8 suppressed 
the malignancies and promoted iCCA cells’ response 
to pemigatinib
In order to validate our findings, we used DUB-in3, a 
small molecule inhibitor of USP8, to perform some vitro 
experiments. We add either DUB-in3 (5 μM) or DMSO 
to the HCCC9810 cells. The cell proliferation capability 
was suppressed when treated with DUB-in3 (Fig.  7A). 
Correspondingly, colony formation ability, cell inva-
sion, and cell migration were restrained under the treat-
ment of DUB-in3 (Fig.  7B, C, and D). In the Edu assay, 
we noticed that DUB-in3 could also inhibit cell prolif-
eration (Fig.  7E). In addition, we also validated whether 
USP8 inhibited tumor formation in  vivo. We injected 
HCCC9810 cells into nude mice. After two weeks, the 
nude mice were randomly split into two groups. Then, 
DUB-in3 (5  μM) or DMSO was given with a dosage of 
2 mg/kg of mouse body weight by intraperitoneal injec-
tion. We observed that DUB-in3 significantly suppressed 

tumor growth (Fig.  7F). Taken together, these results 
showed that inhibition of USP8 suppressed the tumor 
malignancies.

Besides, we validated whether inhibiting USP8 could 
improve the sensitivity of HCCC9810 cells to pemi-
gatinib. We use DUB-in3, pemigatinib and their com-
bination to treat HCCC9810 cells. It was indicated that 
DUB-in3 and pemigatinib could suppress the cell pro-
liferation, respectively. And their combination showed 
stronger inhibition of cell proliferation (Figure S3 A and 
B). Meanwhile, consistent results were observed in col-
ony formation and transwell assays (Figure S3 C, D and 
E). These findings indicated that inhibition USP8 pro-
moted iCCA cells’ response to pemigatinib.

Discussion
iCCA was a rare but highly malignant hepatobiliary 
tumor [29, 30]. In this study. We identify the USP8 is a 
β-catenin DUB that stabilizes OGT and promotes tumor 
growth, invasion, though its deubiquitylation activity. 
There is growing evidence that ubiquitination was cru-
cial in the development of liver cancer [31]. Neverthe-
less, studies investigating the DUB in charge of OGT are 
few. In the present work, we found USP8 could remove 
ubiquitin from a substrate while also halt the degrada-
tion of the substrate. Moreover, USP8 was crucial for 
boosting cell growth and stimulating cells to enter the 
S-phase of the cell cycle [20]. USP8 also controlled pro-
tein trafficking and endocytosis, primarily by regulating 
the endosomal sorting complexes necessary for traffick-
ing through its deubiquitination activity [32, 33]. Some 
evidence indicated USP8 was commonly overexpressed 
in human malignancies and was associated with poor 
overall survival in cancer patients [34]. USP8 protein 
was rarely expressed in normal cervical tissues, but its 
expression was increased in cervical squamous cell carci-
noma (CSCC) tissues, especially in advanced CSCC [35]. 
Recently, Another study indicated that proliferation, via-
bility, and colony formation of cholangiocarcinoma cells 
were all considerably decreased after USP8 silencing but 
it didn’t explain the deep mechanism of this phenomenon 

