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Abstract

Background: HCC is one of the most prevalent and deadliest malignancies
worldwide, with a poor prognosis. Altered histone modifications have been
shown to play a significant role in HCC. However, the biological roles and
clinical relevance of specific histone modifications, such as the asymmetric
dimethylation on arginine 3 of histone H4 (H4R3me2a), remain poorly
understood in HCC.

Methods: In this study, immunohistochemical staining was performed to
assess histone H4R3me2a modification in 32 pairs of HCC tissues and
corresponding adjacent nontumor liver tissues. Cellular-level experiments
and subcutaneous xenograft models in nude mice were used to investigate
the effects of silencing protein arginine methyltransferase 1 (PRMT1) with
shRNA or pharmacologically blocking PRMT1 activity on HCC cell prolifer-
ation, migration, and invasion. RNA-seq analysis combined with Chip-gPCR
validation was employed to explore the regulatory mechanism of PRMT1 on
SOX18 expression. The downstream target of SOX18 was identified using
the JASPAR database and a dual-luciferase reporter system.

Results: The level of histone H4R3me2a modification was significantly
elevated in HCC tissues and closely associated with poor prognosis in
patients with HCC. Silencing PRMT1 or pharmacologically inhibiting its
activity effectively suppressed the proliferation, migration, and invasion of
HCC cells. Mechanistically, PRMT1 was found to regulate SOX18 expres-
sion by modulating histone H4R3me2a modification in the SOX18 promoter

Abbreviations: EGFR, epidermal growth factor receptor; H4R3me2a, histone H4 at arginine 3; PRMT1, protein arginine methyltransferase 1.
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factor SOX18.

proliferation

INTRODUCTION

HCC ranks as one of the leading causes of cancer-
related deaths globally, characterized by its high
prevalence and mortality rates.['l Despite advances in
medical research and therapeutic interventions, the
prognosis for patients with HCC remains poor.?
Therefore, uncovering the pathogenesis of liver cancer
and identifying therapeutic targets are central and
urgent tasks worldwide.

The role of epigenetics in cancer development,
particularly through modifications of histone proteins,
has gained significant attention. Histone modifications,
such as methylation, acetylation, and phosphorylation,
play crucial roles in regulating gene expression by
altering chromatin structure and accessibility.24! Among
these, histone methylation has been implicated in various
biological processes and diseases, including cancers.
Recent studies suggest that epigenetic alterations can
serve as biomarkers for HCC diagnosis and prognosis
and as targets for therapeutic intervention.>-¢1 Among
these histone methylation modifications, histone H4 at
arginine 3 (H4R3me2a) plays a critical role. Studies
indicate that the levels of H4R3me2a modification are
associated with the occurrence, development, and drug
resistance of various tumors.!*-'" |n prostate cancer, the
methylation status of H4R3 is significantly associated
with clinical characteristics such as tumor grading or the
risk of prostate cancer recurrence.®! In breast cancer,
protein arginine methyltransferase 1 (PRMT 1)-mediated
H4R3me2a modification can influence the transcription
of epidermal growth factor receptor (EGFR), thereby
affecting the sensitivity of breast cancer to chemo-
therapeutic drugs. However, its expression in liver cancer
clinical samples and its relationship with prognosis
remain unclear.

PRMT1 is the first and currently the only identified
enzyme that introduces asymmetric methylation of
histone H4 at the third arginine residue, resulting in the

Conclusions: This study revealed the clinical
H4R3me2a modification in HCC and demonstrated that PRMT1 promotes
malignant behavior in HCC cells by modulating H4R3me2a modification in
the SOX18 promoter region. The findings elucidate the role and molecular
mechanism of PRMT1-mediated histone H4R3me2a modification in HCC
progression and highlight the potential clinical applications of PRMT1
inhibitors. These results may provide new insights into the treatment of HCC.

region. LOXL1 was identified as a downstream target of the transcription

relevance of histone
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formation of the active histone mark, H4R3me2a.['2-141 |n
HCC, previous studies indicate elevated PRMT1 expres-
sion correlates with adverse prognostic outcomes. In
addition, increased PRMT1 expression is associated
with alterations in the CDKN1A, TGF-p1, and Smad
signaling pathways.['5161 However, the molecular mech-
anisms by which PRMT1 influences histone modifica-
tions and their biological functions through its arginine
methyltransferase activity in liver cancer remain unclear.

This study aims to elucidate the clinical relevance of
H4R3me2a modification in HCC and to explore the
underlying molecular mechanisms by which PRMT1-
mediated H4R3me2a influences the progression of
HCC. By investigating the effects of PRMT1 and
H4R3me2a on the regulation of crucial genes and
signaling pathways involved in HCC progression, we
seek to uncover new therapeutic strategies that could
potentially improve the prognosis for patients with HCC.

METHODS
Cell lines and culture condition

The human liver cancer cells, SNU398, SK-Hep1,
Hep3B, PLC/PRF/5, SNU387, SNU449, HUH7, Li7,
Huh6, HCCLM3, MHCC97H, and HepG2, were cultured
in high-glucose DMEM with 10% Fetal Bovine Serum,
glutamine, and penicillin-streptomycin under standard
culture conditions (37 °C, 5% CO.,).

