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Graphical Abstract

Study Highlights 
•	 We identified PRMT1 as the methyltransferase for DDX1 R602 in CCA, whose modification is enhanced under hy-

poxia.
•	 The USP10-PRMT1-DDX1 feedback loop is formed via ADMA modification-mediated deubiquitination and nuclear 

translocation.
•	 GSK3368715 inhibits CCA progression in a DDX1 R602-ADMA–dependent manner, supporting its therapeutic po-

tential.
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Background/Aims: Cholangiocarcinoma (CCA) is a primary malignant neoplasm with an extremely poor prognosis. 
While combined chemoradiotherapy has been demonstrated to delay CCA progression to a certain extent, the 
absence of specific molecular biomarkers or targets significantly hinders the diagnosis and treatment of CCA.

Methods: Through cross-analysis of proteomics and ADMA modificationomics, we identified DDX1 overexpressed in 
CCA with elevated R602-ADMA modifications. HPLC-MS/MS identified PRMT1 as the methyltransferase and USP10 
as the deubiquitinating enzyme for DDX1. Immunofluorescence and nuclear-cytoplasmic partitioning experiments 
confirmed DDX1’s nuclear localization. GO and KEGG analyses clarify the biological functions of DDX1 in response 
to hypoxia. RNA-seq transcriptomics analyzed key pathways influenced by DDX1. A hydrodynamic in situ CCA 
mouse model was established to validate the chemopreventive effects of the PRMT1-specific inhibitor GSK715 on 
CCA development.

Results: DDX1 promotes CCA progression both in vivo and in vitro and can be inhibited by GSK715. Mechanistically, 
PRMT1 mediates ADMA modification at position R602 of DDX1. This modification promotes DDX1 nuclear 
localization by recruiting USP10 to deubiquitinate DDX1, while simultaneously inhibiting PRMT1 degradation. DDX1 
promotes the transcription of PRMT1 and USP10 by binding to the mRNA 3’UTR region, establishing a positive 
feedback regulatory pathway. This mechanism promotes the occurrence and development of CCA and can serve as 
a target for the inhibitor GSK715 to suppress CCA progression.

Conclusions: Our study identified DDX1-R602-ADMA modification as a novel ADMA modification in CCA. It further 
confirmed its pivotal role in CCA progression. Targeting the USP10-PRMT1-DDX1 axis may represent a significant 
therapeutic approach for CCA. (Clin Mol Hepatol 2026;32:843-865)
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INTRODUCTION

Cholangiocarcinoma (CCA) is a malignant neoplasm 

originating from the epithelial cells of the biliary system.1 

Despite the presence of genetic heterogeneity, the com-

mon features of bile duct invasion and multipolar metasta-

sis establish the biological commonality of the tumors.2 On 

a global scale, the morbidity and mortality rates of CCA are 

increasing annually,3 and specific molecular markers or tar-

gets are absent for the diagnosis and treatment of CCA.4 

Research has demonstrated a correlation between aber-

rant post-translational modifications (PTMs) of proteins and 

the development and progression of CCA.5

PTMs of non-histone proteins6,7 play a critical role in vari-

ous cellular processes.8,9 Dysregulation of PTMs has been 

demonstrated to be a contributing factor to the develop-

ment of cancer.10,11 Recently, arginine methylation of non-

histone proteins has been identified as a prevalent PTM 

catalyzed by arginine methyltransferases12,13 and classified 

as monomethylation (MMA), symmetric dimethylation 

(SDMA), and asymmetric dimethylation (ADMA).14,15 PRMT1 

mediates over 75% of protein ADMA modifications, exhibit-

ing distinct catalytic activities and substrate specificities 

across different diseases. GSK3368715 (GSK715) is a po-

tent, reversible, S-adenosylmethionine (SAM)-noncompeti-

tive inhibitor that binds to the protein substrate-binding 

pocket of PRMT1.16 Methylation frequently impacts the 

binding of ubiquitin ligases or deubiquitinating enzymes to 

the substrate, thereby functioning as a regulatory “on/off 

switch” that governs the ubiquitination of the substrate and 

affects a variety of biological functions.17,18 The intricate 

regulatory network that PTMs in tumor cells form makes 

elucidating the specific mechanisms of interactions be-

tween different PTMs targeting the same substrate a key 

scientific issue for PTM therapies in tumors.19-21

DDX1 is a DEAD-box RNA helicase and a key member 

of the RNA-binding protein (RBP) family.22 As a crucial reg-

ulator of RNA metabolism,23 DDX1 plays a vital role in con-

trolling transcription and translation initiation,24 as well as 

providing genomic protection in various solid tumours.25 Al-

though DDX1 is implicated in the pathogenesis of multiple 

cancers,26 research on its role in CCA development re-

mains limited to date.