(See figure on next page.)
Fig. 5 Knockdown of USP8 inhibited cell growth, colony formation, and tumor formation. A The vitality of cells was evaluated using the CCK8 
assay in iCCA cells with USP8 depletion. B USP8 depletion decreases clone formation ability in iCCA cells. C, D Wound-healing assay in iCCA cells. 
HCCC9810 and RBE cells with USP8 depletion or not were seeded into 6-well plates. Cells were cultured with 1% FBS. Using a 200 ul pipette tip, 
a straight scratch was produced on the cell layer. Every 24 h, the quantification of wound closure was assessed. E, F Transwell assays showing 
the migration and invasion capacity of control and shUSP8 iCCA cells. G, H The ability of control and shUSP8 iCCA cells to proliferate is assessed 
by EdU staining assays. I The Xenograft Tumor Assay demonstrated that USP8 knockdown inhibited tumor development. The scatter diagram 
showed the tumor weight of the control and USP8-depletion group in 28 days after cell injection. The tumor volume was assessed every 2 days 
after the tumors were implanted. *P value < 0.05, **P value < 0.01, ***P value < 0.001
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Fig. 5 (See legend on previous page.)
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[25]. However, we first described the USP8 as a novel 
modulator that influenced the OGT ubiquitination, thus 
further influencing the malignancies of iCCA. First, we 
identified USP8 and OGT interacted with each other. 
Co-IP analysis identified the interaction between USP8 
and OGT. Besides, USP8 decreased β-catenin polyubiq-
uitination and promotes OGT protein stabilization. The 
expression level of OGT can be decreased by knocking 
down USP8, and the reduced OGT protein abundance 
could be restored by ectopic expression of USP8-WT. In 
addition, under the treatment of the proteasome inhibi-
tor MG132, USP8 deletion could not further affect OGT 
protein level. USP8 depletion shortened the half-life time 
of OGT protein. Therefore, targeting USP8 might be an 
effective therapeutic strategy for iCCA.

According to previous research, USP8 commonly 
cleaved the K6, K48, and K63 links in ubiquitin chains 
[22]. In our study, we first demonstrated that the ubiq-
uitin chain on OGT could be directly removed by USP8 
in a dose-dependent manner. To further find out which 

type of ubiquitin chain on OGT was removed by USP8, 
we performed ubiquitination assay using a series of ubiq-
uitin mutants, including K6, K11, K27, K29, K33, K48, 
and K63. The results suggested that USP8 eliminated the 
K27 and K48-linked ubiquitin chains from OGT, thereby 
preventing proteasome-mediated degradation of OGT. 
Lys48-linked polyubiquitination mostly targeted proteins 
for proteasome-mediated degradation, while the physi-
ological roles of K27-linked polyUb polyurea were still 
poorly understood [36, 37]. Recent research had revealed 
that K27-linked polyUb was crucial for autoimmunity5 
and DNA damage repair [38]. Meanwhile, overexpres-
sion of OGT could reverse the effect of USP8 knockdown 
on the malignancy of iCCA. These results indicated that 
USP8 could promote tumor proliferation, and invasion of 
iCCA through ubiquitinating OGT.

Post-translational modification (PTM) played a crucial 
role in iCCA oncogenesis. O-GlcNAcylation, a crucial 

Fig. 6 The mechanism of OGT regulation by USP8. USP8 stabilized OGT protein through deubiquitination manner
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[39–41]. Altering O-GlcNAcylation levels might pro-
vide a new sight for curing fatal and chronic illnesses 
[42]. In this study, we found that overexpression of OGT 
can reverse the effect of knocking down USP8 on iCCA. 

type of PTM, was regulated by OGT and reversed by 
O-GlcNAcase (OGA). Previous studies reported OGT 
was involved in tumor formation and metastasis via 
regulating autophagy or ferroptosis in several cancers 

Fig. 7 Inhibition of USP8 weakened the iCCA cells’ growth, colony formation, and tumor formation. A The vitality of cells was evaluated using 
the CCK8 assay in iCCA cells treated with DMSO or DUB-IN3 (5 μM). B Inhibition of USP8 decreases clone formation ability in HCCC9810 cells 
exposed to DMSO or DUB-IN3 (5 μM). C, D Transwell assays and wound healing assays showed the migration and invasion abilities of HCCC9810 
cells treated with DMSO or DUB-IN3 (5 μM). E The vitality of cells was evaluated using EdU staining assays in iCCA cells treated with DMSO 
or DUB-IN3 (5 μM). F The Xenograft Tumor Assay demonstrated that treatment of DUB-IN3 inhibited tumor development. The scatter diagram 
showed the tumor weight of the vehicle and DUB-IN3 group. The tumor volume was assessed every 2 days after the tumors were implanted
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