Clinical tissues and ethics statement

Thirty-two tumor tissues and matched adjacent normal
tissues were collected from patients with pathologically
and clinically confirmed HCC from the Huashan
Hospital Affiliated to Fudan University, General Surgery
Department, Fudan University, between July 2015 and
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August 2018. The Institutional Review Board of
Huashan Hospital approved the use of the tumor
samples in this study. All human tumor tissues were
collected after obtaining written informed consent from
patients.

Immunohistochemistry

A tissue microarray containing 32 HCC samples from
the Huashan Hospital Affiliated to Fudan University was
used for immunohistochemistry. The method of Immu-
nohistochemical staining and the H-score algorithm was
described in our previous study.l'”l The patients were
divided into high-expression or low-expression groups
according to the median value of H-scores. The
demographic data, including key clinicopathological
parameters of 32 patients with HCC are shown in
Supplemental Table S1, Supplemental Digital Content
1, http://links.lww.com/HC9/B888. All antibodies used in
immunohistochemistry are listed in Supplemental Table
S2, Supplemental Digital Content 1, http:/links.lww.
com/HC9/B888.

Compounds

TC-E 5003 (S0855, Selleck) and MS023 (S8112,
Selleck) were purchased from Selleck Chemicals. TC-
E 5003 (HY-10757) and WP1066 (HY-15312) were
purchased from MedChemExpress.

Plasmid construction and lentivirus
production

Lentiviral vectors containing shRNAs against PRMT1,
and SOX18 came from the TRC human shRNA (Lenti)
Library. Empty pLKO.1 vector was used as a negative
control. All shRNA Sense Sequences are listed in
Supplemental Table S3, Supplemental Digital Content
1, http://links.lww.com/HC9/B888. Wildtype human
PRMT1 (PRMT1-WT) coding region was cloned into
the pLX304-Blast-V5 Lentiviral plasmid. The PRMT1
(PRMT1-Mut, amino acids 86-90 [GSGTG] deleted)
vector was constructed by site-directed mutagenesis.
The oligonucleotide used to induce the deletion was 5'-
GGTGGTGCTGGACGTCATCCTCTGCATGTTTGC-3'
as described before.['™ SOX18 (NM_018419.3) coding
region was cloned into the PGMLV-CMV-MCS-3xFlag-
EF1-ZsGreen1-T2A-Puro plasmid. An empty backbone
vector was used as a negative control. Cells were
transfected using jetPRIME transfection reagent (poly-
plus) with the vectors into 293T cells following the
manufacturer’s instructions. The supernatant medium
containing the virus was concentrated by Universal
Virus Concentration Kit (Beyotime). Then viruses were

used to infect indicated cells followed by 2 pg/mL
puromycin selection for 3-5 days or 20 ug/mL Blasti-
cidin selection for 7-10 days.

Western blotting

Cells were lysed in RIPA buffer (Sangon Biotech)
adding phosphatase and protease inhibitor cocktails
(Sigma). Protein quantification was conducted using an
enhanced BCA protein assay Kit (P0010, Beyotim).
Quantified protein lysates were separated with 10%—
15% Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis and transferred to the Polyvinylidene
Fluoride membrane using a fast transfer buffer stock
solution (Biofuraw). All procedures were conducted
according to the manufacturer’s protocol. After blocking
with 5% milk confining liquid at room temperature for
1-2 hours, the Polyvinylidene Fluoride membranes
were incubated with primary antibody overnight at 4 °
C on a rocking platform shaker. The information on
antibodies used in this project was referred to Supple-
mental Table S2, Supplemental Digital Content 1, http://
links.lww.com/HC9/B888. Secondary antibodies were
used at a 1:5000-20000 dilution of anti-rabbit or anti-
mouse HRP-conjugated secondary antibodies. Bound
antibodies were visualized with the enhanced ECL kit
(ShareBio).

RNA extraction and quantitative reverse-
transcription PCR

EZ-press RNA Purification Kit (EZBioscience) was used
to extract total RNA from cells and tissues. cDNA was
acquired using a Color Reverse Transcription Kit with
gDNA remover (EZBioscience). Quantitative PCR
reactions were conducted using 2xColor SYBR Green
gPCR Master Mix (EZBioscience). The sequences of
the primers for quantitative reverse-transcription PCR
(QRT-PCR) are shown in Supplemental Table S3,
Supplemental Digital Content 1, http://links.lww.com/
HC9/B888.

Chromatin immunoprecipitation and q-PCR
assay

We immunoprecipitated chromatin fractions from
MHCC97H cells with specific antibodies following the
standard protocols as described.['® Normal rabbit 1gG
served as the control. Chromatin immunoprecipitation
(Chip) samples were analyzed by quantitative real-time
PCR using 2xColor SYBR Green qPCR Master Mix
(EZBioscience). We calculated the percentage of Chip
DNA relative to the input DNA. The relative enrichment
assay was conducted following the previously described
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FIGURE 1

Upregulation of H4R3me2a and prognostic significance in HCC. (A) Representative images of immunohistochemical analysis for

