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KEY WORDS Abstract Protein arginine methyltransferase 5 (PRMTS5) acts as an oncogene in liver cancer, yet its

roles and in-depth molecular mechanisms within the liver cancer immune microenvironment remain
?léll\;ll"l; mostly undefined. Here, we demonstrated that disruption of tumor-intrinsic PRMTS enhances CD8"
FGLI: ’ T-cell-mediated antitumor immunity both in vivo and in vitro. Further experiments verified that this effect
Antitumor immunity; is achieved through downregulation of the inhibitory immune checkpoint molecule, fibrinogen-like pro-
Liver cancer tein 1 (FGL1). Mechanistically, PRMTS5 catalyzed symmetric dimethylation of transcription factor 12

(TCF12) at arginine 554 (R554), prompting the binding of TCF12 to FGL1 promoter region, which tran-
scriptionally activated FGL1 in tumor cells. Methylation deficiency at TCF12-R554 residue downregu-
lated FGL1 expression, which promoted CD8™ T-cell-mediated antitumor immunity. Notably,
combining the PRMTS methyltransferase inhibitor GSK591 with PD-L1 blockade efficiently inhibited
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liver cancer growth and improved overall survival in mice. Collectively, our findings reveal the immuno-
suppressive role and mechanism of PRMTS in liver cancer and highlight that targeting PRMTS could
boost checkpoint immunotherapy efficacy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liver cancer is known for its high incidence and mortality rates,
with more than 900,000 new cases and over 830,000 deaths
worldwide annually'. Notably, most patients are not eligible for
surgery at the time of diagnosis and exhibit insensitivity to con-
ventional treatments such as radiotherapy and chemotherapy2‘3.
Hence, it is imperative to explore more effective treatment stra-
tegies. Numerous studies have highlighted the crucial role of the
tumor immune microenvironment (TIME) in the progression of
liver cancer®. Limited knowledge of TIME hinders the develop-
ment of effective treatments. Therefore, gaining deeper insights
into immune microenvironment of liver cancer and developing
modulatory strategies may offer new therapeutic strategies.

Protein arginine methyltransferase 5 (PRMTS), a member of
the protein arginine methyltransferases (PRMTs) family, plays a
significant role in transcriptional and post-transcriptional regula-
tion of target molecules by arginine methylation of histone or non-
histone substrates™®. Accumulating evidence has shown that
PRMTS5 exerts critical regulatory roles in antitumor immunity %,
Extensive studies have established that PRMTS significantly
enhances cell proliferation, invasion, and metastasis in liver
cancer®'. Yet, its immunologic regulatory function in liver cancer
remains unclear. Given the potential of PRMTS in immune
regulation and its notable impact on liver cancer, it is necessary to
further investigate its role in liver cancer immunity and assess its
potential as a therapeutic target.

Tumor infiltrating lymphocytes (TILs), key mediators of anti-
tumor immunity within the tumor microenvironment, are tightly
regulated by various co-inhibitory immune checkpoints'.
Malignant tumors often manipulate the aberrant expression of
these checkpoint molecules for immune evasion. Currently,
therapies blocking immune checkpoint receptors or ligands,
including PD-1 and PD-L1, have become an important approach
for enhancing antitumor immunity'?. Therapies targeting PD-1/
PD-L1 have also been employed in liver cancer treatment, yet
the objective response rate (ORR) is merely 14%—20%"3. This
limited efficacy may be attributed to the presence of other
co-inhibitory immune checkpoints'®. Consequently, the focus of
current research has shifted toward investigating novel immune
checkpoints to enhance the efficacy of immunotherapy'”.
Lymphocyte-activation gene 3 (LAG3), a notable immune
checkpoint predominantly expressed on the surface of lympho-
cytes including CD4" and CD8™ T cells. LAG3 delivers inhibitory
signals that are key in regulating immune cell homeostasis, the
activation and proliferation of T cells, cytokine production, and
cytolytic activity'®'®. Recent studies have demonstrated that
fibrinogen-like protein 1 (FGL1) acts as a primary immune
inhibitory ligand for LAG3, and elevated FGLI levels are corre-
lated with reduced responsiveness to anti-PD-1 therapy'’.
Elevated FGL1 expression in liver cancer tissues and circulating
tumor cells is associated with a worse prognosis for patients**2".

Concurrently, targeting FGL1 has been shown to enhance immu-
notherapy efficacy in liver cancer’”. Thus, modulating FGLI
could be a crucial approach to counteract the poor response to
immunotherapy in liver cancer. However, the regulatory mecha-
nism of FGL1 in liver cancer remains unclear.

In this study, we investigated the role of PRMTS in the immune
regulatory function within liver cancer. Strikingly, we found that
PRMTS in liver cancer cells suppresses CD8" T-cell function by
upregulating FGL1, thereby facilitating immune evasion. Notably,
PRMTS5 inhibitors enhanced the effectiveness of PD-L1 mAb
against liver cancer by promoting CD8' T-cell activation and
infiltration within the tumor microenvironment. Our research
elucidates the role and mechanism by which PRMTS5 drives
immunosuppression in liver cancer, and underscores the potential of
PRMTS5 inhibitors as novel adjuvants to potentiate the efficacy of
immune checkpoint inhibitors (ICIs) in liver cancer immunotherapy.

2. Materials and methods

2.1.  Human samples

A total of 55 liver cancer tissue samples along with their
respective adjacent tissues were collected from the Tianjin
Medical University Cancer Institute and Hospital following a
surgical removal procedure. Consents were acquired from every
patient. Approval for the study protocol was granted by the
Research Ethics Committee at Tianjin Medical University Cancer
Institute and Hospital (EK2023028). Patient medical records are
detailed in Supporting Information Table S1.

2.2. Cell lines, cell culture

The human liver cancer cell lines HepG2 and Huh7, the mouse
liver cancer cell lines Hepal-6 and H22, as well as the Human
Embryonic Kidney 293T (HEK293T) cell line, were acquired
from ATCC (American Type Culture Collection) and BFB
(Biological Resource Center). Hepal-6-OVA cells were acquired
from Meisen CTCC (Zhejiang, China). TCFI2-knockout (KO)
HepG2, Huh7 and Hepal-6 cells, crafted using CRISPR/Cas9
genetic editing, were developed by Gene Carer Biotech (Xi’an,
China). Oligonucleotide sequences for single guide RNA (sgRNA)
can be found in Supporting Information Table S2. Using the
methods previously described®, we successfully established
stable knockdown (KD) of PRMTS in both Hepal-6 and H22 cell
lines, and FGL1 KD was achieved in the H22 cell line, utilizing
lentivirus-mediated delivery of short hairpin RNA (shRNA).
Table S2 presents the target sequences of the short hairpin’s
complementary DNA (cDNA). Additionally, PRMT5-KD
H22 cells were further engineered to overexpress FGL1 through
lentiviral to establish the PRMTS5-KD combined with FGLI1-
overexpression (OE) H22 cell line (PRMT5 KD + FGL1 OE).
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Stable cell lines expressing TCF12 (WT) or TCF12 (R554K) were
established in TCF12-KO Hepal-6 cells through lentiviral trans-
fection. Each cell line was grown in DMEM (Gibco, Grand Island,
NY, USA), supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1% penicillin/streptomycin. PCR confirmed that
all these cell lines were free from mycoplasma.

2.3. Plasmids or small interfering RNA (siRNA) generation and
transfection

Sangon Biotech (Shanghai, China) produced all the siRNAs. The
siRNA sequences are detailed in Table S2. Genscript Biotech-
nology (Genscript, PisV cataway, NJ, USA) was responsible for
constructing all the plasmids employed in our research. The
plasmids are enumerated in Supporting Information Table S3.
Transfections were conducted utilizing Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA), adhering to the manufacturer’s
instructions.

2.4.  Immunofluorescence assays

Cells cultured in 12-well plates were first washed using PBS,
subsequently fixed using paraformaldehyde, and permeabilized
with Triton X-100. Post-permeabilization, they underwent BSA
incubation, followed by an overnight treatment with primary
antibodies. The binding of these primary antibodies was then
detected using secondary antibodies. For visualization, either a
confocal or fluorescence microscope was employed. Detailed
information about the antibodies utilized can be found in
Supporting Information Table S4.