This study provides a comprehensive elucidation of the 

mechanism by which ADMA of the R602 site on the DDX1 

protein, facilitated by PRMT1 in CCA, promotes transcrip-

tion of both PRMT1 and USP10 by recruiting USP10 to fa-

cilitate DDX1 nuclear translocation. USP10 enhances 

DDX1’s R602-ADMA modification by stabilizing the PRMT1 

protein, thereby establishing a dual positive feedback regu-

lation mechanism that amplifies the stem-like characteris-

tics of CCA cells during cancer progression. According to 

data-independent acquisition (DIA) quantitative proteomics 

and ADMA modification profiling analyses, DDX1 expres-

sion is elevated in CCA tissues, and ADMA modification at 

the R602 site increases under hypoxic conditions. High-

performance liquid chromatography-mass spectrometry 

(HPLC-MS/MS) results indicate that DDX1’s R602-ADMA 

modification is mediated by PRMT1 and recruits USP10. 

RNA sequencing and enrichment analysis findings reveal 

that DDX1 activates stemness pathways in CCA cells. No-

tably, both in vivo and in vitro experiments have demon-

strated that the PRMT1-specific inhibitor GSK3368715 sup-

presses DDX1 nuclear translocation by inhibiting R602-

ADMA modification of DDX1. Consequently, this results in 

the attenuation of stemness characteristics in CCA cells 

and the subsequent inhibition of CCA progression. This 

therapeutic approach may offer a viable strategy for treat-

ing CCA.

MATERIALS AND METHODS

Patient samples

Human CCA and paracancerous samples were obtained 

from the Department of Biliopancreatic Surgery, Tongji 

Hospital, Tongji Medical College, Huazhong University of 

Science and Technology. All studies related to clinical 

samples and data followed the principles of the Declaration 

of Helsinki and were approved by the Ethics Committee of 

Tongji Hospital (Approval No. SHYJS-CP-2001002). Patient 

details are presented in Supplementary Table 1.

In vivo experiments

C57BL/6 mice and BALB/c nude mice were purchased 

from Spearfish Biotechnology Co. (Beijing, China). The 

Laboratory Animal Welfare and Ethics Committee of Tongji 

Hospital, Tongji Medical College, Huazhong University of 



https://doi.org/10.3350/cmh.2025.1252846

Clinical and Molecular Hepatology
Volume_32 Number_2 April 2026

http://www.e-cmh.org

Science and Technology, China, approved the animal stud-

ies (Approval No. TJH-202306014).

Mouse in situ CCA model
An in situ mouse CCA model was established using hy-

drodynamic tail vein injection and the Sleeping Beauty 

transposon.27 

Subcutaneous xenograft tumor model
Six-week-old female BALB/c nude mice from Spearfish 

Biotechnology Co. were used. Cells were counted in ad-

vance according to the experimental grouping, 2×106 per 

mouse, and cells were resuspended in PBS. 

Liver metastasis model
Six-week-old female BALB/c nude mice from Spearfish 

Biotechnology Co. were used. Cells were counted in ad-

vance according to the experimental grouping, 2×105 per 

mouse, and cells were resuspended in PBS. The following 

operations were performed in the operating room of the 

Laboratory Animal Center, and all instruments were steril-

ized. Ligation was performed in the center of the spleen, 

and the spleen was divided into proximal and distal ends 

with vascular tips. And 100 μL of cell suspension contain-

ing 2×105 cells was slowly injected into the proximal spleen. 

The mice were observed every two days, and their body 

weights were measured. When no weight gain was ob-

served and the mice were depressed, the mice were exe-

cuted, and the livers were fixed in 4% formaldehyde.

Plasmid construction, transfection, and 
lentivirus production

The total cDNA of CCA cells was used as the template, 

and the cDNA of DDX1, USP10, and PRMT1 was obtained 

by PCR. The polymerase used for PCR was 2×Phanta 

Flash Master Mix (P510, Vazyme, Nanjing, China).