H4R3me2a from tumor tissues and adjacent nontumor normal tissues of 32 paired samples from patients with HCC. (B, C) Quantified H-scores of
H4R3me2a and PRMT1 in the tumor tissues and adjacent nontumor normal tissues of these 32 paired HCC samples. The p value is calculated by
paired 2-sided t test. (D) Representative images of immunohistochemistry for H4R3me2a and PRMT1 from the tumor tissues of these 32 paired
HCC samples. (E) Correlation between H4R3me2a and PRMT1 in HCC tissues. Pearson correlation coefficient, r = 0.4524, p = 0.0053. (F)
Representative images for high or low levels of H4R3me2a in HCC tissues. (G, H) Kaplan-Meier analyses of overall survival rates and pro-
gression-free survival rates for patients with HCC were performed according to H4R3me2a H-scores. High and low levels of H4R3me2a were
defined according to the median value of H-scores. The p value was calculated by the log-rank (Mantel-Cox) test. ***p < 0.001. Abbreviations:
H4R3me2a, histone H4 at arginine 3; PRMT1, protein arginine methyltransferase 1.

method.l'®¥ The primer sequences for Chip g-PCR are
listed in Supplemental Table S3, Supplemental Digital
Content 1, http://links.lww.com/HC9/B888.

Luciferase reporter assays

For promoter interactive identification, the luciferase
reporter PGL4.10 plasmid was purchased from Prom-
ega, and the promoter region of LOXL1 and described
truncated fragments were inserted into the plasmid
between the Nhel and Xhol sites. Indicated cells were
seeded into 96-well plates and transfected with 100 ng
indicated reporter plasmid and 10 ng Renilla following
the recommended protocol for the jetPRIME transfec-
tion system (Polyplus). After incubation for 48 hours,
firefly and renilla luciferase activities in the cell lysates
were measured according to the dual-luciferase
reporter assay kit (TM040, Promega).

In vivo experiments

BALB/c nude mice used for xenograft models were
purchased from Shanghai Jihui Laboratory Animal Care
Company (Shanghai, China). Indicated MHCC97H cells
(2 x 10° per mouse) or Hep3B (4 x 10 per mouse) were
injected into the right shoulder of 6-week-old BALB/c
nude mice. Based on the measurement of the vernier
caliper, tumor volume was assessed by the modified
ellipsoidal formula: volume = % (length x width?) every
2 days. For the in vivo proliferation assay, mice were
euthanized at day 12. For the PRMT1 inhibitor in vivo
experiment, when the tumor reached around 50 mms2,
nude mice were randomly assigned to each group to
receive different solvents, TC-E 5003 (100 mg/kg) and
DMSO once daily for 16 days. All mice were raised on a
12-hour dark/light cycle and had sufficient access to
food and water. All procedures of animal experiments
were performed by The Animal Care and Use Commit-
tee of Renji Hospital affiliated to Shanghai Jiao Tong
University School of Medicine.

Statistical analysis

Statistical analyses were performed using Prism soft-
ware (GraphPad Software Version 8.0). In vitro and

in vivo data were shown as the mean + SEM.
Differences among variables were assessed by a 2-
tailed Student t test. Kaplan-Meier analysis was used to
evaluate overall survival and progression-free survival
rates of patients and the Log-Ran test was conducted
for difference comparison.

RESULTS

Upregulation of H4R3me2a and prognostic
significance in HCC

We analyzed the levels of H4R3me2a in 32 paired
samples from patients with HCC through immuno-
histochemical staining. The level of staining was
independently assessed by 2 pathologists who were
blinded to all clinicopathological parameters. The
methods for quantification of immunohistochemical
results are described in the Methods section. The level
of H4R3me2a is elevated in tumor tissue compared to
paracancerous tissue (Figures 1A, B). PRMT1 is the
first and the only identified enzyme currently that
introduces asymmetric methylation of histone H4 at
the third arginine residue, resulting in the formation of
the active histone mark, H4R3me2a. We also examined
the expressions of PRMT1 in the 32 paired samples.
Results revealed a significant upregulation of PRMT1 in
tumor tissues (Figure 1C), and there was a significant
positive correlation between the levels of PRMT1 and
H4R3me2a (r = 0.4524, p = 0.0053) (Figures 1D, E).

We further analyzed the clinical significance of
H4R3me2a. The 32 patients with HCC were divided
into high-expression or low-expression groups accord-
ing to the level of H4R3me2a (Figure 1F), and survival
analysis was performed. In Kaplan-Meier survival
analysis, we observed statistically significant differ-
ences in the risk of overall survival rates and progres-
sion-free survival rates between the 2 groups (Figures
1G, H); patients with high levels of H4R3me2a exhibit
poor prognosis. Simultaneously, the levels of PRMT1 in
our clinical cohort were also significantly correlated with
prognosis (Supplemental Figures S1A, B, Supplemental
Digital Content 1, http://links.lww.com/HC9/B888). The
H4R3me2a immunohistochemical scores and clinico-
pathological information were collected for univariate
analysis (Supplemental Tables S1 and S4, http://links.
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Iww.com/HC9/B888). The analysis revealed a potential
correlation between H4R3me2a expression and tumor
size (p = 0.053), while no significant associations were
observed with sex (p = 0.522), age (p = 0.759), liver
cirrhosis (p = 0.713), lymphatic metastasis (p = 0.29),
or the number of tumors (p = 0.909).

These results first indicate that the level of histone
H4R3me2a modification may be a promising biomarker
for liver cancer diagnosis and a good predictor for
clinical outcomes.