2.5.  Immunohistochemistry (IHC) staining

Sections of tumors from liver cancer patients and mice underwent
dewaxing. Subsequently, IHC staining was carried out, drawing
from previously established methods®. The specific antibodies
utilized are detailed in Table S4.

2.6.  Animal experiments

Female BALB/c nude mice, BALB/c mice, and C57BL/6 mice,
aged 5 to 6 weeks, were used to establish subcutaneous liver
cancer models. These mice were sourced from VITAL River
(Beijing, China). The OT-1 mice were sourced from Cyagen
Biosciences (Guangzhou, China).

1) C57BL/6 mice or BALB/c nude mice were subcutaneously
inoculated with Hepal-6 cells (either stPRMTS or control) at a
concentration of 1 x 10° cells per mouse (n = 5). Post 27 days
of inoculation, the mice were euthanized and tumor samples
were extracted for examination.

2) To deplete CD4" T, CD8™ T, or both CD4™ and CD8™ T cells
in C57BL/6 mice, neutralizing antibodies (anti-CD4, anti-CDS,
both anti-CD4 and anti-CDS8, or control IgG) were obtained
from BioLegend (San Diego, CA, USA). The information
about the antibodies are detailed in Table S4. These antibodies
were administered intraperitoneally at a dose of 200 pg, both
four days prior to and one day before the subcutaneous
injection of 1 x 10° Hepal-6 cells. Following inoculation,
antibody injections were administered every 3 days at the same
dose until the experiments were completed. The mice were
divided into 8 groups based on the Hepal-6 cell inoculation

and antibody treatment: IgG, PRMTS5 KD + IgG, anti-CD4,
PRMT5 KD + anti-CD4, anti-CD8, PRMTS5 KD + anti-
CDS8, anti-CD4 + anti-CD8, and PRMT5 KD + anti-
CD4 + anti-CD8 (n = 6). Post 27 days of inoculation, the
mice were euthanized, and tumors were harvested for subse-
quent examinations and analyses. Additionally, mice subjected
to the same treatment were observed for their survival time
(n = 8). The observation endpoint was defined as when the
mouse’s tumor volume exceeded 1.5 cm3, death occurred, or
survival reached the 60th day.

3) Ctrl, PRMT5-KD, FGL1-KD and PRMT5-KD + FGL1-OE
H22 cell lines were used for subcutaneous tumor inoculation
in BALB/c mice. Ctrl, TCF12 KO, TCF12 KO + TCF12 (WT),
and TCF12 KO + TCF12 (R554K) Hepal-6 cell lines were
used for subcutaneous tumor inoculation in C57BL/6 mice.
Post 27 days of inoculation, the mice were euthanized and
tumor samples were extracted for examination.

4) C57BL/6 mice were subcutaneously inoculated with Hepal-
6 cells at a concentration of 1 x 10° cells per mouse. After 11
days post-inoculation, the mice were distributed into four
distinct groups: the control group treated with DMSO and
IgG2b isotype control (BioXcel, Lebanon, NH, USA)
(administered intraperitoneally), the GSK591 (AbMole
BioScience, Houston, TX, USA) groups receiving 80 mg/kg
doses intraperitoneally every other day, the PD-L1 mAb
(BioXcel, Lebanon, NH, USA) group getting 100 pg per
mouse intraperitoneally on Days 11, 15, 19, and 23, and lastly,
the combined GSK591 with PD-L1 mAb group (n = 6). At the
end of 32 days from the initial injection, the mice were
euthanized, and tumors were extracted for further analysis.
Additionally, mice subjected to the same treatment were
observed for their survival time (n = 8). The observation
endpoint was defined as when the mouse’s tumor volume
exceeded 1.5 cm?, death occurred, or survival reached the 60th
day.

Tumor volume was determined employing Eq. (1):

Tumor volume = 0.52 x (L x W x H) (D)

where ‘L’ denotes length, ‘W’ denotes width, and ‘H’ denotes
height.

The tumor growth inhibition value (TGI, %) = (1 — Treatment
group tumor mean weight/Control group tumor mean
weight) x 100 2

All animal experiments were conducted in accordance with the
Declaration of Helsinki and approved by the Tianjin Medical
University Cancer Institute and Hospital Animal Care and Use
Committee.

2.7.  Reverse transcription quantitative PCR (qPCR)

Using Trizol reagent (Solarbio, Beijing, China), total RNA was
isolated from the cells or tissues. The obtained RNA was then
reverse transcribed with the assistance of cDNA Synthesis
SuperMix (Yeasen, Shanghai, China). The process of quantitative
PCR was undertaken using SYBR Green (Yeasen). The 2724
approach was employed to determine variances in gene expres-
sion levels. For the purpose of normalization, GAPDH served as
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the standard reference. Supporting Information Table S5 offers
detailed sequences of the primers that were employed.

2.8.  Chromatin immunoprecipitation (ChIP) and Re-ChIP

ChIP assays followed the guidelines provided by Cell Signaling
Technology (Danvers, MA, USA). In the ChIP process, the cells
were fixed with formaldehyde, which cross-linked and thus pre-
served protein/DNA interactions. After sonication of the cells,
DNA/protein complexes were immunoprecipitated using a specific
antibody  targeting the  DNA-binding protein.  Post-
immunoprecipitation, the DNA underwent washing and cross-
link reversal, followed by proteinase K treatment to remove pro-
teins. The DNA was then purified using columns, and the extracted
DNA fragments were quantified using qPCR.

Re-ChIP assays were conducted utilizing the Re-ChIP-IP kit
(Active Motif, Shanghai, China). Briefly, complexes obtained from
the initial immunoprecipitation were eluted using a specialized
bufter. Then, a secondary ChIP reaction was performed with a distinct
antibody, different from the first. Following this, cross-links were
reversed, and the liberated DNA was subjected to PCR analysis to
assess the co-localization of the two proteins at a particular region of
interest. Primer specifics can be found in Table SS5.

2.9.  Luciferase reporter gene assays

Luciferase reporter gene evaluations were conducted as per the
guidance provided by the manufacturer. The experimental process
was conducted as follows: Liver cancer cells were seeded in 24-
well plates and subsequently transfected with 1 pg of either full-
length or segmented FGL1 promoter luciferase reporter con-
structs. The full-length construct, pGL3-2101, spanned from 2000
bp upstream to 100 bp downstream of the transcription start site.
Additional segmented constructs included pGL3-1561 (—1460 to
-+100 bp), pGL3-1021 (=920 to +100 bp), pGL3-661 (—560 to
+100 bp), and pGL3-391 (—290 to +100 bp). These constructs
were transfected into the specified cells. Additionally, 0.05 ng
pRL-TK was utilized for normalization purposes. Two days post
the transfection, cells were gathered using a lysis buffer. The
measurement of the luciferase activity was executed with the
Dual-Luciferase Reporter Assay System (Promega, Madison, WI,
USA) in line with the manufacturer’s stipulated protocols.

2.10.  Co-immunoprecipitation (ColP) assays

Cells underwent lysis using the Native lysis buffer from Solarbio
Science & Technology Co., Ltd. (Beijing, China). Post lysis, they
were subjected to an overnight incubation either with control IgG
or a designated primary antibody, all at 4 °C. Subsequently, Pro-
tein A/G beads, sourced from Thermo Fisher Scientific USA, were
introduced to the lysates for 2 h. Following this, the beads un-
derwent five wash cycles with the lysis buffer. Finally, proteins
separated from the A/G beads were examined using Western blot
analysis. The antibodies used are listed in Table S4.

2.11.  GST pull-down assay

Prepare GST-only or GST-TCF12 proteins (purified through
Escherichia coli (E. coli)) and His-PRMTS5 protein (purified
through HEK293T cells). GST or GST-TCF12 proteins were
immobilized on Glutathione-Sepharose beads (Yeasen, Shanghai,
China) and mixed with recombinant His-PRMTS protein,

followed by incubation of the mixture at 4 °C for 2 h. Subse-
quently, the samples were analyzed by immunoblotting.

