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Abstract

BACKGROUND AND AIMS: HCC is a leading cause of cancer-related deaths globally with
poor outcome and limited therapeutic options. Although the myelocytomatosis (M YC) oncogene
is frequently dysregulated in HCC, it is thought to be undruggable. Thus, the current study
aimed to identify the critical downstream metabolic network of MYC and develop therapies for
MY C-driven HCC.

APPROACH AND RESULTS: Liver cancer was induced in mice with hepatocyte-specific
disruption of Mycand control mice by administration of diethylnitrosamine. Liquid
chromatography coupled with mass spectrometry-based metabolomic analyses revealed that
urinary dimethylarginine, especially symmetric dimethylarginine (SDMA), was increased in the
HCC mouse model in an MY C-dependent manner. Analyses of human samples demonstrated

a similar induction of SDMA in the urines from patients with HCC. Mechanistically, Prmt5,
encoding protein arginine N-methyltransferase 5, which catalyzes SDMA formation from arginine,
was highly induced in HCC and identified as a direct MY C target gene. Moreover, GSK3326595,
a PRMTS5 inhibitor, suppressed the growth of liver tumors in human MY C-overexpressing
transgenic mice that spontaneously develop HCC. Inhibition of PRMTS5 exhibited antiproliferative
activity through up-regulation of the tumor suppressor gene Caknib/p27, encoding cyclin-
dependent kinase inhibitor 1B. In addition, GSK3326595 induced lymphocyte infiltration and
major histocompatibility complex class Il expression, which might contribute to the enhanced
antitumor immune response. Combination of GSK3326595 with anti—programed cell death protein
1 (PD-1) immune checkpoint therapy (ICT) improved therapeutic efficacy in HCC.

CONCLUSIONS: This study reveals that PRMTS5 is an epigenetic executer of MYC, leading

to repression of the transcriptional regulation of downstream genes that promote hepatocellular
carcinogenesis, highlights a mechanism-based therapeutic strategy for MY C-driven HCC by
PRMTS5 inhibition through synergistically suppressed proliferation and enhanced antitumor
immunity, and finally provides an opportunity to mitigate the resistance of “immune-cold” tumor
to ICT. (HepatoLocy 2021;74:1932-1951).

Liver cancer is the third leading cause of cancer-related deaths worldwide and is very

aggressive, with a low 5-year survival rate of 20%.() HCC is the most common liver cancer,

representing up to 75% of all primary hepatic malignancies. Current first-line treatment
for HCC is limited to the kinase inhibitors sorafenib, regorafenib, and lenvatinib, but

resistance is a matter of course.(@ Thus, it is necessary to further understand the molecular
pathogenesis of HCC to identify drug targets for its treatment.

Myelocytomatosis (MY C) is a highly pleiotropic transcription factor that modulates many
genes involved in a variety of biological processes like cell proliferation, metabolism,
apoptosis, adhesion, and differentiation.(®) Dysregulation of MYC is commonly found in
various human cancers including HCC and is frequently associated with poor prognosis
and survival.® In rodent models, the human-derived MY C transgene spontaneously
prompted HCC development, and hepatocyte-specific MY C disruption suppressed HCC
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tumorigenesis.(®6) Functional analysis of HCC gene expression profiles revealed that MYC
plays a central role during malignant conversion in tumorigenesis.(”) Hence, therapeutic
strategies aimed at inhibiting MY C expression or activity would be a promising route to
treat liver cancer. However, to date, there is no therapy directly disrupting MYC function
owing to its “undruggable” protein structure. Identifying critical genes downstream of MYC
can help develop alternative strategies for the treatment of MY C-driven HCC.

Transcriptional activation by MY C occurs through dimerization with its partner protein max
(MAX) and direct binding to a 6-nucleotide DNA consensus sequence CACGTG, designated
the E-box. In contrast to transcriptional activation, the mechanisms by which MYC silences
gene expression remain to be elucidated. The causes of HCC are heterogeneous, with

both genetic and epigenetic alterations associated with tumor progression. Accumulating
evidence has revealed the relevance of aberrant epigenetic modifications in HCC
progression.®) Genes affected by epigenetic alterations in HCC are highly overlapping with
the MYC regulation network.(%) Thus, it is reasonable to assume that MYC may indirectly
influence downstream metabolic events through epigenetic regulation.

Here, MY C-dependent alterations in the metabolome associated with HCC were explored
by use of temporal hepatic-specific Myc disrupted mice (MycRHeP.ERT2) ‘Urinary
dimethylarginine (DMA), especially symmetric DMA (SDMA), was found increased

in HCC in an MYC-dependent manner. Protein arginine N-methyltransferase (Prmi) 5,
encoding the predominant type Il arginine methyltransferase responsible for the symmetric
dimethylation of arginine residues, was identified as a direct MY C target gene. These data
suggested that MY C drives transcription at least partially through regulating PRMT5 in
HCC, and targeting PRMT5 might be an alternative therapeutic approach for MY C-driven
HCC. Several studies reported the role of PRMT5 in HCC,(19.11) supporting the rationale for
PRMTS5 inhibition in HCC treatment. However, most of these studies used HCC cell lines
or xenograft models and only focused on the regulation of cancer cells by PRMT5 without
considering the immunogenic features in HCC. HCC is more heterogeneous than other types
of solid cancer and hematological malignancies and is not associated with a specific driver
mutation. Compelling evidence indicates that the immune system strongly influences HCC
development.(12-14) Thus, combinatory use of immunotherapy with a molecular targeted
agent has advanced rapidly in recent years. Notably, the current study demonstrated that
inhibition of PRMT5 by GSK3326595 suppressed MY C-driven liver tumor growth in
human MY C-transgenic mice that spontaneously develop HCC through both suppressed
proliferation through up-regulation of p2” and enhanced antitumor immunity through
induction of lymphocyte infiltration and major histocompatibility complex class 1l (MHC I1)
expression. The combination therapy of PRMTS inhibitor and anti—-programmed cell death
protein 1 (PD-1) antibody showed superior antitumor response compared with each therapy
alone. These findings show the functional importance of the MYC-PRMT?5 axis during liver
tumorigenesis and provide a rationale for therapeutic option of MY C-driven HCC through
PRMTS5 inhibition from both tumorigenic and immunogenic aspects.
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Patients and Methods