The sequences of all primers used are summarized in 

Supplementary Table 2.

CRISPR cas9-mediated gene knockout

To construct DDX1 as well as PRMT1 knockout cell lines, 

we designed single guide RNA (sgRNA) targeting human 

DDX1 or PRMT1 and ligated it into the Px459 vector. 

The specific sequences of the sgRNAs used in this sec-

tion are shown in Supplementary Table 3.

Dual luciferase reporter assay

The 3’UTR, 5’UTR, and CDS sequences of USP10 and 

PRMT1 were obtained by PCR and cloned into a dual lucif-

erase reporter vector. The following operations were per-

formed in an environment protected from light using the 

Dual-Luciferase Reporter Assay Kit (DL101, Vazyme) ac-

cording to the instructions. 

Total RNA isolation, reverse transcription, and 
RT-qPCR

RNA extraction was performed using the TRIzol reagent 

(R701, Vazyme). Reverse transcription was performed us-

ing the reverse transcription kit HiScript II Q Select RT Su-

perMix for qPCR (+gDNA wiper) (R233-01, Vazyme). cDNA 

was obtained using 2 × Universal SYBR Green Fast qPCR 

Mix (RK21203, Abclonal, Wuhan, China) for RT-qPCR ex-

periments as per instructions.

Primer sequences used in this section are shown in 

Supplementary Table 4.

Cross-linking immunoprecipitation (CLIP)

Cells were irradiated with a UV crosslinker at 260 nm and 

then lysed with 5× Cell Lysis Buffer (G2002, Servicebio, 

Wuhan,  China)  and Protease Inh ib i tor  Cock ta i l 

(20138ES05, Yeasen, Shanghai, China). After the addition 

of 10 mg/mL RNaseA (G3405, Servicebio), and digested at 

room temperature for 15 minutes, DDX1 antibody and A/G 

magnetic beads (HY-K0202, MedChemExpress, Mon-

mouth Junction, NJ, USA) were added, and the cells were 

incubated at 4°C overnight. The immunocomplexes were 

eluted with 50 mM Tris-HCl solution (pH=7.8) at 60°C. Re-

verse transcription of the RNA to cDNA was performed and 

analyzed by RT-qPCR.

GST pull-down assay

Bacteria were lysed with GST lysis buffer (50 mM Tris-

HCl, pH 7.4, 0.5% NP-40, 1 mM EDTA, 150 mM NaCl, and 

protease inhibitor cocktail) and sonicated to obtain the GST 
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fusion proteins. The GST fusion proteins and cytosolic pro-

teins were incubated with GST antibody and A/G magnetic 

beads at 4°C overnight. The next day, the cells were 

washed three times and boiled with 2× loading buffer for 15 

minutes before being used for immunoblotting analysis.

Immunofluorescence staining

Cells were fixed in 4% formaldehyde, permeabilized with 

0.1% Triton X-100 for 10 minutes, and blocked with 5% 

BSA. Primary antibodies were incubated with the cells 

overnight at 4°C. The following procedures were performed 

in a light-proof environment. The next day, coverslips were 

incubated with the secondary antibodies at 37°C for 2 

hours. The nuclei were stained with DAPI.

Flow cytometry

Cells were digested with trypsin and obtained a cell sus-

pension, which was incubated with a fluorescently labeled 

primary antibody for 30 minutes at room temperature. Cell 

viability was assessed by the Zombie Aqua Fixable Viabili-

ty Kit (423101, Biolegend, San Diego, CA, USA). The 

stained cells were analyzed by flow cytometry using a BD 

FACSCelesta (423102, BD Biosciences, Franklin Lakes, 

NJ, USA) instrument and FlowJo software (TreeStar, Ash-

land, OR, USA). Antibodies used in this section are listed 

in Antibodies and Chemicals.

Tumor cell spheroid formation assay

CCA cells were inoculated in ultra-low adsorption dishes, 

and special medium for tumorsphere growth was prepared 

by adding B27 (1:50, Invitrogen, Carlsbad, CA, USA), hu-

man recombinant EGF (20 ng/mL, Sigma-Aldrich, St. Lou-

is, MO, USA), bFGF (20 ng/mL, Sigma-Aldrich), and insulin 

(5 μg/mL, Sigma-Aldrich) to DMEM/F12 medium. 