2.12.  In vitro methylation assay

Prepare recombinant GST fusion proteins TCF12 WT and TCF12
R554K (purified through E. coli and His-PRMTS protein (purified
through HEK293T cells). In a reaction buffer containing
100 pmol/L S-adenosyl-L-methionine iodide (SAM), GST-TCF12
WT/TCF12 R554K proteins and His-PRMTS5 protein were incu-
bated at 37 °C for 1 h. After stopping the reaction, the SDS sample
buffer was added, and the samples were analyzed by immuno-
blotting following SDS-PAGE.

2.13.  Western blot analysis

Cells or tissues were subjected to protein extraction utilizing a
solution composed of RIPA lysis buffer combined with protease
inhibitors (Solarbio, Beijing, China). The separated proteins went
through SDS-PAGE and were subsequently transferred to nitro-
cellulose filter membranes. These membranes were then blocked
using 5% skimmed milk, followed by incubation with specific
antibodies. Visualization was achieved with the aid of an ECL
Western Blotting Detection Kit provided by GE Healthcare
(Waukesha, WI, USA). Detailed information on the antibodies
utilized is available in Table S4.

2.14.  Cell proliferation assays

The cell viability (2000 cells per well) of each treatment group
was measured using CCK-8 (Solarbio, Beijing, China) following
the manufacturer’s instructions.

2.15. RNA sequencing (RNA-seq) analysis

HepG?2 cells underwent transfection with either control siRNA or
PRMTS5-specific siRNA. For each variant, three biological repli-
cates were conducted. Post-transfection, the cells were harvested
using TRIzol, and RNA-seq analysis was carried out by Majorbio
Bio-pharm Technology Co., Ltd. (Shanghai, China). Subsequent
data analysis took place on the Majorbio Cloud Platform, acces-
sible at www.majorbio.com. Genes displaying a |fold change| > 2
and an adjusted P-value <0.05 were deemed significantly differ-
entially expressed.

2.16.  Bioinformatics analysis

The databases hTFtarget, JASPAR and Toolkit were used to
predict FGL1 transcription factors. The JASPAR database
provided insights into the TCF12 binding sites located within the
promoter region of FGL1. The docking analysis of PRMTS with
TCF12 was examined using Discovery Studio software according
to the previous methods?>%. The structural data for PRMT5 and
TCF12 were retrieved from the RCSB Protein Data Bank. The
CDOCKER was then utilized to conduct an analysis of the
PRMTS and TCF12 docking.

2.17.  Single-cell generation from tumor tissue
The fat, fibrous and necrotic areas were removed from the tumor

tissues. The tumor samples were cut into small pieces of 2—4 mm.
These segments were then enzymatically dissociated using a
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Tumor Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). The tumor tissue (0.04—1 g) was dissociated into
single-cell suspensions by incubation with an enzymatic cocktail
containing 2.35 mL of RPMI 1640, 100 pL of enzyme D, 10 pL of
enzyme R, and 12.5 pL of enzyme A. The tissues were incubated
at 37 °C with constant rotation for 40 min. Following dissociation,
the sample was filtered to eliminate any remaining larger particles
from the single-cell suspension.

2.18.  T-cell-mediated tumor cell killing assays

Mouse CD8" T cells were isolated from the spleens of C57BL/6
or OT-1 mice using the Mouse CD8" T Cell Isolation Kit
(Miltenyi Biotec). Human peripheral blood mononuclear cells
(PBMCs) were purchased from Hycells Biotech (Shanghai,
China). Human CD8" T-cell Isolation Kit (Miltenyi Biotec) was
used to enrich CD8" T cells from PBMCs according to the
manufacturer’s instructions.

For antigen-specific killing, OT-1 T cells were activated with the
SIINFEKL peptide (Sigma). The OT-1 CD8" T cells were
co-cultured with Hepal-6-OVA cells in direct physical contact for
24 h. For non-antigen-specific killing, CD8" T cells were
preactivated with anti-CD3 and anti-CD28 antibodies, following co-
cultured with different target tumor cells not expressing OVA for 72 h.

After co-culture, the plates were washed with PBS to remove
CD8™ T cells. The remaining tumor cells were then fixed, stained
with crystal violet solution, and quantified by spectrometry at an
optical density (OD) of 570 nm.

2.19.  Co-culture experiment

Tumor cells were seeded into the plates and pre-incubated for 12 h
to allow proper attachment. After cell adhesion, CD8" T cells
were added and co-cultured with the target tumor cells for either
48 or 72 h. Samples were analyzed by flow cytometry or ELISA.

2.20.  T-cell migration assays

Liver cancer cells subjected to various treatments were seeded into
the lower chamber of a Transwell system, while pre-activated
CD8™" T cells were placed in the upper chamber (membrane pore
size: 5 um). The system was incubated for 24 h to allow for T cell
migration. Subsequently, T cells in the lower chamber were
collected, fixed with 4% paraformaldehyde, and resuspended in
200 pL of PBS. The number of CDS8" T cells that migrated
through the membrane was quantified by analyzing the samples
with a flow cytometer for 30 s.

2.21.  T-cell proliferation assay

Collect CD8" T cells from the co-culture system described
previously. The proliferative ability of these CD8" T cells was
evaluated by measuring Ki67 expression using flow cytometry.

2.22.  Flow cytometry

Cells were subjected to surface staining using appropriate
antibodies. The cells were then fixed and permeabilized using the
Cyto-Fast Fix/Perm Buffer Set (BioLegend), followed by staining
with antibodies targeting intracellular cytokines such as granzyme B
and perforin. Additionally, for the detection of FOXP3 and Ki67, the
cells were treated with FOXP3 Permeabilization Buffer

(BioLegend). Flow cytometric analysis was carried out using
LSRFortessa SORP (BD Biosciences, Franklin Lakes, NJ, USA)
and Kaluza software. Antibody information is provided in Table S4.

2.23.  Enzyme-linked immunosorbent assay (ELISA)

Concentrations of FGL1 and interleukin 2 (IL-2) in the cell culture
supernatants sourced from various experimental batches were
quantified utilizing an ELISA kit. This process was executed in
line with the guidelines provided by the manufacturer (Solarbio,
Beijing, China).

2.24.  Statistical analysis

All data are presented as mean =+ standard deviation (SD). All
analyses were conducted using GraphPad Prism 8 (Graphpad
Software Inc., San Diego, CA, USA). Pearson’s correlation co-
efficient was employed to assess relationships between two vari-
ables. Differences between two groups were evaluated using the
Student’s r-test, and for comparisons among three or more groups,
one-way ANOVA was utilized. Significance levels are marked as:
*P < 0.05, #*P < 0.01, and ***P < 0.001. ns, not significant.

3. Results

3.1.  PRMTS disruption promotes CDS™ T-cell-mediated
antitumor immunity suppressing liver cancer growth

To explore the role of PRMTS in liver cancer progression, we
systematically assessed its expression levels using The Cancer
Genome Atlas (TCGA) database and clinical liver cancer tissue
samples. Analysis of the TCGA database shows that PRMTS
levels in liver cancer tissues are higher compared to adjacent non-
tumor tissues (Supporting Information Fig. S1A). Additionally,
assays of clinical samples for PRMTS5’s mRNA and protein levels
demonstrated consistent findings (Fig. S1B—S1D). Moreover,
TCGA database revealed that higher PRMTS expression correlates
with decreased overall survival in liver cancer patients (Fig. S1E),
indicating an adverse prognostic impact.