HUMAN COHORTS

Urine samples, paired liver tumors, and adjacent nontumor tissues were taken from three
respective cohorts. Urine samples were collected from a cohort of 372 participants (196
patients with HCC and 176 healthy controls) and a cohort of 19 patients with HCC. Paired
liver tumor and adjacent nontumor tissues were collected from a cohort of 43 patients with
HCC and a cohort of 19 patients with HCC. Clinical information for these three cohorts is
summarized in Supporting Table S1. The study protocol conformed to the ethical guidelines
of the 1975 Declaration of Helsinki was priori approved by the Research Ethics Committee
of Eastern Hepatobiliary Surgery Hospital and the Research Ethics Committee of Shanghai
Tenth People’s Hospital, and written informed consent was obtained from all individuals
before participation in the study.

MOUSE STUDIES

Results

My mice were described.® The tetracycline operator (tetO)-MYC transgenic mice

and tetracycline-controlled transactivator protein (tTA) transgenic mice were obtained from
Dr. Tim F. Greten (National Cancer Institute, Bethesda, MD).(15) See the Supporting
Information and Fig. S1 for schematic diagrams of the mouse studies. Mice were maintained
under a standard 12-hour light/12-hour dark cycle with water and food provided ad /ibitum.
All mouse studies were approved by the National Cancer Institute Animal Care and Use
Committee and all animals received humane care according to the criteria outlined in the
NIH Guide for the Care and Use of Laboratory Animals.

URINARY METABOLIC SIGNATURE IS MYC-DEPENDENTLY ALTERED IN HCC

Consistent with published work,® 100% of the Myl mice, although less than half

of the MycRHeP.ERT2 mice developed liver tumors, demonstrating that hepatocyte-specific
Mye disruption decreased HCC development (Fig. 1A; Supporting Table S2). A urinary
metabolomic approach was engaged to provide important clues to study the mechanism

of liver tumorigenesis. Partial least squares discriminant analysis distinguished different
metabolic profiles between diethylInitrosamine (DEN)-treated MycV/fl and MycAHep ERT2
mice (Fig. 1B). Compared with My mice, a total of 136 metabolite features were
significantly decreased and 12 features were significantly increased in My c®HePERTZ mice
(Fig. 1C). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis further
showed that ablation of MYC in the liver mainly influenced amino acid and nucleic

acid biosynthesis and metabolism, coincident with the decreased HCC tumorigenesis in
MycAHEP.ERT2 mjce (Fig. 1C). Interestingly, the variable importance in projection score

of the identified metabolites (£ < 0.05) indicated that the histone methylation-related
metabolite DMA was among the top differential metabolites that resulted in the group
separation (Fig. 1C). There are two types of arginine dimethylation: SDMA and asymmetric
DMA (ADMA). Only SDMA was significantly increased in HCC-prone DEN-treated
My mice compared with saline-treated Mycl/f mice, whereas the induction was
depleted in Myc2HeP.ERT2 mice (Fig. 1D). Furthermore, the DEN-treated Ayc2Hep.ERT2

Hepatology. Author manuscript; available in PMC 2023 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luo et al.

Page 5

mice had lower SDMA levels as early as 1 month after DEN injection, although there
were no tumors at this timepoint, suggesting SDMA associated to a danger signal and a
causative factor for HCC (Fig. 1E). Similar to the mouse data, the levels of SDMA, not
ADMA, were increased in urine samples from patients with HCC compared with healthy
controls and positively correlated with serum alpha-fetoprotein (Fig. 1F). These findings
suggest that protein arginine methylation status is altered by MYC activation during HCC
carcinogenesis.

MYC INDUCES PRMTS5 EXPRESSION IN HCC

Next, the expression of protein arginine methyltransferases was determined. Among the
genes examined, the level of Prmt5 mRNA, encoding the predominant type 11 arginine
methyltransferase responsible for the symmetric dimethylation of arginine residues, was
higher in liver tumors compared with adjacent nontumor tissues in MycV/fl mice. By
contrast, decreased Prmt5 mRNA expression was observed after hepatic ablation of Myc
(Fig. 2A). The levels of PRMTS5 protein and its two products, H3R8me2s and H4R3me2s,
were decreased in the livers of DEN-treated My c®HeP.ERTZ mice compared with similarly
treated Myl mice (Fig. 2B). Consistent with the mouse data, human HCC had increased
levels of MYC, PRMTS5, H4R3me2s, and H3R8me2s proteins compared with adjacent
nontumor tissues (Fig. 2B,C; Supporting Fig. S2A,B), paralleled by increased MYCand
PRMT5mRNA expression (Fig. 2C; Supporting Fig. S2C). PRMT5 mRNA levels in human
liver tumors were positively correlated with the MYC mRNA levels (Fig. 2C; Supporting
Fig. S2D). Similar results were observed at the protein levels (Supporting Fig. S2E).
Bioinformatic analysis of three liver cancer datasets (Oncomine) also revealed increased
expression of PRMT5in human liver tumors (Supporting Fig. S2F-H). These data indicate
that MY C-induced HCC carcinogenesis is associated with changes in PRMT5-mediated
epigenetic modifications. Furthermore, MYC, PRMT5, H4R3me2s, and H3R8me2s protein
levels in human liver tumors were positively correlated with the urinary SDMA levels
(Supporting Fig. S2I), supporting the view that up-regulation of urine SDMA results from
MY C-PRMTS5 overexpression in liver tumors.