PRMT1-mediated modification of histone
H4R3me2a is essential for the progression
of liver cancer cells

PRMT1 is the key enzyme involved in mediating
H4R3me2a modification. The online data from the
Crispr-Cas9 database DepMap (https://depmap.org/
portal/, Public 23Q2+Score, Chronos) showed that the
Gene Effect of PRMT1 was <-1 in 86.9% liver cancer
cell lines, indicating that PRMT1 plays an indispensable
role in liver cancer cell survival and proliferation
(Supplemental Figure S1C, http://links.lww.com/HC9/
B888). We examined the protein levels of PRMT1 and
H4R3me2a in liver cancer cell lines (Figure 2A). PRMT1
was efficiently knocked down in MHCC97H and
HCCLM3 cells with consistent downregulation of
H4R3me2a modification, as shown in Figure 2B.
PRMT1 depletion markedly inhibited cell growth
(Figure 2C) and impaired their migration and invasion
capacities (Figures 2D, E). Subcutaneous tumor experi-
ments in mice also showed that PRMT1 knockout
significantly suppressed the proliferation of liver cancer
cells in vivo (Figures 2F, G). The immunohistochemical
staining of the subcutaneous tumor tissues from mice
suggested a significant decrease in levels of PRMT1
and Ki67 in the PRMT1 knockout group (Figures 2H, I).

To further investigate whether the effect of PRMT1 on
liver cancer cells relies on its enzyme activity for arginine
methylation, we generated the plasmid of PRMT1 mutant
with crucial enzymatic site deletion (PRMT1-Mut, amino
acids 86-90 (GSGTG) deleted), following the methodol-
ogies described in the previous study.®'% The expres-
sion of exogenous PRMT1 was confirmed in Hep3B cells
(Figure 2J). Notably, only wildtype PRMT1 exhibited its
arginine methylation activity on H4R3me2a, as shown in
Figure 2J. The in vitro experiments indicated that the
capabilities of proliferation and migration were signifi-
cantly enhanced in wildtype PRMT1 overexpressed
group (Figures 2K, L). In the subcutaneous tumor model,
PRMT1 significantly promoted tumor growth (Figures
2M, N). Immunohistochemical staining revealed elevated
levels of PRMT1 and Ki67 in the PRMT1 group (Figures
20, P). These findings provide evidence for the crucial
role of PRMT1-mediated H4R3me2a in the progression
of HCC.

Pharmacological inhibitions of PRMT1
restrain HCC growth

In our study, we chose PRMT1-specific inhibitor (TC-E
5003) and Type-l PRMTs inhibitor (MS023) for inhibitor
efficacy assessments in liver cancer cells. We found
that treatment with TC-E 5003 or MS023 both led to a
reduction of cell viability in a wide panel of liver cancer
cell lines based on long-term and short-term prolifera-
tion assays (Figures 3A, B and Supplemental Figures
S2A, B, http://links.lww.com/HC9/B888) and calculated
their ICs values across cells by short-term proliferation
assays (Figure 3C and Supplemental Figure S2C1,
http://links.lww.com/HC9/B888). Results indicated that
PRMT1 inhibitors have antiproliferation effects on liver
cancer cell lines with low expression of PRMT1. By
contrast, the majority of liver cancer cell lines with the
PRMT1 high expression exhibited resistance to TC-
E 5003.

Next, we utilized nude mouse xenograft models to
evaluate the in vivo antitumor effects of PRMT1
inhibitors. Results revealed that TC-E 5003 at a
concentration of 100 mg/kg effectively suppressed the
subcutaneous tumor growth. Mouse body weight, tumor
weight, tumor growth curve, and immunohistochemical
staining of Ki67 were measured (Figures 3D-G).
Results demonstrated that the PRMT1 inhibitor remark-
ably impaired the growth of liver tumors without causing
a significant reduction in mice body weight. These
findings indicate that targeting PRMT1 may represent a
promising therapeutic approach for HCC.

PRMT1 epigenetically regulates SOX18 to
promote HCC proliferation

We performed RNA-seq analysis in MHCC97H cells
with  PRMT1 knockdown or TC-E 5003 treatment,
respectively, to identify potential target genes and
explore downstream signal pathways. The data of
RNA-seq revealed dysregulated genes (Log,(Fold
change) >1 or <-1, and p < 0.05) as shown in
Figures 4A, B. Heatmap displaying the overall cluster-
ing feature for the groups of NC, shPRMT1, DMSO, and
TC-E 5003 indicated that TC-E 5003 treatment effec-
tively recapitulated effects of PRMT1-specific genetic
ablation consistency within (Figure 4C). Meanwhile,
principal component analysis demonstrated a satisfac-
tory consistency within the sequencing results of the
respective groups (Supplemental Figure S3A, http://
links.lww.com/HC9/B888). Gene ontology enrichment
analyses of differentially expressed genes identified that
the regulation of developmental process and cell death
was the top regulated pathway in shPRMT1 versus NC
groups (Figure 4D), and gene set enrichment analysis
(GSEA) indicated significant changes in IL6-JAK-
STAT3 signaling and epithelial to mesenchymal


http://links.lww.com/HC9/B888
https://depmap.org/portal/
https://depmap.org/portal/
http://links.lww.com/HC9/B888
http://links.lww.com/HC9/B888
http://links.lww.com/HC9/B888
http://links.lww.com/HC9/B888
http://links.lww.com/HC9/B888
http://links.lww.com/HC9/B888