PRMTYS was silenced using siRNAs, with siPRMT5#1 achieving
optimal knockdown efficiency and selected for subsequent studies
(Fig. S1F). RNA-seq analysis was conducted on siPRMT5-treated
HepG2 cells to elucidate PRMTS’s role in liver cancer. Gene
Ontology (GO) analysis showed that the differentially expressed
genes (DEGs) predominantly enriched pathways associated with
transcriptional regulatory activity and immune system processes
(Fig. 1A). Subsequently, to delve into the interplay between PRMTS
and tumor immunology, stable PRMT5-KD Hepal-6 cells were
generated (Fig. S1G) and subcutaneously inoculated into immuno-
competent C57BL/6 and immunodeficient BALB/c nude mice
(Fig. 1B). Our data reveal that PRMTS KD inhibited tumor growth
in both animal models, with more potent suppression in immuno-
competent mice (TGI: 28% and 55%, respectively; Fig. 1C),
implying that the immune microenvironment may be involved in
PRMTS5-mediated tumor growth. Compared to C57BL/6 mice, nude
mice possess normally functioning B cells and natural killer (NK)
cells yet they exhibit a deficiency in T cells. Thus, we speculated that
PRMTS might modulate T-cell-mediated antitumor immunity. In
C57BL/6 mice, immunofluorescence (Fig. 1D) and flow cytometry
(Fig. 1E) analyses revealed no significant difference in the infiltra-
tion of myeloid-derived suppressor cells (MDSCs), conventional
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Figure 1 PRMTS5 disruption promotes CD8" T-cell-mediated antitumor immunity suppressing liver cancer growth. (A) GO analysis of
differentially expressed genes between control and PRMT5-KD HepG2 cells, as determined by RNA-seq (n = 3). (B) Tumor appearance in nude
and C57BL/6 mice post-inoculation with Hepal-6 (Ctrl) or Hepal-6 (PRMTS5 KD) cells (n = 5). (C) Excised tumor weights (left) and tumor
volume changes (right) for each group, with volume measurements every 3 days (n = 5). (D) Representative immunofluorescence images and
quantitative analysis of MDSC (CD11b* Ly6c™), ¢cDC (CD11c™ MHCII), M1-M¢ (F4/80" CD86™), and NK cell (NK1.1* CD37) in Ctrl and
PRMTS5-KD tumors of C57BL/6 mice. Scale bar, 50 pm or 20 pm. (E) Frequencies of MDSCs (CD45" CD11b" Gr1™), cDCs (CD45% CD3~
NK1.17CD11c™ MHCIT"), M1-Mgs (CD45" CD11b* F4/80" CD86™), and NK cells (CD45" CD3~ NK1.1%) within CD45™ cells in Ctrl and
PRMT5-KD tumors from C57BL/6 mice, as quantified by flow cytometry. (F) Representative immunohistochemistry (IHC) images and quan-
tification of PRMTS, CD3", CD4", CD8™, and GzmB™ T cells in tumor tissues of C57BL/6 mice (n = 5). Scale bar, 50 um or 20 um. (G)
Representative ITHC images and correlation analysis of PRMTS levels and CD3" T cells in clinical liver cancer samples (n = 55). Scale bar,
50 pm. (H) Tumor weights of C57BL/6 mice across eight groups: IgG, PRMT5 KD + IgG, anti-CD4, PRMT5 KD + anti-CD4, anti-CD8, PRMTS
KD + anti-CDS8, anti-CD4 + anti-CD8, and PRMTS5 KD + anti-CD4 + anti-CD8 (n = 6). (I) Survival analysis across 8 groups (n = 8).
*P < 0.05, #*P < 0.01, ***P < 0.001; ns: no significance. GO: Gene Ontology, KD: knockdown, MDSC: myeloid-derived suppressor cell, cDC:
conventional dendritic cell, M1-M¢: M1 macrophage, NK: natural killer, GzmB: granzyme B, TGI: tumor growth inhibition value.
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dendritic cells (cDCs), pro-inflammatory M1 macrophages
(M1-Mgs), and NK cells between PRMTS5-KD tumors and controls.
Subsequently, we observed that PRMT5 KD markedly enhanced the
infiltration and activation of T cells in the tumor tissues from C57BL/
6 mice relative to controls (Fig. 1F). Additionally, flow cytometry
showed comparable regulatory T cells (Treg) frequencies between
PRMTS5-KD and control tumor tissues (Fig. S1H). Furthermore, IHC
analysis revealed an inverse correlation between PRMTS5 levels and
the presence of CD3" T cells in clinical liver cancer samples
(Fig. 1G). The above results confirm that PRMTS potentially impairs
T-cell-mediated antitumor immunity.

To specifically assess the contribution of different T-cell sub-
sets in PRMTS disruption-mediated tumor growth suppression, we
monitored the growth of PRMT5-KD Hepal-6 tumors following
the depletion of CD4" or CD8* T cells, or both simultaneously. In
mice treated with IgG or those with only anti-CD4, PRMTS KD
significantly attenuated tumor growth (TGIL: 47% and 46%,
respectively; Fig. 1H). However, administering neutralizing anti-
bodies against either solely CD8™" T cells or both CD4" and CD8 ™"
T cells weakened the inhibitory effect of PRMTS5 KD on tumor
growth (TGI: 17% and 18%, respectively; Fig. 1H). Moreover,
upon depletion of CD8" T cells, the survival advantage conferred
by PRMT5 KD was notably reduced, while the depletion of CD4™"
T cells showed no such impact (Fig. 1I). This suggests that the
survival benefits derived from PRMT5 KD are mediated through
the activation of CD8" T cells. These findings demonstrate that
PRMTS knockdown boosts CD8" T-cell-mediated antitumor im-
munity, thereby suppressing liver cancer growth.

3.2.  PRMTS inhibition enhances CD8" T-cell antitumor
immunity via downregulating FGLI expression in vivo and in vitro

We next investigated whether tumor-derived PRMTS directly
impairs CD8™" T cell effector functions. Hepal-6-OVA tumor cells
were co-cultured with OT-1 CD8" T cells. Compared to the
control, OT-1 T cells co-cultured with PRMTS5-KD tumor cells
exhibited significantly increased granzyme B (GzmB) production
(Fig. 2A) and enhanced tumor cell-killing activity (Fig. 2B).
Notably, CD3/CD28-activated CD8" T cells also displayed
enhanced cytotoxic function when co-cultured with PRMT5-KD
Hepal-6 cells lacking OVA expression (Fig. 2C and D), demon-
strating that this effect is independent of antigen-specific
signaling. These findings indicate that tumor-derived PRMTS5
suppresses CD8" T cell cytotoxicity, primarily through a mech-
anism unrelated to antigen recognition.

Subsequently, we explored the underlying mechanism through
which PRMTS suppressed CD8" T-cell antitumor immunity in
liver cancer. Prior studies indicate that PRMTS can modulate tumor
immunity through either upregulating or downregulating the
expression of PD-L178. However, PD-L1 levels remained un-
changed after siPRMTS5 treatment in HepG2 and Huh7 cells
(Supporting Information Fig. S2A), suggesting that PRMTS is not
involved in PD-L1-mediated immune escape in liver cancer. The
heatmap displayed the top 10 immune-related DEGs following
PRMTS5 KD (Fig. 2E). qPCR analysis verified the expression of
these genes in HepG2 and Huh7 cells treated with PRMTS KD
(Fig. S2B). Among these, FGL1, an inhibitory immune checkpoint,
exhibited the most significant change (Fig. S2B). Previous studies
have demonstrated that FGL1 inhibits T-cell activation and
expansion within the tumor microenvironment, playing a crucial
role in tumor immune evasion'®. Thus, we hypothesized that FGL1
could be a potential critical downstream target molecule of

PRMTS. To verify this hypothesis, we first knocked down PRMT5
in HepG2 and Huh7 cells, resulting in a concentration-dependent
reduction in both mRNA and protein levels of FGL1 (Fig. 2F
and Fig. S2C). Similarly, ELISA analysis revealed that intervening
with PRMTS also affects the levels of secreted FGL1 protein,
indicating a consistent trend in changes (Fig. S2D). Moreover,
PRMTS inhibitor GSKS591 suppressed the PRMTS5 methyl-
transferase activity (H4R3me2s, histone H4 arginine 3 symmetric
dimethylation; Rme2sy/sDMA, symmetric dimethylation of argi-
nine residues), leading to a dose-dependent decrease in FGLI1
mRNA and protein levels in HepG2 and Huh7 cells (Fig. 2G and
Fig. S2E). Consistently, ELISA analysis showed that GSK591 also
dose-dependently reduced the levels of secreted FGL1 protein in
HepG2 and Huh7 cells (Fig. S2F). These findings were validated in
Hepal-6 cells (Fig. S2G). Importantly, qPCR analysis of clinical
liver cancer samples demonstrated a positive correlation between
PRMTS5 and FGLI mRNA levels, which was further confirmed by
IHC analysis at the protein level (Fig. 2H). Collectively, these re-
sults indicate that PRMTS5 can regulate the expression of FGLI.