To further dissect the mechanistic basis of PRMT5 dependency in MY C-driven HCC,

MY C expression and activity were manipulated in different liver tumor cell lines. MYC
overexpression increased, whereas inhibition of MY C by 10058-F4, which disrupts the
MYC/MAX dimerization and prevents the transactivation of MYC target genes, decreased
PRMT5mRNA and PRMTS5 protein expression (Fig. 2D; Supporting Fig. S2J), suggesting
that PRMT5 might be a target of MYC. To determine whether MYC directly regulates
PRMT5 transcription, six putative E-boxes were found within 3 kb upstream and 1 kb
downstream of the PRMT5 transcription start site. (Blocks A-D) containing the predicted
E-boxes were cloned into the pGL4.11 reporter vectors and luciferase reporter gene assays
performed. In HepG2 cells transfected with pGL4.11-PRMT5 A-D, overexpression of MYC
significantly induced A/C/D luciferase activity except B reporter (Fig. 2E). Chromatin
immunoprecipitation (ChlP) assays were then carried out on cross-linked soluble chromatin
isolated from the livers of MYC transgene turned on (MYC-ON) mice and MYC transgene
turned off (MY C-OFF) mice. MYC recruitment to the Prmit5 promoter was induced by
MY C transgene overexpression. Ccnd2, encoding cyclin D2, which is a bona fide MYC
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target gene, served as a positive control (Fig. 2F). Together, these results support the notion
that MYC directly activates PRMT5 transcription in HCC.

INHIBITION OF PRMT5 SUPPRESSES MYC-DRIVEN HCC DEVELOPMENT

To explore the effect of PRMT5 on MY C-driven HCC development, spontaneous HCC
was induced using TetO-MY C/LAP-tTA transgenic mice by withdrawal of doxycycline to
turn on the MYC transgene (MYC-ON) and initiate liver tumorigenesis. Administration

of GSK3326595, an oral PRMTS5 inhibitor in clinical trials for non-Hodgkin lymphoma
and solid tumor treatment,(6) to MYC-ON mice for 12 weeks after MYC activation
decreased tumor incidence, multiplicity, liver weight, and serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels compared with vehicle-treated mice
(Fig. 3A,B; Supporting Table S3). All vehicle-treated MY C-ON mice versus 37.5% of the
GSK3326595-treated MYC-ON mice developed liver tumors. GSK3326595-treated MY C-
OFF mice, which did not express MYC transgene nor develop tumors, exhibited similar
liver weight and serum ALT and AST levels as vehicle-treated MY C-OFF mice (Fig.

3B), indicating no obvious liver toxicity under normal conditions. Moreover, a short-term
2-week administration of GSK3326595 to MY C-ON mice after the MYC transgene was
activated for 8 weeks decreased tumor multiplicity, liver weights, and serum ALT and AST
levels compared with vehicle-treated mice (Fig. 3C,D; Supporting Table S4). To monitor
tumor progression in one mouse over time, serial MRI scans were performed. Although
liver tumors continued to grow after administration of GSK3326595, the growth rate was
significantly lower than vehicle-treated tumors (Fig. 3E).

Both mRNA and protein levels of MYC and PRMT5 were induced in liver tumors compared
with adjacent nontumor tissues, which were also observed after short-term and long-

term GSK3326595 treatment (Fig. 4A,B; Supporting Fig. S3A,B). Instead, GSK3326595
treatment inhibited PRMTS5 activity, as revealed by decreased protein levels of its two
products, H3R8me2s and H4R3me2s, in both liver tumors and adjacent nontumor tissues
(Fig. 4A). Parallel to repressed PRMTS5 activity, the levels of SDMA, but not ADMA,
were decreased in both GSK3326595-treated liver tumors and adjacent nontumor tissues
as compared with vehicle-treated mice (Fig. 4C,D). Similarly, serum and urinary levels of
SDMA, but not ADMA, were reduced in GSK3326595-treated MY C-ON mice compared
with those of vehicle-treated mice (Fig. 4E,F; Supporting Fig. S3C,D). Collectively, these
data indicate that blocking PRMT5 activity in liver by GSK3326595 suppresses MY C-
induced liver tumorigenesis.

INHIBITION OF PRMT5 SUPP RESSES CELL PROLIFERAT ION THROUGH UP-REGULAT

ION OF p27

PRMT5 was reported to play roles in cell proliferation, cell death, migration, and invasion.
(I7) The PRMTS inhibitor GSK3326595 may exert antiproliferative and antineoplastic
properties. Indeed, GSK3326595 treatment suppressed cell proliferation in liver as indicated
by Ki-67 staining (Supporting Fig. S4A,B) and decreased colony formation in MYC-
overexpressing JHH-7 cells (Supporting Fig. S4C). To investigate the downstream events
after PRMTS5 inhibition, RNA sequencing (RNA-seq) was performed on JHH-7 cells
infected with short hairpin PRMTS5 lentivirus. KEGG enrichment revealed that the top
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pathways affected were associated with cell proliferation, and Gene Ontology (GO)
enrichment showed that the top pathways affected were related to cell cycle pathways
(Supporting Fig. S5A-C). Most differential genes enriched in TNF and advanced glycation
end products (AGEs) and its receptor RAGE (receptor for AGE) pathway were covered by
MAPK signaling pathway (Supporting Fig. S5C). Studies reported that PRMT5 interacted
with MAPK, NF-xB, and E2F signaling pathways, known for their roles in controlling cell
fate and tumorigenesis, by direct histone or posttranslational methylation or indirect ways
in different cell types, but little is known in HCC cells.(18-20) Therefore, phosphorylation
of MAPKSs (extracellular signal-regulated kinase [ERK], c-Jun N-terminal kinase [INK],
and p38) and p65 (NF-xB) proteins as well as the mMRNA expression of NF-xB-dependent
cytokine genes and £2F genes were examined in JHH-7 cells. PRMTS5 ablation increased
both phospho-JNK (p-JNK) and p-p38, whereas PRMTS5 overexpression decreased their
phosphorylation. PRMTS5 did not markedly alter the phosphorylation status of ERK and
p65 (Supporting Fig. S5D). At the mRNA level, PRMTS5 overexpression suppressed
transcription, whereas PRMTS5 knockdown or inhibition conversely elevated transcription
of NF-xB target genes and £2F7in HCC cells (Supporting Fig. S5E,F).