PRMT1-MEDIATED H4R3ME2A PROMOTES LIVER CANCER

QD )
B oo pasds oo (B ©
IR o

MHCC97H HCCLM3 MHCC97H HCCLM3 MHCC97H HCCLM3

~ shPRMT1 NC #1 #2 NC #1 #2 120 120
e — — = >~
PRMT1 |~- -——— -—-I HARSme2a [ NC g 00 100
! 3 : S ¢ 80 80
Actin m..-—-| H | m / 2$ e 60
—— ShPRMT1 #1 i 28 4 40
PRMT1 [#Ss ol . s E
HAR3Me2a | "= - ——— = = gs 2 20
) = g 2 \ 0 0
ncin [N GRS oerviri 2| N s &

e [ | ' e i&\ 3 e:\&g
& & R

EQR SR
MHCC97H
(D) MHCCO7H (E) MHCCLM3 MHCCLM3
shPRMT1 NC  shPRMT1#1 shPRMT1#2 2 200 N shPRMT1 NC shPRMT1#1 shPRMT1#2 k]
° ® Migration . o 150 ® Migrati
S i TR s = N i G SRS v 2 igration
5 150 ® Invasion . el 5 = Invasion
a " -
Migration - Migration _S- 100
2 100 2
2 s
) 8 50 g %
Invasion % Invasion [ %
o
O Dy O 9 o
SNEVN SEH OB
AN & &
& &L S S
PPN PPN L L
e e e S S

3

MHCC97H (G) n.s

L) 0.5 ok %~ 1000
& - = = o — £
QQQ& > 2 20 %% 2 04 o £ 800
z z
= =2 2 o3 2 600
- i . =2
g™ | fH ® o - 2 10 H eshnC Z o2 2 400
° A
(. g = ShPRMT1#1 2 5 200
o | @ @ = a 4 ShPRMT1#2 2 01 e = E
. 0 T T T 0.0 T T T =
O D 9 o N Q
e «\% &’\)Q( e &’\& &'\%
N N N N
& & & &
& F & &
ShPRMT1 #1 ShPRMT1 #2 ()] 10 PRMT1
80x 20% . il 1.0
5@ 0754 ¢ o @
88 88 o067
T2 o5 T P
ET 7 ET
SO S
ZI o025 Sg 0
0 0
O N 90 O N X
AP ATON
N\ NP
QQ- QQ- QQ‘ Q‘Z‘
EXEES & F
(J) Hep3B (K) Hep3B (L)
Vector PRMT1PRMT1
Mut_WT 150 ! Hep3B
25 2 600
%T:’ 100 g
PRMT1-Mut 2 g 2 n.s
gL 8 200
© o
Migration N @"‘ @
& &

s~ 1500
%) 5 NC
z @ €@ o > = e
z ® & o C C E - PRMT1-WT
gl .E’ 5 g 1000
< ° ? i
P Oeaw ¢ g 5
z =) s > 500
[N : O E =
o TED 3 g 5
= :
= O T T T T T T T T T T7TT
NC PRMT1-WT NC PRMT1-WT 1234567 89101112
Days
(O) NC PRMT1-WT (P) PRMT1 Ki67
1.0 —_ 1.0 *
=
= 5 @ 075 @
x E% _g% 0.67
c % © %
EI 0.5 I EI
SO SO 033
5 ZZL 025 zZI
g
0 0

NC PRMT1-WT NC PRMT1-WT



HEPATOLOGY COMMUNICATIONS

FIGURE 2

PRMT1-mediated H4R3me2a promotes the progression of liver cancer. (A) Analysis for PRMT1 and H4R3me2a expression level

in liver cancer cell lines. (B) PRMT1 knockdown reduced the levels of methylation mark H4R3me2a in HCC cells. (C) Long-term cell proliferation
assay for HCC cells with PRMT1 knockdown. (D, E) Effects of HCC cells with PRMT1 knockdown on migration and invasion. (F, G) PRMT1
knockdown restrained tumor growth in the subcutaneous xenograft tumor model. Representative images of subcutaneous tumors (F); mice body
weight, tumor weight, and tumor volume (G). (H, 1) Immunohistochemical analysis for PRMT1 and Ki67 in tumor tissues from the subcutaneous
xenograft tumors. (J) The plasmid of PRMT1 mutation (PRMT1-Mut), which mutated the arginine methylation active site (GSGTG, amino acids
86-90) of PRMT1 was employed to explore the effects of PRMT1 on the levels of methylation mark H4R3me2a. (K, L) Effects of HCC cells with
enhanced H4R3me2a deposition on colony formation and migration. (M, N) Overexpression of PRMT1 effectively enhanced the H4R3me2a
deposition and promoted tumor growth in the subcutaneous xenograft tumor model. Representative images of subcutaneous tumors (M); mouse
weight, tumor weight, and tumor growth curve (N); (O, P) Immunohistochemical analysis for PRMT1 and Ki67 in tumor tissues from the
subcutaneous xenograft tumors. n.s: no significance. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: H4R3me2a, histone H4 at arginine 3;

PRMT1, protein arginine methyltransferase 1.