To delve into the role of FGL1 in PRMT5-mediated CD8™ T-cell
function, HepG2 or Huh7 cells were co-cultured with CD8 " T cells.
The siFGL1#2 showed the best knockdown efficiency, which was
selected for subsequent experiments (Fig. S2H). Our data revealed
that, akin to FGL1-KD, co-culturing with PRMT5-KD liver cancer
cells notably promoted CD8" T-cell proliferation and activation,
evidenced by increased Ki67 (Fig. 2I) and GzmB ratios (Fig. 2J),
along with heightened IL-2 secretion (Fig. 2K). However, over-
expressing FGL1 reversed these effects (Fig. 2I—K). Similarly, co-
culturing with PRMTS or FGL1-KD liver cancer cells enhanced
CD8" T-cell-mediated tumor cell-killing effect compared to the
control group; overexpressing FGL1 reversed these effects
(Fig. 2L). Additionally, cell migration experiments revealed that
targeting PRMTS or FGL1 in HepG2 and Huh7 cells does not
impact the migratory ability of CD8™ T cells (Fig. S2I). All these
results indicate that FGL1 serves as a crucial mediator of PRMTS5-
induced CD8" T-cell function suppression in liver cancer.

To determine whether PRMTS5 inhibition-mediated enhance-
ment of the CD8" T immune response was dependent on FGLI1
in vivo, Ctrl, PRMT5-KD, FGL1-KD and PRMT5-KD + FGL1-
OE H22 cells were subcutaneously inoculated into BALB/c
mice. The findings indicated that knocking down either FGL1 or
PRMTS resulted in reduced FGLI1 protein levels within tumor
tissues (Fig. S2J). Similar to FGL1-KD effects, PRMT5 KD
increased the infiltrated CD8" T-cell number and enhanced intra-
tumoral CD8" T-cell activation compared to the control group,
which reduced tumor growth; however, FGL1 OE reversed these
effects (Fig. 2M—O, Fig. S2K). Furthermore, H22 cells with
PRMTS or FGL1 KD exhibited similar proliferation rates as the
control group in vitro (Fig. S2L), suggesting that neither PRMTS5
nor FGL1 affect the intrinsic proliferation capacity of H22 cells.
These results suggest that PRMTS inhibition could enhance CD8™*
T-cell antitumor immunity to mitigate liver cancer progression by
downregulating FGL1 expression.

In summary, PRMTS5 inhibition enhances the CD8" T-cell
antitumor immune response by diminishing FGL1 expression
levels both in vivo and in vitro.

3.3.  TCF12 transcriptionally upregulates FGLI expression in
liver cancer

As a methyltransferase, PRMTS5 can enhance transcription factor
binding to DNA via arginine symmetric dimethylation
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Figure 2 PRMTS inhibition enhances CD8" T-cell antitumor immunity via downregulating FGL1 expression in vivo and in vitro. (A) OT-1
CD8" T cells were co-cultured with Hepal-6-OVA cells treated with Ctrl or PRMTS5 KD for 48 h. The proportion of GzmB ™ cells within
CDS8™ T cells was quantified by flow cytometry. (B) T-cell-mediated tumor cell killing assays were performed by co-culturing OT-1 CD8™ T cells
with the indicated Hepal-6-OVA cells for 24 h, followed by quantification of surviving cell intensities. (C) CD8" T cells were co-cultured with
Hepal-6 cells treated with Ctrl or PRMTS5 KD for 48 h. The proportion of GzmB™ cells within CD8™" T cells was quantified by flow cytometry.
(D) T-cell-mediated tumor cell killing assays were performed by co-culturing CD8™ T cells with the indicated Hepal-6 cells for 72 h, followed by
quantification of surviving cell intensities. (E) Heatmap displaying top 10 DEGs among Ctrl and PRMTS5 KD treated HepG2 cells. (F) The mRNA
and protein levels of PRMTS and FGL1 in HepG2 cells treated with siCtrl and siPRMT5 (50 or 100 nmol/L). (G) The mRNA levels of PRMTS5
and FGLI in HepG2 cells treated with DMSO, GSK591 (5 pmol/L), or GSK591 (10 pmol/L), alongside the protein levels of FGL1, PRMTS,
H4R3me2s, and Rme2sy in each treatment group. (H) Correlation analysis of mRNA (n = 53) and protein levels (n = 55) between PRMTS and
FGLI in human liver cancer tissues, using Pearson’s correlation coefficient. (I—K) CD8" T cells were co-cultured with HepG2 or Huh7 cells
treated with Ctrl, FGL1 KD, PRMT5 KD, or PRMT5 KD + FGL1 OE. (I, J) Flow cytometry analysis of the proportions of Ki67" CD8" T cells
(I) and GzmB™" CD8" T cells (J). (K) IL-2 expression in the co-culture supernatant was measured after 48 and 72 h using ELISA. (L) T-cell-
mediated tumor cell killing assays conducted by co-culturing CD8" T cells with either HepG2 or Huh7 cells for 72 h. Representative images
of surviving tumor cells visualized with crystal violet staining (upper), and quantification of surviving cell intensities (lower). (M) Tumor
appearance and weights in BALB/c mice following inoculation with Ctrl, FGL1-KD, PRMT5-KD, and PRMT5-KD + FGLI1-OE H22 cells
(n = 6). (N) Intratumoral CD8" T-cell density across various groups, as detected by THC staining (2 = 6). (O) Intratumoral proportions of
GzmB™" CD8™ T cells across various groups, as detected by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001; ns: no significance. KD:
knockdown, OE: overexpression, GzmB: granzyme B.
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modification, thereby promoting transcriptional activation of
target genes”. Previous experiments have shown that the PRMTS
methyltransferase inhibitor, GSK591, could decrease the levels of
FGL1 mRNA and protein (Fig. 2G, Fig. S2E and S2F). Based on
these findings, we hypothesized that PRMTS could regulate FGL1
by methylation of transcription factors. Then, we sought to
identify the PRMTS5-modified transcription factors that targeted
FGLI in tumor cells. The Toolkit, JASPAR, and hTFtarget online
databases identified TCF12 as a top candidate transcription factor
involved in the regulation of FGL1 (Supporting Information
Fig. S3A). Subsequently, siRNAs were used to knockdown
TCF12, and siTCF12#1 had the best knockdown efficiency
(Fig. S3B). We performed TCF12 knockdown and overexpression
experiments in HepG2 and Huh7 cells. The results showed that the
changes of FGL1, both at mRNA and protein levels, correlated
with the alterations of TCF12 in HepG2 and Huh7 cells (Fig. 3A
and B, Fig. S3C and S3D). Subsequently, TCF12-KO Hepal-
6 cells were constructed (Fig. S3E). Similar effects were observed
in mouse liver cancer cells (Fig. S3F and S3G), thus suggesting a
conserved role of TCF12 in upregulating FGL1 in liver cancer
across species.

To elucidate the transcriptional regulation mechanism, we
investigated the binding sites of TCF12 within the FGL1 promoter
region. TCF12-KO HepG2 cells were established (Fig. S3H). By
employing dual luciferase reporter assays with full-length and
segmented FGL1 promoter constructs in TCF12-KO HepG2 and
control cells, we identified the —1460/—920 fragment as the core
region of the FGL1 promoter essential for its activity (Fig. 3C).
Furthermore, the luciferase activities of constructs pGL3-2101 and
pGL3-1561 were significantly enhanced by TCF12 over-
expression, whereas constructs pGL3-1021, pGL3-661, and
pGL3-391 showed no change (Fig. 3D). These results confirm the
specific binding of TCF12 to the FGL1 promoter and its regula-
tory impact on FGL1 transcription.