To further explore the downstream targets for the MYC-PRMT5 axis, the mRNA expression
of several tumor suppressor genes was examined in nontumor tissues from GSK3326595-
treated MYC-ON mice (Fig. 5A). Among the mRNAs examined, GSK3326595 treatment
up-regulated Caknib (p27) mRNA in liver, and a similar induction of p27 protein levels
was observed (Fig. 4A). Consistent with these data, p27 mRNA was also increased in

livers from DEN-treated Myc®HeP.ERT2 mice compared with DEN-treated Myc/fl mice (Fig.
5B). Furthermore, the levels of p27 mRNA and protein were decreased in liver tumors
compared with adjacent nontumor tissues from patients with HCC and negatively correlated
with the expression of MYC, PRMT5, and its two products, H3R8me2s and H4R3me2s
(Fig. 5C; Supporting Fig. S2A-E). Similar results were also obtained from a published 159
paired HCC tumor and adjacent liver dataset,(?1) which showed that PRMT5 mRNA was
up-regulated, whereas p27 mRNA down-regulate in tumors compared with adjacent livers,
and a negative correlation was observed in the adjacent livers (Supporting Fig. S6A). These
findings suggest that PRMT5 drives HCC tumorigenesis through inhibition of p27.

p27 is a tumor suppressor that has the ability to block cancer cell proliferation and induce
cell cycle arrest.(22) In different HCC cell lines, GSK3326595 repressed cell proliferation,
as revealed by cell viability and colony formation assays (Fig. 5D; Supporting Fig. S6B,C)
along with induced p27 expression (Fig. 5E). Silencing of PRMT5 increased p27 expression
and attenuated cell proliferation and colony formation, whereas overexpression of PRMT5
decreased p27 expression and enhanced cell proliferation and colony formation in JHH-7
cells (Fig. 5D,E; Supporting Fig. S6D). Flow cytometry analysis showed that PRMT5
inhibition induced cell cycle arrest in G2/M phase and could even induce cell cycle arrest
in S phase, whereas PRMT5 overexpression exhibited the opposite effect (Supporting Fig.
S6E,F). In addition, overexpression of PRMTS5 decreased, whereas inhibition of PRMT5
by CMP5 increased p27 mRNA expression in HepG2 cells (Supporting Fig. S6G). To

test whether PRMT5 directly methylates the H3R8 residue or the H4R3 residue around

the p27promoter region, ChIP assays were performed in JHH-7 cells. Silencing of
PRMTS5 decreased the enrichment of both H3R8me2s and H4R3me2s on the p27 promoter,
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supporting the view that p27was a methylation target of PRMT5 (Fig. 5F). These results
demonstrate that PRMTS5 negatively regulates p27 transcription, which then promotes cancer
cell proliferation.

GSK3326595 PROMOTES LYMPHOCYTE INFILTRATION IN LIVER TUMORS

To further explore the mechanisms underlying repressed HCC development by GSK3326595
treatment, RNA-seq analysis was carried out with RNAs from GSK3326595-treated MY C-
ON mice. When comparing GSK3326595-treated tumors with vehicle-treated tumors, 144
mRNAs were significantly increased and 98 mRNAs were significantly decreased (Fig.
6A,B). Surprisingly, pathway enrichment analysis revealed that the top KEGG pathways
affected by GSK3326595 treatment in liver tumors were related to immunity (Fig. 6C).
Among the top 10 up-regulated mRNAS, the transcripts of 3 components of the MHC 11
molecule family, H2-Ab1, H2-Aa, and Cd74 and the MHC Il transactivator Ciita (class Il
major histocompatibility complex transactivator), were increased by more than 10-fold in
GSK3326595-treated liver tumors versus vehicle-treated liver tumors, which was confirmed
by direct quantification (Fig. 6D). Immunofluorescence staining revealed a similar induction
of CD74 and MHC 11 (Fig. 6E). Lymphocyte infiltration was induced in GSK3326595-
treated liver tumors as indicated by CD45.1, CD4, and CD8 staining (Fig. 6E,F). These
observations suggest a potential role for PRMTS5 in tumor immunity associated with HCC.

To clarify whether increased MHC |1 expression and lymphocyte infiltration is the reason
for or a phenomenon secondary to attenuated tumor growth, MY C-ON mice after activation
of the MY C transgene for 8 weeks were treated with GSK3326595 for 3 days. At this
point, there was no significant difference in tumor number, liver weight, and serum ALT and
AST levels between vehicle-treated and GSK3326595-treated mice (Fig. 7A,B). However,
the total infiltrating CD45.1* leukocytes in liver tumors were increased by GSK3326595
treatment (Fig. 7C). An expansion of natural killer (NK) cells, CD4* T cells, CD8* T cells,
dendritic cells (DC), and monocytes was observed in GSK3326595-treated liver tumors,
whereas no changes were noted in other immune subsets including B ells, natural killer

T (NKT) cells, and granulocytic-myeloid—derived suppressor cell (Fig. 7C). The mean
fluorescence intensities of MHC Il on tumor-infiltrating CD45.1* leukocytes and DC cells
were both significantly increased by GSK3326595 treatment (Fig. 7D). The expression

of CD74 and MHC 11 only partially merged with CD45.1 (Fig. 6E), suggesting that
nonleukocytes, perhaps liver tumor cells themselves, also expressed CD74 and MHC 1.
Despite the constitutive expression pattern of MHC Il on professional antigen-presenting
cells, many other cell types, including tumor cells, can express MHC II. Tumor-specific
MHC Il expression may increase recognition of a tumor by the immune system and
therefore may play an important role in immunotherapy.(?3 To examine the regulation of
MHC Il and related pathway components by PRMT5 in nonleukocytes of liver tumors,
primary hepatocytes and the JHH-7 cells were treated with GSK3326595. As expected,
GSK3326595 significantly up-regulated the mRNA levels of MHC Il-related genes in both
cells (Fig. 7E). To test whether PRMT5 directly methylates MHC ll-related genes (C//TA
and CD74), ChIP assays were performed in JHH-7 cells. Silencing of PRMT5 decreased
the enrichment of H3R8me2s and H4R3me2s on both the C//TA and CD74 promoters (Fig.
7F), supporting that PRMT5 directly regulates MHC |1 expression by histone methylation.
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Together, these data revealed that inhibition of PRMT5 induced MHC 11 expression in both
leukocytes and hepatocytes and thus enforced immune cell infiltration into liver tumors,
which may contribute to an enhanced antitumor immune response and repressed tumor
growth.