DIA relative quantitative proteomics analysis

After protein extraction and quantification, peptides were 

desalted using a C18 cartridge following FASP enzymatic 

digestion and then freeze-dried under vacuum. Each sam-

ple underwent DIA analysis with a screening threshold of Q 

value≤0.01. All mass spectrometry data were merged us-

ing Spectronaut software (version 19, Biognosys AG, 

Schlieren, Switzerland) to complete database searching of 

DIA mass spectrometry data and quantitative analysis of 

proteins via DIA. The database used was uniprotkb-Homo 

sapiens (Human) [9606]-205092-20250414.fasta, sourced 

from https://www.uniprot.org/taxonomy/9606. 

Arginine methylation proteomics

In addition to Section DIA Relative Quantitative Pro-

teomics Analysis incorporates asymmetric dimethylated 

peptide enrichment and differential analysis of asymmetric 

dimethylated arginine sites.

HPLC-MS/MS 

HPLC-MS/MS sequencing was conducted with the assis-

tance of Shanghai Omicsspace Biotech Co., Ltd. (Shang-

hai, China). HPLC-MS/MS analysis was performed on an 

Orbitrap Exploris 480 mass spectrometer coupled to a na-

no-HPLC interface (Dionex UltiMate 3000 nano HPLC, 

Thermo Scientific, Bremen, Germany). 

RNA sequencing and enrichment analysis

Enrichment analysis was based on the principle of hyper-

geometric distribution, and clusterProfiler software was 

used to perform Gene Ontology (GO) (http://www.geneon-

tology.org/), Kyoto Encyclopedia of Genes and Genomes 

(KEGG) (http://www.kegg.jp/), and Reactome pathway en-

richment analyses on the differential gene sets. 

Antibodies and chemicals

The DDX1-R602me2a rabbit polyclonal antibody was 

prepared by ABclonal (https://abclonal.com.cn).

The following other small-molecule materials were used: 

GSK3368715 dihydrochloride (HY-128717A, MedChemEx-

press); AMI-1 free acid (HY-18962A, MedChemExpress).

Detailed information on the antibodies is provided in 

Supplementary Table 5.

Statistical analyses

Statistical analysis was performed using GraphPad Prism 

https://abclonal.com.cn
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10 (GraphPad Software, La Jolla, CA, USA). Each experi-

ment was repeated at least three times. Data were ex-

pressed as mean±standard deviation (SD). Two-factor 

analysis of variance (ANOVA) or two-tailed unpaired t-test 

was used. Survival curves were analyzed using the Ka-

plan–Meier method and the log-rank test. P-values less 

than 0.05 were considered statistically significant, and P-

values were expressed as follows: *P<0.05, **P<0.01, and 

***P<0.001. On the contrary, P-values equal to or greater 

than 0.05 were not statistically significant.

RESULTS

ADMA modification of R602 in DDX1 is 
elevated in CCA and correlates with hypoxic 
environments

To identify proteins highly expressed in CCA, quantitative 

proteomic sequencing was performed on tissue samples 

from three pathologically confirmed CCA patients paired 

with adjacent non-cancerous tissue. Functional annotation 

and enrichment analysis revealed the response to hypoxia 

(Supplementary Fig. 1A–C). Furthermore, multiple studies 

have confirmed that hypoxia induction has been proven to 

be a critical intervention condition in cancer research.28,29 

In order to identify the key proteins involved in hypoxia-in-

duced elevation of ADMA in CCA, TFK-1 cells were cul-

tured under hypoxic conditions and then subjected to modi-

fied proteomics sequencing (Fig. 1A). The cross-analysis of 

the 17 proteomics-upregulated results with the 9 modificatio-

nomics-upregulated results revealed asymmetric dimethyl-

ation at arginine 602 (R602) of the DDX1 peptide (Fig. 1B, C). 

A DDX1-R602-specific ADMA antibody (DDX1-R602-ADMA) 

was engineered and utilized to specifically detect DDX1-

R602 ADMA through dot blotting (Supplementary Fig. 1D). 

Analysis of the amino acid sequence homology revealed 

that R602 is highly conserved throughout evolution (Fig. 1D). 