signaling induced by PRMT1 knockdown (Supplemen-
tal Figures S3B, C, http://links.lww.com/HC9/B888).
Next, we identified 15 jointly changed genes in 2
RNA-seq systems by dynamic Venn diagram
(Figure 4E). Heatmap shows the 9 changed genes with
consistent trends and their expression differences
among groups, and transcription factor SOX18 is the
most significantly downregulated gene in PRMT1-
depleted and TC-E 5003 treated cells (Figure 4F). We
further analyzed the expressions of the 9 genes in
paired samples from the TCGA-LIHC cohort, and
results indicated that SOX18 displayed significant
upregulations in tumor tissues (Supplemental Figure
S3D, http://links.lww.com/HC9/B888). We performed
RT-gPCR analysis to verify the downregulation of
SOX18 mRNA in MHCC97H and HCCLM3 cells with
PRMT1 knockdown or PRMT1 inhibitors treatment
(Figure 4G and Supplemental Figure S3F, http://links.
lww.com/HC9/B888). We found that the knockdown of
PRMT1 also reduced the protein level of SOX18,
indicating that PRMT1 is needed for SOX18 expression
(Figure 4H). Subsequently, we generated the
MHCC97H cells with SOX18 knockout to assess
whether SOX18 could reciprocally regulate PRMT1.
g-PCR analysis showed no significant change of
PRMT1 expression in the MHCC97H cells with
S0OX18 knockdown (Supplemental Figure S3E, http:/
links.lww.com/HC9/B888).

Subsequently, we examined gene expressions in our
clinical samples. Results showed that SOX18 was
significantly upregulated in our cohort of the 32 paired
samples of patients with HCC (Supplemental Figure
S3G, H, http://links.lww.com/HC9/B888). Immuno-
histochemical analysis for H4R3me2a, PRMT1, and
S0OX18 showed a close relationship among 3 proteins in
HCC tissues from our cohort of 32 paired samples of
patients with HCC as shown in representative images of
Figure 41. The correlation between H4R3me2a and
SOX18 in HCC tissues is shown in Figure 4J (r =
0.4513, p<0.0001). Based on these findings and
previous studies,'%20 we hypothesized that PRMT1
may enhance the transcription of SOX18 by modulating
the H4R3me2a mark. Our data of Chip-qPCR demon-
strated the deposition of H4R3me2a at the SOX18 gene

promoter in MHCC97H cells, while downregulation of
PRMT1 dramatically reduced H4R3me2a enrichment at
the SOX18 promoter region (Figure 4k). As observed in
the long-term and short-term cell proliferation assays,
the introduction of SOX18 partially reversed the
inhibition of cell proliferation induced by PRMT1
knockdown in MHCC97H (Figures 4L—N). These data
indicate that PRMT1 promotes cell proliferation by
enhancing H4R3me2a deposition at the SOX18 pro-
moter and activating its transcription.

LOXLA1 is identified as a direct target of
SOX18 and promotes HCC through STAT3
signaling

As a transcription factor, previous research has
reported the oncogenic role of SOX18 in various
cancers.["221 However, research on the direct binding
of SOX18 to downstream genes, particularly the effects
of PRMT1-mediated SOX18 regulation, remains limited.
Bioinformatics analyses have identified the top 10 hub
genes (POSTN, BGN, MMP2, THBS2, CD34, ESRH1,
VEGFC, AEBP1, CLDNS5, and LOXL1), which have
been reported to interact with the SOX family in liver
cancer.[?® |nterestingly, our data of RNA-seq show that
LOXL1 is contained among the 9 consistently changed
genes (Figure 4F). We retrieved the expression profiles
of SOX18 and LOXL1 from the TCGA-LIHC data set
and conducted correlation analysis. Results demon-
strated a significant positive correlation in the expres-
sion of SOX18 and LOXL1 (Figure 5A). Furthermore,
we observed a marked decrease in mRNA levels of
LOXL1 after SOX18 knockdown in MHCC97H cells,
suggesting that SOX18, as a transcription factor, may
facilitate the transcription of LOXL1 (Figure 5B). We
used the online database JASPAR (https://jaspar.
genereg.net/) to predict the binding region of SOX18
to the promoter of LOXL1, and the results revealed a
potential transcription factor binding site. Based on the
scoring and results of matrix overlap (MA1563.1 and
MA1563.2), we selected 2 potential transcription factor
binding sites as shown in Figure 5C. A variety of
reporter plasmids for truncated LOXL1 promoters were
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FIGURE 3

TC-E 5003, as a PRMT1 inhibitor, suppresses the HCC growth. (A) Long-term cell proliferation assays for TC-E 5003 (PRMT1

inhibitor) in liver cancer cell lines. Cells were treated with indicated concentrations of TC-E 5003. Long-term cell proliferation assays were
measured by colony formation. (B, C) In short-term cell proliferation assays, cells were treated with indicated concentrations of TC-E 5003 for
3 days and detected by CCK8. ICsq values of TC-E 5003 were determined. (D—G) TC-E 5003 restrained tumor growth in the subcutaneous
xenograft tumor model. Representative images of subcutaneous tumors (D). Mice body weight and tumor volume (E). Tumor volume growth curve
(F). Immunohistochemical analysis for Ki67 in tumor tissues from the subcutaneous xenograft tumors (G). n.s., no significance. ***p < 0.001.
Abbreviations: H4R3me2a, histone H4 at arginine 3; ICsp, half maximal inhibitory concentration; PRMT1, protein arginine methyltransferase 1.

constructed. Results showed that SOX18 could influ-
ence the luciferase activities of the LOXL1 promoter
and the transcription factor binding site 1 might be the
most probable binding site (Figure 5C).