To determine whether the tumor suppressive function of GSK3326595 is dependent on

T cells, a-CD3, a-CD4, and a-CD8 antibodies were administered to MYC-ON mice to
deplete T cells, CD4* T cells, and CD8* T cells (Supporting Fig. S7), respectively. When
compared with the adjacent nontumor tissues, MYCand Prmt5 mRNAs were up-regulated
in liver tumors to similar levels in both vehicle-treated and GSK3326595-treated MYC-ON
mice with T-cell depletion (Supporting Fig. S8A,B). GSK3326595 treatment decreased
levels of H4R3me2s in both the liver tumors and adjacent nontumor tissues, regardless of
the presence of T cells (Supporting Fig. S8C). In T cell-depleted and CD8" T cell-depleted
mice, PRMTS5 inhibition tended to decrease tumor multiplicity, liver weights, and serum
ALT and AST levels (Supporting Fig. S8D-G, L-0). In CD4" T cell-depleted mice, serum
ALT and AST levels were significantly lower in the GSK3326595-treated group, whereas
tumor number and liver weight tended to decrease (Supporting Fig. S8H-K). Collectively,
these data showed that the antitumor effect of PRMTS5 inhibition was largely weakened by
T-cell depletion, but GSK3326595 still had some ability to decrease tumorigenesis, even

in the T cell-depleted mice. Note that p27 expression was still increased in the nontumor
tissues of GSK3326595-treated T cell-depleted mice (Supporting Fig. S8C), suggesting that
PRMTS5 inhibition of MY C-driven tumor growth depends on both intrinsic immune response
and the p27 pathway.

PRMT5 INHIBITION SYNERGIZES WITH Anti—PD-1 IMMUNE CHECKPOINT THERAPY IN

HCC

To further determine whether PRMT5 inhibition could improve the efficacy of immune
checkpoint therapy (ICT) in HCC, the combination of GSK3326595 and anti—-PD-1
treatment in MYC-ON mice and two types of HCC cell line—derived xenograft models
were investigated. When combined with anti-PD-1 treatment in MY C-transgenic mice,
GSK3326595 at 50 mg/kg/day significantly suppressed tumor growth compared with anti—
PD-1 monotherapy (Fig. 8A). However, combination therapy did not show any additional
suppression compared with the GSK3326595 treatment at the same dose alone due to the
potent antitumor efficacy of GSK3326595. Therefore, the dose of GSK3326595 was reduced
to 25 mg/kg/day. When combined with anti—-PD-1 antibody, GSK3326595 at lower dose
did show better therapeutic efficacy in HCC tumorigenesis compared with either treatment
alone.

H22 and Hepal-6 HCC xenograft models were next subjected to the combined therapy.
Compared with monotherapy, the combination of GSK3326595 and anti—PD-1 antibody
augmented the antitumor response in both models (Fig. 8B,C). To determine whether the
difference in tumor growth was associated with T cells, the lymphocytes in tumors were
profiled at the endpoint. Compared with the vehicle+1gG group, the combined therapy
remarkably induced the infiltration of total T cells, CD4" T cells, and CD8* T cells

in both xenograft models, whereas either GSK3326595 or anti—-PD-1 monotherapy only

Hepatology. Author manuscript; available in PMC 2023 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luoetal. Page 10
slightly increased the infiltration (Fig. 8D). Collectively, these results demonstrated that
the combination of PRMTS5 inhibitor and anti—PD-1 treatment showed superior antitumor
response than either treatment alone.
Discussion

Aberrant high levels of MY C expression are broadly present in cancers, including HCC.
Herein, an MY C-dependent change in PRMT5 expression and its product SDMA was
uncovered in HCC. MYC modulates PRMTS5 expression by direct transcriptional activation,
paralleled by elevated SDMA levels in the urine. This MY C-PRMT5-based regulatory
circuit is essential for HCC development, as PRMT5 inhibition impedes tumorigenesis in

a transgenic mouse model of MY C-driven HCC. Mechanistically, inhibition of PRMT5
increases tumor suppressor p27 expression through release of H4R3me2s-mediated and
H3R8me2s-mediated transcriptional repression and thus suppresses cell proliferation.
Moreover, PRMTS5 inhibition promotes MHC Il expression and immune cell infiltration in
liver tumors, potentially enhancing the antitumor immune response. Together, these findings
unveil PRMTS5 as an epigenetic executer of MY C for its repressive transcriptional regulation
of the downstream genes, thus highlighting inhibition of PRMT5 as a promising strategy for
MY C-driven HCC treatment (Fig. 8E).

Abnormal metabolism has been considered an important characteristic of tumors, and
comprehensive metabolism studies could help clarify the pathogenesis and provide
potential targets for treatments. Although studies have been performed exploring the
metabolic changes associated with HCC,(?4) to date, there have been few studies
exploring MY C-related changes in the metabolome associated with HCC, despite the

key role of MYC in liver tumorigenesis. In the current study, urine samples from saline-
treated and DEN-treated Myl and My2HeP.ERTZ mice were subjected to metabolomic
analysis. Several methylation-related metabolites including 1-methylnicotinamide, DMA,
and 5-methylcytidine were among the top down-regulate metabolites in DEN-treated
MycAHEP.ERT2 mjce suggesting that MY C might affect epigenetic modifications, which
is one of the key events during HCC progression.(2) Aberrant arginine methylation is
implicated in the development of multiple cancers and reported to influence various
biological processes such as signal transduction, chromatin remodeling, and proliferation.
(26) Therefore, the current study focused on the change of DMA and clarified the molecular
mechanism underlying the elevation of this tumor-related metabolite.