IHC staining of CCA tissue microarrays demonstrated that 

the expression of DDX1 and R602-ADMA was significantly 

elevated in CCA tissues compared with paracarcinoma tis-

sues (P<0.01) (Fig. 1E, Supplementary Fig. 1E). The pro-

tein and R602-ADMA levels of DDX1 can be increased in a 

hypoxic environment and in response to the increasing 

Ado-Met concentration or the arginine methylation inhibitor 

AMI-1 (Supplementary Fig. 1F–I). Upon converting all intra-

cellular DDX1 to the R602K mutant, hypoxia no longer increased 

ADMA modification of DDX1 (Fig. 1F, Supplementary Fig. 1J). 

The above results confirm that ADMA modification at the 

R602 site of DDX1 is elevated in CCA and correlates with 

hypoxic environments.

The asymmetric dimethylation modification of 
arginine in DDX1-R602 is mediated by PRMT1 
and enhanced by hypoxia

To identify the arginine-modifying enzyme of DDX1, argi-

nine methyltransferase 1 (PRMT1) was found after HPLC-

MS/MS (Fig. 2A). Further experiments and molecular dock-

ing confirmed the direct combination of DDX1 and PRMT1 

between the PRMT1d1 fragment and the DDX1F2 fragment 

(Fig. 2B, C, Supplementary Fig. 2A–C). Moreover, under 

hypoxic conditions, PRMT1 accumulates more DDX1 

(Supplementary Fig. 2D). Immunofluorescence staining re-

vealed that DDX1 and PRMT1 exhibit binding interactions 

with each other within both the nucleus and cytoplasm 

(Fig. 2D). R602-ADMA modification of DDX1 positively cor-

relates with PRMT1 expression and correlates with its 

methyltransferase activity. This was confirmed in cell ex-

periments using the PRMT1-specific inhibitor GSK3368715 

(GSK715) and in PRMT1 knockout (PRMT1KO) cells 

(Fig. 2E, Supplementary Fig. 2E–H). The hypoxia-induced 

expression of DDX1 in CCA and the elevated ADMA mod-

ification levels are similarly correlated with the methyl 

transfer activity of PRMT1 and the R602 site (Fig. 2F, 

Supplementary Fig. 2I–L). It indicates that PRMT1-mediat-

ed ADMA modification at the DDX1R602 site is crucial for 

the elevated expression of DDX1 in CCA.

USP10 is recruited by ADMA modification of 
arginine at position 602 of DDX1 and promotes 
DDX1 nuclear localization, while also stabilizing 
the PRMT1 protein

To investigate the impact of ADMA modification on the 

intracellular function of DDX1’s R602 residue, further GO 

and KEGG functional annotation and enrichment analysis 

were performed on the cross-results from proteomics and 

ADMA modification profiling. The results indicate that the 

majority of the enriched biological processes (BP) are as-
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sociated with mRNA and nucleic acid metabolism within 

the nucleus (Fig. 3A). Multiple studies indicate that protein 

methylation often interacts with other PTMs to jointly influence 

protein degradation or intracellular localization. Analysis of 
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DDX1 HPLC-MS/MS results drew our attention to the deubiq-

uitinating enzyme USP10 (Fig. 3B). After validating the interac-

tion between USP10 and DDX1 (Supplementary Fig. 3A–D), 

intracellular immunofluorescence colocalization analysis 

ECC
n=23

**

Paracarcinoma
n=6

IHC of DDX1-R602-ADMA in human CCA Paracarcinoma CCA

D
D

X
1-

R
60

2-
A

D
M

A
 e

xp
re

ss
io

n 
sc

or
in

g

20

15

10

5

0

E

In
pu

t
IP

: F
la

g

DDX1-Flag

Нуроxіa

R602-ADMA

Flag

Flag

β-actin

WT

TFK-1-DDX1KO

100

100

100

55
40

	 -	 +	 -	 +

R602K

F

Figure 1. Continued.

HEK293T Cell lysis IP with anti-Flag Excised trypsin digestion and peptide clean up LC-MS/MS