Finally, we aimed to briefly analyze the key signaling
pathway affected by PRMT1-mediated H4R3me2a in
liver cancer proliferation. Our GSEA analysis indicated
significant enrichments in IL6/JAK/STAT3 signaling
induced by PRMT1 (Supplemental Figure S3B, http://
links.lww.com/HC9/B888). Interestingly, previous stud-
ies have linked the oncogenic roles of SOX18 and
LOXL1 to the STATS3 signaling pathway. For example,
research indicated downregulation of SOX18 inhibits
the proliferation, migration, and invasion of laryngeal
cancer cells through the JAK2/STAT3 signaling
pathway.l?4 Another study uncovered that miR-7-5p
targets SOX18 to suppress the gp130/JAK2/STAT3
signaling pathway, thereby exerting its inhibitory effect
in pancreatic ductal adenocarcinoma.l?s! For LOXLA1,
the study indicated that LOXL1-AS1 promotes the
progression of cholangiocarcinoma by inhibiting JAK2
ubiquitination through the JAK2/STAT3 signaling path-
way, and the LOXL1-AS1/miR-515-5p/STAT3 positive
feedback loop plays a vital role in atherosclerosis.[26:27]
Most importantly, recent studies have emphasized the
role of STAT3 in liver cancer.[2829 Therefore, we aimed
to investigate the alterations of STAT3 signaling in our
research. Our results exhibited that PRMT1 knockdown
inactivates the STAT3 pathway in MHC97H cells, while
the overexpression of SOX18 could partially restore the
levels of p-STAT3 (Figure 5D). The levels of p-STAT3
were effectively increased in Hep3B cells with PRMT1
overexpression while restored with the treatment of
STATS inhibitor (WP1066) (Figure 5E). WP1066 could
partially inhibit the PRMT1-induced proliferation in HCC
(Figure 5F). These results indicate that SOX18 may
exert an oncogenic effect by directly binding to LOXL1
and activating its transcription, leading to HCC promo-
tion through STATS3 signaling in the process of PRMT1-
mediated HCC proliferation (Figure 5G).

DISCUSSION

This study underscores the critical role of the histone
modification H4R3me2a and its regulatory enzyme
PRMT1 in the progression of HCC. Our findings first

reveal that the upregulation of H4R3me2a is signifi-
cantly associated with poor prognosis in patients
with HCC.

This is crucial for revealing the clinical relevance of
specific global histone modifications to liver cancer,
facilitating the discovery of new liver cancer targets.

In general, histone H4R3me2a modification plays
crucial roles in regulating gene expression and is
closely associated with tumorigenesis, making it a
promising biomarker for tumor diagnosis.3430 For
instance, Tudor domain-containing protein 3 (TDRD3)
functions as a methylarginine “reader” recognizing
methylated arginine residues to activate transcription.
Its interaction with histone H4R3me2a facilitates the
recruitment of methylated ubiquitin-specific protease 9
(USP9X), which is vital for the stability of TDRD3.[3]
Furthermore, PRMT1-mediated H4R3me2a modifica-
tion is linked to the regulation of EGFR expression in
colorectal cancer and plays a role in the transcriptional
activity of the MLL-EEN complex in acute myeloid
leukemia, thereby promoting tumor growth.['932 Ajter-
ations in histone maodifications including H4R3me2a
may serve as biomarkers for the diagnosis and
prognosis of prostate cancer, suggesting that therapies
targeting this modification could inhibit tumor growth
and metastasis.[83334 Thus, H4R3me2a exhibits signif-
icant values in development and progression as well as
in the clinical translation for human cancers.

As previously mentioned, PRMT1 is the most
important member of the type | PRMT family, account-
ing for 85% of type | PRMT activity in mammals.3!
PRMT1 plays a role in regulating the compaction of
chromatin, controlling chromatin remodeling complexes,
and recruiting transcription factors, thereby influencing
the activity of downstream regulatory factors.’%! Human
PRMT1 arginine methyltransferase can target histone
(producing the H4R3me2a mark) or non-histone sub-
strates, affecting the function of the relevant substrates
by methylating specific arginine sites on proteins.[36:37]
But the mechanism by which PRMT1 is elevated in
tumors is not well understood. In general, the main
factors that may contribute to the overexpression of
PRMT1 include gene amplification, transcriptional reg-
ulation, and posttranscriptional regulation.[36:38] Accord-
ing to previous research, the upregulated level of
PRMT1 can be regulated by downregulated levels of
miR-503 and E3 ubiquitin ligase F-box-only protein 7
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FIGURE 4 Enhanced H4R3me2a methylation at the promoter region of SOX18 stimulates HCC proliferation. (A, B) Volcano plots depicting
differentially expressed genes identified by RNA-seq analysis in MHCC97H cells after knockdown of PRMT1 or treatment with PRMT1 inhibitor
(TC-E 5003). The x-axis represented Log, (Fold change), and the y-axis represented —Log4o (p value). Significant genes were defined as Log,
(Fold change) >1or <-1,and p < 0.05. (C) Heatmap displaying the overall clustering feature of the 4 groups (NC, shPRMT1, DMSO, and TC-E
5003) based on RNA-seq data. (D) GO enrichment analysis of significantly changed genes from the shPRMT1 versus NC RNA-seq data. (E)
Dynamic Venn diagram identified 15 changed genes between the shPRMT1 versus NC and TC-E 5003 versus DMSO group based on RNA-seq
data. (F) Heatmap showing the 9 changed genes with consistent trends and their expression differences among groups. (G, H) Downregulation of
SOX18 expression was validated by western blotting and g-PCR in MHCC97H cells with PRMT1 knockdown. (I) Representative images of
immunohistochemical analysis for H4R3me2a, PRMT1, and SOX18 in 32 paired patients with HCC. (J) Correlation between H4R3me2a and
S0OX18 normalized H-scores in HCC tissues. Pearson correlation coefficient, r = 0.4513, p < 0.0001. (K) Differential levels of H4R3me2a binding
to the promoter region of SOX18 were analyzed by Chip-qPCR in MHCC97H cells treated with NC or shPRMT1. (L—N) Long-term cell proliferation
assay and western blotting of PRMT1 and SOX18 in MHCC97H cells treated with NC or shPRMT1 and 0e-SOX18. n.s., no significance. **p <
0.01, **p < 0.001. Abbreviations: Chip, chromatin immunoprecipitation; GO, gene ontology; H4R3me2a, histone H4 at arginine 3; PRMT1,