There are two types of DMA: ADMA catalyzed by type | protein N-arginine
methyltransferases (PRMT1/2/3/6/8 and coactivator-associated arginine methyltransferase
[CARM]1) and SDMA by type Il protein arginine methyltransferases (PRMT5/9). Urinary
SDMA, but not ADMA, was found increased in HCC and decreased by hepatic Myc
disruption, likely due to induced PRMTS5 expression by MYC in liver tumors. The
relationship between MYC and PRMTS5 has been studied in some other cancers. MYC
recruits PRMTS5 to form a complex that modulates MY C binding and histone methylation at
target promoters in glioblastoma and gastric cancer.(27:28)
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PRMTS5 posttranslationally regulates MY C stability in medulloblastoma and pancreatic
cancer.(29.30) PRMT5 represses tumor suppressor miRNAs that down-regulate MYC in
lymphoma.(31) MYC also directly up-regulates PRMTS5 transcription and thus safeguards
proper pre-mRNA splicing in lymphomagenesis.(32) The current work demonstrates that
PRMTS5 is encoded by an MYC target gene, suggesting that MY C drives repressive
transcription at least partially through PRMTS5 in HCC. Consistent with the mouse data,
the mRNA and protein level as well as activity of PRMT5 were induced in liver tumors
compared with adjacent nontumor tissues from patients with HCC, along with elevated
SDMA in the urine.

PRMTS5 is amplified in several human malignancies, including liver cancer, lymphoma,

and glioblastoma, and high levels of PRMT5 are generally associated with poor prognosis.
(33) PRMTS5 is postulated to regulate various biological processes such as cell death,
proliferation, migration, invasion, DNA repair, and mRNA splicing at transcriptional or
posttranscriptional levels through arginine methylation of histone or nonhistone substrates,
respectively.(11.17.32.34) Some studies have shown that loss of PRMTS5 exerts antiproliferative
and antineoplastic functions both 7 vitroand in vivo.(11:32.35) Because of the profound role
of PRMTS5 in tumorigenesis, therapy against PRMTS5 is considered a promising strategy

for cancer treatment. Over the past few years, many PRMT5 inhibitors were discovered,
including S-adenosyl methionine (SAM) uncompetitive inhibitors like EPZ015666, SAM
competitive inhibitors like DS-437 and N-alkyl-9H-carbozole analogs like CMP5.36) To
date, none of the PRMTS5 inhibitors have been approved by FDA for therapeutic use.
EPZ015938, which was licensed to GSK (GSK3326595), is an improved compound derived
from EPZ015666 and has entered phase | clinical trials for solid tumors and non-Hodgkin
lymphoma (NCT02783300).(16) Although most PRMTS5 inhibitors were preclinically tested
on cell lines or xenograft models, few studies have explored their efficacy in the treatment
of autochthonous primary HCC. In the present work, GSK3326595 dramatically reduced
the tumor burden in transgenic MY C-driven HCC in mice. In agreement with the well-
documented role of PRMTS5 in promoting cell proliferation, PRMT5 knockdown or
inhibition by GSK3326595 significantly suppressed HCC cell proliferation and induced cell
cycle arrest by activation of p27, INK, p38 MAPK, and E2F7 signaling pathways.

Other than suppressed cell proliferation, RNA-seq analysis suggested that MHC 11
expression was induced and immunity-related pathways were enriched by PRMT5
inhibition. Short-term GSK3326595 treatment without changes in tumor burden revealed
that increased leukocyte infiltration and enhanced MHC Il expression were initial events

to suppressed tumorigenesis, suggesting an unexpected immune cell recruiting and
antigen-presenting enhancing role of GSK3326595 in HCC. Thus, in addition to the

MY C-PRMT5-p27regulatory axis in hepatocytes, GSK3326595 may also impair HCC
development through promoting antitumor immune response. However, the mechanisms
underlying GSK3326595-regulated immune response are unclear. Data from T-cell depletion
experiments suggested that GSK3326595 repressed HCC development partially dependent
on T cells. There are two possible explanations for this dependence: (1) GSK3326595
directly affects T cell function and thus suppresses HCC; (2) GSK3326595 affects the
function of tumor cells or other non-T cells, which recruit T cells as effector cells, resulting
in suppression of HCC. The HCC microenvironment consists of various cell types including
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tumor cells, immune cells, and other stromal cells like endothelial cells.(12) Different cells
function together as a complexed network. PRMT5 is essentially expressed in almost

all cell types and implicated in multiple cell functions.(37:38) Direct or indirect effect of
GSK3326595 on nonparenchymal cells other than hepatocytes or tumor cells cannot be
excluded in this case. Detailed mechanisms of PRMTS5 inhibition on HCC development still
await further study.

Previous studies investigating the role of PRMTS5 in HCC seldom, if ever, focused

on tumor immunity, which is an important aspect of HCC progression and treatment.

The growth of HCC is facilitated by diminished antitumor immune response. Multiple
immunosuppressive mechanisms in HCC have been proposed, including defective antigen
presentation, recruitment of immunosuppressive myeloid and lymphoid cell populations,
impaired NK and T-cell functions, and up-regulation of immune checkpoint pathways.
(12-14) 5o far, immune checkpoint inhibitors against cytotoxic T lymphocyte antigen 4
(CTLA-4), PD-1, and its ligand programmed death ligand 1 (PD-L1) are the most developed
molecules used to boost antitumor immunity and have changed the landscape of cancer
therapy, including HCC.(3%) Combinatorial use of immunotherapy with other treatments

is also a popular option.(14) A recent study characterized a tumor-intrinsic function of
PRMTS5 in promoting immunosuppression by controlling cyclic guanosine monophosphate-
adenosine monophosphatesynthase (cGAS)/stimulator of interferon genes (STING) and
NOD-, LRR-and CARD-containing 5 (NLRC5) pathways in melanoma and identified that
combination of PRMTS5 inhibition with ICT limited the growth of murine melanoma tumors
and enhanced therapeutic efficacy compared with the effect of either treatment alone. (%)
The current study showed that inhibition of PRMT5 by GSK3326595, in addition to its
antiproliferative function, induced immune cell infiltration into liver tumors and promoted
antigen presentation through up-regulation of MHC 11 molecules. The genes for the MHC
Il transactivator CIITA and component of MHC Il molecule CD74 were identified as direct
targets of PRMT5. A combination of GSK3326595 with anti—PD-1 therapy limited growth
of MY C-driven spontaneous HCC and murine xenograft liver tumors (H22 and Hepal-

6) and enhanced therapeutic efficacy compared with the effect of either treatment alone,
suggesting that PRMTS5 inhibition could synergize with ICT-like anti—PD-1 treatment to
treat HCC.