TCF12, as an E-protein with a basic-helix-loop-helix (bHLH)
domain, can recognize and bind to E-box sites (CANNTG)?,
JASPAR database predicted the sequence logo representing DNA
sequences bound by the TCF12 (Fig. S3I) and identified three
potential TCF12 binding sites in the FGL1 promoter (Fig. S3J).
ChIP demonstrated that TCF12 was recruited only to the promoter
regions containing binding site 2 (Fig. 3E). We conducted an in-
depth analysis of TCF12 expression in clinical liver cancer sam-
ples obtained from our center. Results revealed that compared
with adjacent tissues, the mRNA (Fig. S3K) and protein levels
(Fig. S1B) of TCF12 were notably upregulated in tumor tissues.
Furthermore, TCF12 and FGLI mRNA levels exhibited a positive
correlation in these clinical samples (Fig. 3F), which was
corroborated by IHC staining (Fig. 3G). Collectively, these results
indicate that TCF12 transcriptionally upregulates FGL1 expres-
sion in liver cancer.

3.4.  PRMTS5 catalyzes symmetric dimethylation of TCF12 at the
R554 residue

We further delved into the mechanism by which PRMTS modifies
TCF12 to upregulate FGL1 in liver cancer. The bioinformatics
analysis revealed a potential interaction between PRMTS5 and
TCF12 (Fig. 4A). This interaction was further substantiated
through confocal microscopy, which depicted nuclear co-
localization of PRMTS5 and TCF12 within HepG2 cells
(Fig. 4B). Moreover, GST-pulldown assays confirmed a direct
binding between PRMTS and TCF12 in vitro (Fig. 4C).

Consistently, TCF12 ColP assays confirmed that endogenous
TCF12 interacts with PRMTS in both human and mouse liver
cancer cell lines (Fig. 4D and Supporting Information Fig. S4A).
Collectively, these results confirm the interaction between PRMT5
and TCF12.

Subsequent immunoprecipitation (IP) assays demonstrated that
TCF12 undergoes symmetric dimethylarginine modifications,
which are diminished upon PRMTS KD in both HepG2 and Huh7
cells (Fig. 4E), indicating PRMTS5’s critical role in TCF12’s
symmetric dimethylation. In mammals, the enzymes responsible
for symmetric dimethylarginine modification are PRMTS and
PRMT9*’. However, PRMT9 KD did not reduce TCF12’s Rme2sy
levels in the systems (Fig. 4E), indicating that PRMT9 does not
participate in the events. Furthermore, PRMTS inhibitors, spe-
cifically GSK591 and HLCLG61, attenuated Rme2sy levels on
TCF12 and correspondingly decreased FGL1 expression in human
and mouse liver cancer cells, with GSK591 showing superior ef-
fects (Fig. 4F and Fig. S4B). ColP assays validated the PRMT5-
TCF12 interaction, and the overexpression of PRMTS signifi-
cantly enhanced TCF12’s Rme2sy levels in 293T cells (Fig. 4G),
further substantiating PRMTS’s critical role in this dimethylation
process.

As the primary arginine symmetric dimethylase, PRMTS
preferentially modifies RG/GR/RGG motifs enriched in arginine
(R) and glycine (G)**?'. we analyzed all arginine residues in
TCF12 containing RG/GR/RGG motifs and discerned 8 analogous
sequences: R54GG, R74G, R114G, R299G, R326G, R503GG,
R554G and GR602. To identify the exact methylation site, we
constructed two arginine-to-lysine (K) composite mutants
(Fig. S4C): 2RK (R54K, R503K) and 6RK (R74K, R114K,
R299K, R326K, R554K, R602K). Methylation analysis showed
that the 6RK mutant notably diminished the PRMT5-induced
Rme2sy signal in 293T cells (Fig. 4H-left), indicating that the
potential methylation site may be located within these residues.
Thus, we further analyzed these 6 sites, and found that R554
residue was adjacent to the key region of TCF12 transcription
factor binding to E-box promoter: the bHLH domain, identifying
it as a potential catalytic site of PRMTS. To validate this hy-
pothesis, we constructed single mutant R554K and composite
mutant SRK (R74K, R114K, R299K, R326K, R602K). Strikingly,
R554K significantly reduced the PRMT5-induced Rme2sy signal,
while SRK failed to work (Fig. 4H-right), suggesting that R554 is
the catalytic site of PRMTS. Sequence alignment showed the
conservation of this R554 site across species (Fig. S4D).
Furthermore, we purified PRMTS protein along with TCF12 WT
and the TCF12 R554K mutant proteins (Fig. 41). The in vitro
methylation assay demonstrated that TCF12 wild type (WT), but
not the R554K mutant, could be methylated by PRMTS5 (Fig. 4]),
which aligns with the results from the IP experiment. Taken
together, these findings indicate that PRMTS catalyzes arginine
symmetric dimethylation of TCF12 at the R554 residue.

3.5.  TCF12-R554 methylation promotes FGLI transcriptional
activation and inhibits CD8" T-cell antitumor immunity

Numerous studies have shown that members of the PRMTs family
can be co-recruited with transcription factors to the promoter re-
gions of their target genes’>>*. Our research also verified that
PRMTS can interact with TCF12 within the nucleus. Subsequent
Re-ChlIP experiments have validated that PRMTS was recruited to
the FGL1 promoter, particularly associating with TCF12 at its
specific binding region on the FGL1 promoter (Fig. SA).
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Figure 3  TCFI2 transcriptionally upregulates FGL1 expression in liver cancer. (A, B) Protein and mRNA levels of FGL1 in HepG2 and Huh7
cells following TCF12 knockdown (A) and overexpression (B). (C) Luciferase activities of FGL1 promoter reporter vectors in Cas9 control and
TCF12-KO HepG?2 cells. (D) Luciferase activities of FGL1 promoter reporter vectors in HepG2 and Huh7 cells transfected with either Flag-vector
or Flag-TCF12 plasmids. (E) ChIP analysis of TCF12 binding to FGL1 promoter in HepG2 cells. Different regions of the FGL1 promoter
containing different putative TCF12 binding sites are shown in Fig. S3J. (F) Correlation analysis of 7CF12 and FGLI mRNA levels in human liver
cancer tissues using Pearson’s correlation coefficient (n = 53). (G) Representative IHC images and correlation analysis of TCF12 and FGL1

protein levels in human liver cancer tissues, using Pearson’s correlation coefficient (n = 55). Scale bar, 50 um. *P < 0.05, **P < 0.01,
*##%kP < 0.001; ns: no significance. KO: knockout, WT: wide type, OE: overexpression.

Furthermore, the knockdown of either PRMTS5 or TCF12 resulted
in decreased recruitment to the FGL1 promoter region (Fig. 5B),
supporting that PRMTS and TCF12 are interdependently occupied
on the FGL1 promoter in tumor cells. PRMTS has been demon-
strated to enhance the binding affinity of transcription factors to
promoter region DNA via methylation®’. In prior experiments, we
ascertained that PRMT5 methylates TCF12, the transcription
factor for FGL1, at the R554 residue (Fig. 4H—J). Based on this
finding, we further investigated whether this methylation at R554
is essential for TCF12’s binding affinity to the FGL1 promoter and
thereby affects the transcriptional regulation of FGL1. In TCF12-