Vector

Vector

DDX1-Flag

DDX1-Flag

A

DDX1 PRMT1100

2525

100

70

55
40

GST

GST GST

GST
GST-

PRMT1

GST-PRMT1

GST-
DDX1

GST-DDX1

Input InputPulldown Pulldown

	DDX1-Flag	 -	 +

	PRMT1-HA	 +	 +

IP
: F

la
g Flag

HA

100

55
40

HEK293T

	DDX1-Flag	 +	 +

	PRMT1-HA	 -	 +

100

55
40

Flag

HAIP
: H

A

HEK293T

DDX1

PRMT1

100

55
40

TFK-1

In
pu

t
Ig

G
IP

: P
RMT1

DDX1

PRMT1

100

55
40

TFK-1

In
pu

t
Ig

G
IP

: D
DX1

B

DDX1F2PRMT1CD

	PRMT1-HA	 -	 +	 d1	 CD	 d2

	DDX1-Flag	 +	 +	 +	 +	 +

	DDX1-Flag	 -	 +	 F1	 F2

	PRMT1-HA	 +	 +	 +	 +

IP
: F

la
gFlag

HA

HA

Flag

PRMT1

PRMT1d1

PRMT1CD

PRMT1d2

DDX1

DDX1F1

DDX1F2

1-353

33-353

33-342

1-342

1-740

1-428

429-740

100

55

55

40

40

40

70

130

35

IP
: H

A

HEK293T HEK293T

ATP binding

ATP binding

DEAD

DEAD

C-terminal

C-terminal

1 133 2342 370353  373 428 493 681 740

C

Catalytic domain

Catalytic domain

Catalytic domain

Catalytic domain

Figure 2. PRMT1 acts as the arginine methyltransferase for DDX1, and ADMA mediates the increased expression of DDX1 in CCA. (A) 
Flowchart of sample processing for HPLC-MS/MS sequencing of DDX1-binding proteins and secondary mass spectrum of PRMT1. (B) 
Co-IP and GST pull-down of DDX1 and PRMT1. (C) Co-IP with truncated mutants of PRMT1 or DDX1. Computer-performed molecular 
docking simulation of DDX1 with PRMT1. (D) Immunofluorescence staining of PRMT1 (red) and DDX1 (green). Line intensity maps show 
co-localization of PRMT1 and DDX1 (n=5). (E) PRMT1 gradient increase, mutation, GSK715 detection of R602-ADMA modification level 
in DDX1. (F) Detection of the effects of hypoxia on PRMT1-mediated increased DDX1 expression and enhanced R602-ADMA modifica-
tion. ADMA, asymmetric demethylation; CCA, cholangiocarcinoma; Co-IP, Co-immunoprecipitation; DMSO, dimethyl sulfoxide; HPLC-
MS/MS, high-performance liquid chromatography-mass spectrometry; WT, wild-type.



Wenzheng Liu, et al. 
DDX1-ADMA modification drives CCA progression via a positive feedback loop

https://doi.org/10.3350/cmh.2025.1252 851http://www.e-cmh.org

vrevealed that USP10 primarily associates with DDX1 in 

the cytoplasm (Fig. 3C). Molecular docking was employed 

to simulate the binding of USP10 to the DDX1 protein (Fig. 

3D). USP10 catalytic inactivation plasmids (USP10C424A, 

USP10mut) confirmed the catalytic deubiquitination effect 

of USP10 on DDX1 (Supplementary Fig. 3E). We further 

determine the relationship between ADMA modification 

and the deubiquitination of DDX1. R602-ADMA modifica-

tion enhances the deubiquitination of DDX1 by USP10, 

whereas PRMT1 itself does not exert this effect (Fig. 3E). 

Hypoxia also enhances the deubiquitinating activity of 

USP10, which correlates with the DDX1R602 site (Fig. 3F, 

Supplementary Fig. 3F, G). The results demonstrate that 

hypoxia exerts a comparable effect on the recruitment of 

USP10, facilitated by ADMA modification at the DDX1R602 

site.

USP10 mediates K63 deubiquit inat ion of DDX1 

(Supplementary Fig. 4A), which is often associated with the 

intracellular localization of proteins. DDX1 is progressively 

transported into the nucleus as intracellular USP10 levels 

increase, and hypoxia enhances this process (Fig. 4A, 

Supplementary Fig. 4B–D). PRMT1 and hypoxia both en-

hance USP10-mediated nuclear localization of DDX1 

through R602 ADMA modification of DDX1 (Fig. 4B, 

Supplementary Fig. 4E, F). In exploring the enhancing ef-

fect of PRMT1 on USP10-mediated deubiquitination of 

DDX1, we discovered that USP10 itself exhibits a certain 

degree of enhancing effect on ADMA modification of DDX1 

R602 (Fig. 3E). HPLC-MS/MS analysis of the PRMT1 and 

further experiments discovered that PRMT1 and USP10 in-

teract within cells (Fig. 4C, Supplementary Fig. 5A–F). 