In conclusion, the present work unravels an MY C-dependent induction of SDMA in

HCC with increased expression of PRMT5as an MYC target gene. Inhibition of

PRMT5 by GSK3326595 ameliorates MY C-driven HCC development through both
suppressed proliferation through up-regulation of p27 and enhanced antitumor immunity
through induction of immune cell infiltration and MHC 11 expression in liver tumors.
Therefore, these findings delineate the functional importance of MYC-PRMTS5 axis in HCC
tumorigenesis, argue for the potential application of PRMTS5 inhibitors as a therapeutic
strategy for MY C-driven HCC, and also provide a rationale to apply combination of PRMT5
inhibition and ICT in “immune-cold” tumors.
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urinary SDMA assessed by nonparametric Spearman’s test. *£< 0.05, **P< 0.01, ***P<
0.001. Abbreviations: FDR, false discovery rate; ns, not significant; tRNA, transfer RNA.
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(B) Representative immunoblots of indicated proteins in the liver tumors (T) and nontumors
(NT) from DEN-treated Myl and MycAHeP.ERT2 mjce. (C) Representative IHC staining
of MYC, PRMTS5, and H4R3me2s on HCC tumor and adjacent liver sections (scale bar,

50 um, left), representative immunoblots of indicated proteins in paired human HCC tumor
(T) and adjacent nontumor tissues (NT) (middle, top), MYCand PRMT5 mMRNA expression
in paired tumors and adjacent nontumor tissues from patients with HCC (n = 40) (middle,
bottom), and correlation of MYCand PRMT5mRNA expression in liver tumors from
patients with HCC assessed by nonparametric Spearman’s test (right, top). (D) MYC and
PRMTS5 protein levels (top) and MYCand PRMT5 mRNA levels (bottom) in JHH-7 cells
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infected with lentiviral control (Mector) or MYC expression lentivirus (Lv-MYC) and treated
with MY C inhibitor 10058-F4. n = 3/group. (E) A schematic diagram of the human PRMT5
promoter (-3 kb) illustrating the E-boxes in the regulatory region and the fragments used

for luciferase reporter assay. PRMT5 promoter activity was assessed by luciferase reporter
assay. n = 4/group. (F) ChIP assays of cyclin D2 [CcnaZ] (positive control, top) and

Prmt5 (bottom) on the liver tissues from MY C-ON and MY C-OFF mice. n = 3/group.
*P<0.05, **P<0.01, ***P<0.001. Abbreviations: ACTB, p-actin; Carm, coactivator-
associated arginine methyltransferase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase,
Lv, lentivirus, ns, not significant.
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FIG. 3.
PRMTS5 inhibition attenuates MY C-driven HCC development in mice. (A) Representative

liver images and hematoxylin and eosin (H&E) staining of liver sections. Scale bar, 100 pm.
(B) Surface tumor number, liver weight, serum ALT and AST levels. (A,B) MYC-ON mice
and MY C-OFF mice were treated with vehicle or 50 mg/kg GSK3326595 (GSK 50) for 12
weeks. n = 3-16/group. (C) Representative liver images and H&E staining of liver sections.
Scale bar, 100 um. (D) Surface tumor number, liver weight, serum ALT and AST levels.
(C,D) MY C-ON mice were treated with vehicle or 50 mg/kg GSK3326595 (GSK 50) or 100
mg/kg GSK3326595 (GSK 100) for 2 weeks after the MY C transgene was activated for 8
weeks. n = 8/group. (E) MYC-ON mice were treated with vehicle or 50 mg/kg GSK3326595
(GSK 50) for 4 weeks after the MY C transgene was activated for 7 weeks. n = 4-6/group.
Representative MRI images of livers (left) and liver tumor volume (right). *P< 0.05, **P<
0.01, ***P < 0.001. Abbreviation: ns, not significant.
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FIG. 4.
GSK3326595 represses MY C-induced PRMTS activity and decreases SDMA levels in mice.

MY C-ON mice were treated with vehicle or 50 mg/kg GSK3326595 (GSK 50) or 100
mg/kg GSK3326595 (GSK 100) for 2 weeks after the MYC transgene was activated for 8
weeks. (A) Representative immunoblots of indicated proteins in the liver tumors (T) and
adjacent nontumor tissues (NT). (B) MYCand Prmit5 mRNA expression in the liver tumors
(T) and adjacent nontumor tissues (NT). n = 7-8/group. (C) ADMA and SDMA levels in
liver tumors. n = 7-8/group. (D) ADMA and SDMA levels in nontumor tissues. n = 8/group.
(E) Serum ADMA and ADMA levels. n = 8/group. (F) Urinary ADMA and SDMA levels. n
= 5/group. **P< 0.01, ***P< 0.001. Abbreviations: ACTB, B-actin; ns, not significant.
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FIG.5.
PRMTS5 promotes cell proliferation by methylating tumor suppressor p27. (A) mRNA

expression of alpha-fetoprotein (Afp) and tumor suppressor genes in hepatic nontumor
tissues of MYC-ON mice treated with vehicle or 50 mg/kg GSK3326595 (GSK 50) or
100 mg/kg GSK3326595 (GSK 100) for 2 weeks after the MYC transgene was activated
for 8 weeks (left) and MYC-ON mice treated with vehicle or GSK 50 for 12 weeks

after activation of the MYC transgene (right). n = 7-16/group. (B) p27 mRNA expression
in the liver tumors (T) or nontumors (NT) from DEN-treated MycV/fl and AgycAHep.ERT2
mice. n = 6-8/group. (C) P27 mRNA expression (left) and its correlation with PRMT5
(middle) and MYC (right) in paired tumors and adjacent nontumor tissues from patients with
HCC assessed by nonparametric Spearman’s test. n = 40. (D) Cell proliferation of JHH-7
cells treated with GSK3326595 at indicated concentrations (n = 3/group, left), infected
with lentiviral control or short hairpin (sh) PRMTS5 (n = 6/group, middle), or transfected
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with empty vector or pcDNA-PRMTS5 overexpression construct (n = 3/group, right). (E)
mRNA and protein levels of PRMT5 and p27 in JHH-7 cells treated with 100 or 1,000

nM GSK3326595 for 24 h (n = 3/group for mMRNA, left), or infected with lentiviral control
or shPRMT5 (n = 3/group for mRNA, middle), or transfected with empty vector or pcDNA-
PRMTS5 overexpression construct (n = 3/group for mRNA, right). (F) ChIP assay of p270on
JHH-7 cells infected with lentiviral control or shPRMT5. n = 3/group. *£< 0.05, **P<
0.01, ***P < 0.001. Abbreviations: a-H3, anti-histone H3; Ab, antibody; ACTB, B-actin;
Lv, lentivirus; ns, not significant; Pten, phosphatase and tensin homolog; Rb, retinoblastoma
protein; Rbl, retinoblastoma-like protein.
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FIG. 6.