KO HepG2 cells transfected with TCF12 (WT), TCF12 (R554K)
or PRMTS5 plasmid alone or in combination, ChIP experiments
showed that recruitment of TCF12 (WT) to the FGL1 promoter
region was significantly higher than that of TCF12 (R554K), and
PRMTS overexpression enhanced TCF12 (WT) binding but not
TCF12 (R554K) (Fig. 5C), suggesting that PRMTS5 enhances
TCF12 recruitment to the FGL1 promoter by methylation of
TCF12 R554 residue. Consistent with ChIP assay, transfection of
TCF12 (WT) could induce TCF12 symmetric dimethylarginine
and upregulated FGL1 expression in TCF12-KO HepG?2 cells, but
nor TCF12 (R554K) (Fig. 5D). Comparable results were observed
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Figure 4 PRMTS catalyzes symmetric dimethylation of TCF12 at the R554 residue. (A) Diagram illustrating the binding of PRMTS5 with
TCF12 (upper). Residues around the protein—protein interaction interface form numerous hydrophobic interactions (lower). (B) Confocal mi-
croscopy showed the co-localization of PRMTS5 and TCF12 (indicated by black arrows). Scale bar, 2 pm. (C) GST pulldown assay analyzing the
direct binding between PRMTS5 and TCFI12 proteins. (D) Co-immunoprecipitation analysis was conducted to detect the interaction between
endogenous TCF12 with PRMTS, and the Rme2sy levels of TCF12 in HepG2 and Huh7 cells. (E) Immunoprecipitation analysis of TCF12
methylation in HepG2 and Huh7 cells treated with siCtrl, siPRMTS5 or siPRMT9. (F) Immunoprecipitation analysis of TCF12 methylation in
HepG2 and Huh7 cells treated with DMSO, GSK591 or HLCL61. (G) Immunoprecipitation analysis was performed to detect the methylation of
ectopic TCF12 in 293T cells transfected with Flag-TCF12, either alone or in conjunction with HA-PRMTS? transfection. (H) Immunoprecipitation
analysis of ectopic TCF12 methylation in 293T cells transfected with Flag-tagged TCF12 wild type or composite mutants, with or without HA-
PRMTS5. (I) Coomassie Brilliant Blue staining of purified His-tagged PRMTS protein, GST-tagged TCF12 wild type, and GST-tagged TCF12
R554K mutant proteins. (J) In vitro methylation analysis of GST-tagged TCF12 wild type and GST-tagged TCF12 R554K mutant proteins by His-
tagged PRMTS5 protein. EV: empty vector, WT: wide type, RK: arginine to lysine substitution, SAM: S-adenosylmethionine.

in TCF12-KO Hepal-6 cells, and GSK591 treatment could
attenuate the FGL1 upregulation induced by TCF12 (WT)
(Fig. SE). TCF12 (WT) but not TCF12 (R554K) could rescue the
diminished supernatant FGLI1 levels following TCF12 KO
(Fig. 5F). All results demonstrated that PRMTS5-mediated
methylation at TCF12 R554 residue enhances its recruitment to
FGL1 promoter region, consequently elevating FGL1 expression.

We next investigated the impact of TCF12-R554 methylation on
CD8™ T cell antitumor immunity. Co-culture experiments of HepG2
and CD8" T cells in vitro demonstrated that TCF12-KO HepG2
cells increased CD8" T-cell cytotoxicity (Fig. 5G) and IL-2

production (Fig. 5H). Conversely, reintroducing TCF12 (WT)
reversed these enhancements, while the R554K mutant did not
(Fig. 5G and H), suggesting that TCF12 R554 methylation upre-
gulates FGL1 expression to attenuate CD8' T-cell antitumor
immunity.

Subsequently, we used an immunocompetent liver cancer
mouse model to examine the effect of TCF12-R554 methylation
regulating FGL1 on CD8" T-cell antitumor immunity in vivo. Our
data indicate that TCF12 KO reduced FGL1 protein levels in
tumor tissues, and while TCF12 (WT) restoration could reverse
the reduction in FGLI1 levels, TCF12 (R554K) did not achieve this
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Figure 5 TCF12-R554 methylation promotes FGL1 transcriptional activation and inhibits CD8" T-cell antitumor immunity. (A) ChIP/Re-ChIP
analysis of TCF12 and PRMTS5 complex occupancy on the FGL1 promoter region in HepG2 cells. (B) ChIP analysis of TCF12 and PRMT5
occupancy on the FGL1 promoter region in HepG2 cells treated with siPRMT5, siTCF12, alone or in combination. (C) ChIP analysis of
ectopic TCF12 occupancy on the FGL1 promoter region transfected with TCF12 (WT), PRMTS5, and TCF12 (R554K) individually or simul-
taneously. (D) Immunoprecipitation analysis of ectopic TCF12 methylation and FGL1 protein levels in HepG2 (TCF12 KO) cells transfected with
Flag-tagged TCF12 (WT) or TCF12 (R554K). (E) Immunoprecipitation was used to assess the ectopic TCF12 methylation and FGL1 protein
levels in the specified TCF12-KO Hepal-6 cells. (F) In HepG2 (TCF12 KO) cells transfected with TCF12 (WT) or TCF12 (R554K), secreted
FGL1 protein levels in the supernatant were assessed after 48 and 72 h using ELISA. (G) T-cell-mediated tumor cell killing assays were conducted
by co-culturing CD8™ T cells with specified HepG2 cells for 72 h. Representative images of surviving tumor cells visualized with crystal violet
staining, and quantification of surviving cell intensities. (H) After co-culturing CD8" T cells with the indicated HepG?2 cells, IL-2 expression
levels in the co-culture supernatant were measured at 48 h and 72 h using ELISA. (I, J) Tumor appearance (I) and weights (J) in C57BL/6 mice
following inoculation with Ctrl, TCF12 KO, TCF12 KO + TCF12 (WT), and TCF12 KO + TCF12 (R554K) Hepal-6 cells (n = 6). (K)
Intratumoral proportions of GzmB" CD8" T cells across various groups, as detected by flow cytometry. (L) A model illustrating how PRMTS5-
catalyzed TCF12 methylation at R554 modulates FGL1 expression to attenuate CD8" T-cell activity. **P < 0.01, ***P < 0.001; ns: no sig-
nificance. KO: knockout, WT: wide type, IL-2: interleukin 2, RK: arginine to lysine substitution, GzmB: granzyme B, TSS: transcription start site,
Me: arginine symmetric demethylation modification.

effect (Supporting Information Fig. S5A). TCF12 depletion activated CD8" T cells in tumors expressing TCF12-R554K
significantly enhanced intratumoral CD8* T-cell activation indi- compared to those with TCF12-WT, which attenuated tumor
cated by GzmB and inhibited tumor growth compared to the growth (Fig. 5I—K). However, no growth suppression was
control tumors (Fig. SI—K). Notably, an increased proportion of observed in cultured cells (Fig. S5B), aligning with the notion that
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these factors primarily mediate immune recognition of the tumor
in vivo. These results suggest that TCF12-R554 methylation
deficiency enhances CDS8" T-cell activation by reducing FGL1
expression, leading to tumor growth inhibition.

In conclusion, our data support that TCF12 promotes FGLI1
expression via PRMT5-mediated methylation at the R554 residue,
thereby reducing CD8™ T-cell antitumor immune response (Fig. SL).

3.6.  PRMTS suppresses CDS™ T-cell activity via TCF12/FGLI
axis in vitro

Next, we further verified the regulatory relationship within the
PRMTS5/TCF12/FGL1 axis and its effects on CD8" T-cell activity.
In both HepG2 and Huh7 cell lines, PRMTS overexpression
increased FGL1 protein levels (Fig. 6A). However, TCF12 depletion
negated this effect in these cells (Fig. 6A). Consistent results were
observed when measuring the secreted FGL1 levels in the super-
natant of HepG2 and Huh7 cells (Fig. 6B), supporting that PRMT5
promotes FGL1 expression through TCF12. In co-culture systems
with liver cancer cells and CD8™ T cells, overexpression of PRMTS
in HepG2 or Huh7 cells significantly reduced the proportion of
activated CD8" T cells indicated by GzmB, perforin, and IL-2
(Fig. 6C—E). The depletion of TCF12 reversed these suppressive
effects on CD8™ T cells (Fig. 6C—E), illustrating that PRMTS5 in-
hibits CD8* T-cell function through TCF12/FGL1 axis (Fig. 6F).