protein arginine methyltransferase 1; g-PCR, quantitative polymerase chain reaction.

(FBXO7) and upregulated levels of Thymidine kinase 1
(TK1) in liver cancer.3®41 |n detail, TK1 could directly
bind to PRMT1 and stabilize it by interrupting its
interactions with tripartite-motif-containing 48 (TRIM48),
which inhibits its ubiquitination-mediated
degradation.’®¥ miR-503 was able to reduce the
expression of PRMT1 at the levels of mMRNA and
protein in HCC.[*?! The FBXO?7 inhibits serine synthesis
in HCC by binding PRMT1 inducing lysine 37 ubiquiti-
nation, and promoting proteosomal degradation of
PRMT1.141

In our study, we focus on the role of PRMT1-
mediated histone H4R3me2a modifications in regulat-
ing the transcription of key downstream genes that
influence HCC proliferation. However, PRMT1 also
exerts its effects through the direct methylation of
protein components. For instance, PRMT1 can affect
the sensitivity to chemotherapy by modulating the
transcription of EGFR or the methylation sites on the
extracellular domain of the EGFR protein.[10.11:4243] |n
future studies, we plan to conduct a broader investiga-
tion, such as combining unbiased proteomic methyla-
tion screens, to further elucidate the mechanisms by
which  PRMT1 influences the proliferation of liver
cancer.

In addition, the effectiveness of pharmacological
inhibitors of PRMT1 in restraining HCC growth high-
lights the therapeutic potential of targeting this pathway.
The inhibition of PRMT1 not only reduced H4R3me2a
levels but also significantly curtailed the proliferation of
HCC cells. These results suggest that PRMT1 inhibitors
could serve as a promising approach for HCC treat-
ment. GSK3368715 is a first-in-class reversible inhibitor
of type | protein methyltransferases, demonstrating
anticancer activity in preclinical studies. A phase 1
study (NCT03666988) was conducted to evaluate the
safety, pharmacokinetics, pharmacodynamics, and
preliminary efficacy of GSK3368715 in adult patients
with advanced solid tumors. However, based on a
higher-than-expected incidence of adverse events,
limited target engagement at lower doses, and a lack

of observed clinical efficacy, the risk/benefit analysis led
to the premature termination of this study.[*4 Therefore,
there is an urgent need to find more effective and safer
PRMT1 inhibitors with anticancer activity.

The elucidation of SOX18 as a downstream effector
regulated epigenetically by PRMT1-mediated
H4R3me2a modification adds another layer of com-
plexity to the regulatory networks influencing HCC
progression. The transcription factor SOX18, a member
of the SOX (SRY-related HMG box) family, exhibits
predominant expression in endothelial cells and regu-
lates the expression of genes involved in vascular
development and angiogenesis.“>4%1 Moreover, SOX18
has been implicated in the progression of cancers, such
as breast, prostate, and liver cancer.2®l Previous
studies have indicated that SOX18 promotes cell
proliferation and inhibits apoptosis in HCC, the precise
mechanism underlying its oncogenic function remains
largely unexplored.[748] Research indicates that, under
conditions of high FGF19 expression, FGF19 upregu-
lates the expression of SOX18. The overexpression of
SOX18 further promotes liver cancer metastasis by
upregulating metastasis-related genes, including fibro-
blast growth factor receptor 4 and Fms-related tyrosine
kinase 4 (FLT4).49 Although the potential role of the
FGF19-SOX18-fibroblast growth factor receptor 4 pos-
itive feedback loop in HCC metastasis has been
revealed in previous studies, the regulatory mechanism
of SOX18 in the context of PRMT1 alterations has not
been reported yet. To our knowledge, there have been
no previous studies on the oncogenic role of PRMT1
through SOX18 in HCC. Our identification of LOXL1 as
a direct target of SOX18 further establishes a novel link
between histone modification and gene expression
regulation in HCC, enhancing our understanding of
the transcriptional networks in liver cancer.

In conclusion, our research provides compelling
evidence for the role of PRMT1 and H4R3me2a in
HCC and highlights the therapeutic potential of targeting
this epigenetic modification. Future studies should focus
on further delineating the molecular mechanisms by
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which PRMT1 and H4R3me2a influence HCC, as well
as on expanding the clinical samples to further
investigate clinical significance between H4R3me2a
modification and HCC clinicopathological information.
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