USP10 attenuates PRMT1 ubiquitinylation via the K48 

pathway (Supplementary Fig. 5F, G), not only inhibiting 

PRMT1 protein degradation but also enhancing PRMT1’s  

methyltransferase activity (Fig. 4E, F, Supplementary  

Fig. 5H–K). 

We have thus identified a positive feedback loop involv-

ing PTMs of DDX1: PRMT1 catalyzes ADMA modification 
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at the R602 site of DDX1, which in turn recruits USP10 to 

catalyze DDX1 deubiquitination. Concurrently, USP10 

binds to PRMT1 and stabilizes the PRMT1 protein, thereby 

enhancing PRMT1’s R602-ADMA modification of DDX1 

and recruiting additional USP10 molecules.

DDX1 promotes a positive feedback loop 
by binding to the 3’ UTR region of mRNA to 
facilitate PRMT1 and USP10 transcription

To elucidate the function of DDX1 upon nuclear localiza-
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tion in CCA, we performed RNA sequencing and revealed 

that both USP10 and PRMT1 were upregulated by DDX1 

expression (Fig. 5A, Supplementary Fig. 6A). Reactome 

pathway annotation revealed strong associations with 

mRNA processing (Fig. 5B). CLIP and dual luciferase re-

porter assays revealed that DDX1 exerted its effect on the 

3′UTR region of mRNAs and that the signal intensity exhib-

ited a positive correlation with DDX1 content (Fig. 5C, D, 

Supplementary Fig. 6B, C). PRMT1 could positively affect 

the USP10 content and correlate with its catalytic activity 

(Fig. 6E, Supplementary Fig. 6D). USP10 was unable to af-

fect the mRNA or protein expression of USP10 in the ab-
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sence of ADMA modification of DDX1 (Fig. 6F).

Our experiments established a USP10-PRMT1-DDX1 

positive feedback network. PRMT1 catalyzes ADMA modi-

fication of DDX1, which recruits USP10. USP10 simultane-

ously mediates DDX1 deubiquitination and nuclear translo-

cation while deubiquitinating PRMT1 to enhance its protein 

stability, thereby further elevating DDX1’s ADMA modifica-

tion levels. Upon entering the nucleus, DDX1 binds to the 

mRNA of PRMT1 and USP10, promoting transcription and 

thereby triggering positive feedback regulation of PRMT1 

and USP10 protein levels.

GSK715 suppresses CCA stem cell 
characteristics and inhibits CCA progression 
by inhibiting DDX1R602’s ADMA modification 
through PRMT1 inhibition

Following the discovery of DDX1 overexpression in CCA 

through proteomics, we further investigated the impact of 

DDX1 on the development and progression of CCA. GO 
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analysis on RNA-seq data identified epithelial cell differen-

tiation-related pathways (Fig. 6A). After confirming in vitro 

that TFK-1 cell proliferation rate positively correlates with 

DDX1 expression (Supplementary Fig. 7A), xenograft ex-
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of metastatic foci. (C) CCK-8 assay and colony formation assay were used to evaluate the effect of GSK715 on TFK-1 cell proliferation. 
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therapeutic efficacy of GSK715 against CCA in a mouse CCA model. *P<0.05, **P<0.01, and ***P<0.001; ns, not significant. ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; CCA, cholangiocarcinoma; DMSO, dimethyl sulfoxide; WT, wild-type.
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periments in nude mice demonstrated that DDX1 similarly 

promotes tumor cell proliferation in vivo (Fig. 6B, C). Tran-

swell invasion and migration assays, along with liver me-

tastasis experiments via spleen injection in nude mice, 

demonstrated that DDX1 enhances TFK-1 cell migration 

both in vivo and in vitro (Supplementary Fig. 7B, Fig. 6D). 

These experimental results suggest the potential of DDX1 as 

a therapeutic target for CCA. As DDX1 has been demonstrat-

ed to play a pivotal role in the development of CCA both in 

vivo and in vitro, we established wild-type and DDX1-overex-

pressing or knockdown in situ CCA models in C57BL/6 mice. 

The progression rate of liver cancer in mice is also positively 

correlated with DDX1 expression (Supplementary Fig. 7C). 