PRMTS5 inhibition boosts lymphocyte infiltration in MY C-driven HCC. MY C-ON mice
were treated with vehicle or 50 mg/kg GSK3326595 for 2 weeks after the MY C transgene
was activated for 8 weeks. (A) Heatmap of the differentially expressed genes (fold change
>1.5, adjusted Pvalue (P-adj) < 0.05). (B) Volcano plot. The blue dots represent the
differential expressed genes (P-adj < 0.05). The top 30 significant genes were labeled.

(C) The top KEGG pathway enrichments (false discovery rate [FDR] < 0.05). The red
highlighted up-regulated pathways, and blue highlighted down-regulated pathways. (D)
Relative reads per kilobase million (RPKM; top) and mRNA levels (bottom) of MHC I1-
related genes in the liver tumors. n = 3/group. (E) Representative immunofluorescence
staining of CD45.1, CD74, and MHC Il in the liver tumors. Scale bar, 50 um. (F)
Representative immunofluorescence staining of CD4 and CD8 in the liver tumors. Scale
bar, 50 um. *P < 0.05. Abbreviations: Akr, aldo-keto reductase; Bsn, bassoon; CAMS,
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cell adhesion molecules; Clec7a, C-type lectin domain family 7, member a; Col5a3,
collagen, type V, alpha 3; Comp, cartilage oligomeric matrix protein; Cxxc, CpG-binding
protein; ECM, extracellular matrix; FC EPISILON R, a cell-surface receptor for the
constant fragment region of immunoglobulin E molecules; IGA, Immunoglobulin A; Igsf,
immunoglobulin superfamily; JAK, Janus kinase; Jund, jun D proto-oncogene; NOD,
nucleotide-binding oligomerization domain; PKlr, pyruvate kinase liver and red blood cell;
Pla2g2d, phospholipase A2, group I1D; Rbp, retinol binding protein; Scml, scm polycomb
group protein like; Shank2, SH3 and multiple ankyrin repeat domains 2; Slc, solute carrier
family; STAT, signal transducer and activator of transcription; Stx, Shiga toxin; TCA,
trichloroacetic acid; Thy, thymus cell antigen.
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FIG. 7.
PRMTS5 inhibition initiates lymphocyte infiltration in MY C-driven HCC at an early stage.

(A) Representative liver images. (B) Surface tumor number, liver weight, serum ALT and
AST levels. (C) Liver tumor-infiltrating immune cells. (D) Mean fluorescence intensity of
MHC Il in CD45.1* leukocytes and dendritic cells (DCs). (A-D) MYC-ON mice were
treated with vehicle or 50 mg/kg GSK3326595 for 3 days after the MYC transgene was
activated for 8 weeks. n = 7/group. (E) mRNA expression of Prmt5/PRMT5 and MHC
I1-related genes in primary hepatocytes (top) and JHH-7 cells (bottom) treated with 300
nM GSK3326595. n = 3/group. (F) ChIP assays of MHC ll-related genes on JHH-7 cells
infected with lentiviral control or short hairpin (sh) PRMT5. n = 3/group. *P < 0.05,
**pP<0.01, ***P< 0.001. Abbreviations: a-H3, anti-histone H3; Ab, antibody; B, B
lymphocyte; DC, dendritic cell; G-MDSC, granulocytic-myeloid-derived suppressor cell;
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MFI, mean fluorescence intensity; NKT, neutral Killer T lymphocyte; ns, not significant; T,
T lymphocyte.
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FIG. 8.
PRMTS5 inhibition enhances the efficacy of anti-PD-1 ICT in HCC. (A) Representative liver

images, surface tumor number, liver weight, serum ALT and AST levels. MYC-ON mice
were orally administered vehicle or 25 or 50 mg/kg GSK3326595 (GSK 25 and GSK 50)
daily combined with intraperitoneal injection of 200 ug 1gG or anti—-PD-1 antibody every 3
days for 2 weeks after the MYC transgene was activated for 8 weeks. (B) Representative
tumor images (scale bar, 1 cm, left), tumor volume (middle), and tumor weight (right) of
Hepal-6 xenografts. n = 8. (C) Representative tumor images (scale bar, 1 cm, left), tumor
volume (middle), and tumor weight (right) of H22 xenografts. n = 9. (D) Tumor-infiltrating
immune cells for H22 (top) and Hepal-6 (bottom) xenografts. n = 4. (B-D) Hepal-6

and H22 cells were grafted into C57BL/6J mice, which were subsequently treated with
vehicle or 50 mg/kg/day GSK3326595 daily combined with intraperitoneal injection of
200 pg lgG or anti—PD-1 antibody every 3 days for a week. (E) A schematic diagram
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depicting the MYC-PRMTS5 regulatory axis in HCC. MYC induces PRMT5 expression in
HCC, paralleled by increased SDMA levels in the serum and urine. Inhibition of PRMT5
with GSK3326595 increases p27 expression, thus suppressing cell proliferation. Moreover,
PRMTS5 inhibition promotes MHC 11 expression and immune cell infiltration in liver tumors,
potentially enhancing antitumor immune response. Both pathways contribute to impeded
HCC development. *P< 0.05, **P< 0.01, ***P< 0.001. Abbreviations: ns, not significant;
Veh, vehicle.
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