3.7.  PRMTS inhibitor boosts PD-LI mAb sensitivity in liver
cancer immunotherapy

The FGL1—LAG3 pathway represents an independent mechanism
of tumor immune evasion, and blocking this interaction can syn-
ergize with anti-PD-L1 therapy'®. Based on that PRMTS5 disrup-
tion could activate antitumor immunity via decreasing FGL1 in
tumor cells, we explored a combination therapy using GSK591
and PD-L1 mAb in subcutaneous liver cancer models (Fig. 7A).
The results showed that the combined treatment of GSK591 and
PD-L1 mAb markedly inhibited tumor growth, superior to mon-
otherapy (Fig. 7B—D). Further IHC analysis revealed that
GSK591 decreased FGL1 expression in tumors from C57BL/6
mice (Fig. 7E). Compared with control group, tumor-infiltrated
CDS8™" T-cell counts were increased in groups treated with either
GSK591 alone or PD-L1 mAb individually (Fig. 7E). Flow
cytometry analysis revealed that both GSK591 and PD-L1 mAb
monotherapy increased the proportion of GzmB* CD8" T cells
(Fig. 7F). Notably, the combination therapy significantly promoted
intratumoral CD8™ T-cell expansion and activation compared to
monotherapy (Fig. 7E and F), resulting in augmented antitumor
immunity. However, no significant differences were observed in
draining lymph nodes regarding GzmB™* CD8" T cells among the
4 groups (Fig. 7G), implying that the primary effect of GSK591
and PD-L1 mAb enhances the CD8" T-cell antitumor immune
response only locally, within the tumor microenvironment.
Importantly, the combination therapy conferred a survival
advantage compared to monotherapy (Fig. 7H). Consequently, we
conclude that the PRMTS inhibitor GSK591 significantly en-
hances the efficacy of PD-L1 mAb in liver cancer immunotherapy.

4. Discussion

PRMTS has been recognized as a critical regulator of tumori-
genesis and progression in liver cancer®'®*. Previous research

has mainly focused on PRMTS5’s role in driving intrinsic alter-
ations within tumor cells. However, the impact of PRMTS on the
liver cancer immune microenvironment remains unclear. In this
study, we explored the potential effects of PRMTS5 on liver cancer
antitumor immunity and response to immunotherapy.

In this study, inhibiting PRMT5 was shown to suppress liver
cancer growth in immunodeficient mice, indicating PRMTS5’s
intrinsic regulation of tumor cells, consistent with prior research®”
3 Crucially, by comparing the results from experiments with
immunocompetent and immunodeficient mice, we uncovered the
vital role of PRMTS5 derived from liver cancer cells in modulating
antitumor immune response. Moreover, by conducting CD8™ T-cell
depletion experiments, we further confirmed that CD8" T-cell-
mediated antitumor immunity is the principal effector mechanism
underlying the therapeutic efficacy of PRMTS inhibition.

Notably, Jiang et al.” discovered that inhibiting PRMT5 in
cervical cancer cells reduces PD-L1 levels, enhancing T-cell anti-
tumor response. Conversely, in lung cancer, PRMTS inhibition can
activate the PD-1/PD-L1 pathway, attenuating T-cell antitumor
effects®. In this study, we demonstrate that PRMTS5 does not in-
fluence PD-L1 expression in liver cancer, indicating that the role of
PRMTS may vary across different cancers. Further results
demonstrate that FGL1 is the downstream molecule of PRMTS,
affecting liver cancer antitumor immunity. Wang et al.'® demon-
strated that FGL1 is a functional ligand of LAG3, and the FGL1/
LAG3 pathway constitutes a promising immune checkpoint
pathway independent of the PD-L1/PD-1 route. However, Mar-
uhashi et al.*® reported that peptide—MHC class II complexes, but
not FGL1, act as the functional ligand for LAG3. Despite this, their
research also indicated that FGL1 can suppress T cells. Collec-
tively, while the functional ligand of LAG3 remains controversial,
it is certain that inhibiting FGL1 can activate T cells, thereby
exerting antitumor immunity. Our results demonstrate that target-
ing FGLI in liver cancer cells promoted CD8" T-cell expansion
and activation within the tumor microenvironment. We further
demonstrated that inhibiting PRMTS can reduce FGL1 expression,
thereby enhancing CD8™ T-cell antitumor immune response.

Moreover, our study elucidates that TCF12 is the transcription
factor for FGL1 and acts as an intermediary in PRMTS5’s regulation
of FGL1. As a methyltransferase, PRMTS can boost the binding of
transcription factors to DNA through arginine symmetric dime-
thylation, thereby promoting transcriptional activation of target
genes”’’. Our research found that PRMT5 regulates FGLI
expression by catalyzing the symmetric dimethylation of TCF12 at
the R554 residue, enhancing TCF12-mediated FGL1 transcription.
The potential therapeutic value of targeting PRMTS-mediated
methylation underscores a promising strategy in liver cancer
management. Encouragingly, several PRMTS5 inhibitors have been
discovered in recent years and have demonstrated anticancer po-
tential®**°. In this study, the PRMTS5 inhibitor GSK591 could
enhance antitumor immunity by curbing TCF12 methylation and
diminishing FGL1 expression. Thus, PRMTS inhibitors may offer
a new approach to enhance antitumor immunity in liver cancer.

The inhibitory immune checkpoints, such as PD-1/PD-L1 and
FGL1/LAGS3, are well-known for inhibiting T cells and assisting
tumor cells to evade immune destruction'®*°. Blocking these
checkpoints can release the immune brake, thus enhancing T-cell
antitumor effects. However, liver cancer is an immunosuppressive
malignancy with a poor response rate to anti-PD-L1I treatment'?.
Given that FGL1 independently regulates T-cell activity from PD-
L1, targeting both checkpoints theoretically should yield a syn-
ergistic antitumor response. Lin et al.** uncovered that aspirin
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Figure 6

PRMTS suppresses CD8™ T-cell activity via TCF12/FGL1 axis in vitro. (A, B) HepG2 and Huh7 cells were treated with PRMTS OE,

TCF12 KO or simultaneously. (A) Protein levels of FGL1, TCF12 and PRMTS in each group were assessed by Western blot analysis. (B) Secreted
FGL1 protein levels in the supernatant were assessed after 48 and 72 h using ELISA. (C—E) CD8™" T cells were co-cultured with indicated HepG2
or Huh7 cells. Flow cytometry quantification of GzmB™ (C) and Perforin™ (D) cell proportions within CD8 " T cells. (E) IL-2 expression levels in
the co-culture supernatant were measured after 48 and 72 h using ELISA. (F) The schematic diagram illustrating the influence of the PRMTS5/
TCF12/FGL1 axis on CD8" T-cell activity. *P < 0.05, **P < 0.01, ***P < 0.001; ns: no significance. KO: knockout, OE: overexpression,

GzmB: granzyme B, IL-2: interleukin 2.

promotes the degradation of FGL1 and sensitizes hepatocellular
carcinoma to anti-PD-L1 therapy. Gong et al.*! demonstrated that
the application of nanoparticles encapsulating si-FGL1 in breast
cancer effectively enhances T-cell-mediated antitumor immunity
and produces synergistic effects with anti-PD-L1 treatment. In
liver metastatic tumor models, benzethonium chloride activates
antitumor immunity by inhibiting FGL1 secretion and synergizes

with anti-PD-1 treatment*2. In this study, we demonstrated that the
PRMTS inhibitor GSK591 could reduce FGL1 expression in liver
cancer cells. Combining GSK591 with anti-PD-L1 therapy en-
hances the antitumor immune response, presenting a more effec-
tive tumor suppression effect.

In conclusion, our research demonstrates that tumor-intrinsic
PRMTS upregulates FGL1 by methylating TCF12, thereby
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Figure 7

PRMTS inhibitor boosts PD-L1 mAb sensitivity in liver cancer immunotherapy. (A) Schematic representation of the animal experi-

mental design. (B—D) Tumor appearance (B), volume (C), and weights (D) in Ctrl, PD-L1 mAb, GSK591, and GSK591 + PD-L1 mAb groups
(n = 6). (E) Representative IHC images of FGL1 and CD8™ T cells (left), and quantification of CD8" T cells (right) (n = 6). Scale bar, 50 um. (F,
G) Flow cytometry quantifying frequency of GzmB™ cells in CD8™ T cells in tumor tissues (F) and draining lymph nodes (G) (n = 6). (H) Survival
analysis across 4 groups (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001; ns: no significance. mAb: monoclonal antibody, GzmB: granzyme B.

inhibiting CD8" T-cell-mediated antitumor immunity. The com-
bination of the PRMTS5 inhibitor GSK591 with anti-PD-L1 ther-
apy produces more effective antitumor -effects, offering a
promising strategy for the immunotherapy of liver cancer
(Supporting Information Fig. S6).
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