This validated the role of DDX1 in CCA initiation and pro-

gression. As demonstrated in prior research, the elimination 

of DDX1 has been observed to impact the stem cell charac-

teristics of cancerous cells.30,31 The results demonstrated 

that TFK-1 cells overexpressing DDX1 formed tumor 

spheres with significantly increased diameters (Fig. 6E) and 

led to a substantial increase in the expression levels of 

stem cell-associated nuclear transcription factors (EpCAM, 

CD24, CD44, SOX2, and OCT4).2,32 DDX1 overexpression 

significantly augmented cell membrane CD133 and Ep-

CAM enrichment and increased the propor tion of 

CD24+CD44+ cells (Fig. 6F). 

Mechanistic experiments have demonstrated that PRMT1-

mediated ADMA modification at R602 of DDX1 is critical for 

DDX1 function. Phenotypic studies further confirm that 

PRMT1-enhanced CCA cell stemness similarly depends on 

R602 ADMA modification (Supplementary Fig. 8A, B), while 

PRMT1 also promotes CCA progression both in vivo and in 

vitro (Fig. 7A, B, Supplementary Fig. 8C–E). We further in-

vestigated whether the PRMT1-specific inhibitor GSK715 

could suppress CCA progression. The results demonstrated 

that GSK715 inhibited the formation of tumor spheres in the 

presence of the methylation site of DDX1 and reduced the 

membrane surface stemness markers and the proportion of 

CD24+CD44+ cells in CCA cells (Supplementary Fig. 9A, B). 

Following in vitro experiments confirming that GSK715 in-

hibits proliferation and invasion in TFK-1 cells (Fig. 7C, D), 

we generated mouse models of CCA with wild-type ex-

pression and with DDX1 or PRMT1 specifically inhibited. 

These models were then treated with intraperitoneal injec-

tions of GSK715 to evaluate its in vivo efficacy in suppress-

ing CCA progression. Results showed that while GSK715 

exhibited limited tumor progression inhibition in wild-type 

CCA mouse models, its therapeutic efficacy was signifi-

cantly enhanced when DDX1 or PRMT1 expression was 

suppressed (Fig. 7E). This finding provides a theoretical 

basis for incorporating DDX1 inhibitor combination therapy 
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in subsequent experiments.

In summary, GSK715 has been demonstrated to impede 

the progression of CCA and mitigate liver injury to a certain 

extent by selectively inhibiting DDX1-R602ADMA.

DISCUSSION

PTM of proteins is a critical factor in tumor develop-

ment,33,34 exerting its influence through multiple mecha-

nisms.35,36 The study of multiple PTMs targeting proteins 

that play key roles has emerged as a promising avenue for 

cancer therapy.37,38 

Our experimental findings elucidated the interplay be-

tween two PTMs of DDX1 in CCA, unveiling a positive 

feedback network. Cross-referencing proteomics and mod-

ificationomics results revealed the R602-ADMA modifica-

tion of DDX1. HPLC-MS/MS analysis of DDX1-binding pro-

teins revealed that PRMT1 mediates DDX1-R602-ADMA 

modification and USP10 mediates DDX1 deubiquitination 

and promotes DDX1 nuclear localization. The deubiquitina-

tion of DDX1 is not only enhanced by ADMA modification 

of DDX1-R602 but also correlates with hypoxic conditions. 

HPLC-MS/MS analysis of PRMT1-binding proteins re-

vealed that USP10 stabilizes the PRMT1 protein, thereby 

amplifying ADMA modification and further intensifying 

USP10 recruitment. This positive feedback pathway con-

firms the central role of DDX1 R602 ADMA modification 

and elucidates the relationship between the two PTMs of 

DDX1 in detail.

To elucidate the biological function of DDX1 in CCA, 

RNA-seq was performed, and found that DDX1 upregu-

lates the transcription of PRMT1 and USP10 by binding to 

the 3’ UTR region of mRNA. This elucidates a positive 

feedback relationship between DDX1 PTM and transcrip-

tion. GO enrichment analysis of RNA-seq revealed that 

DDX1 upregulates the epithelial cell differentiation pathway. 

Inhibition of ADMA modification at DDX1R602 by GSK715 

effectively weakened the stem-like characteristics of CCA 

cells and suppressed cancer progression in CCA mice. 

This finding provides a theoretical basis and feasible ap-

proach for targeted therapy in CCA.

In summary, we identified two PTM modifications of 

DDX1 under hypoxic conditions and established the central 

role of the R602-ADMA modification, which serves as a 

survival-related prognostic indicator for CCA and may rep-

resent a potential therapeutic target for its treatment.
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