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Protein arginine methyltransferases (PRMT) catalyze protein arginine methylation
and play an important role in many biological processes. Aberrant PRMT expression
in tumor cells has been documented in several common cancer types; however, its
precise contribution to hepatocellular carcinoma (HCC) cell invasion and metastasis
is not fully understood. In this study, we identified a new oncogene, PRMT9, whose
overexpression strongly promotes HCC invasion and metastasis. PRMT9 expression
was detected more frequently in HCC tissues than in adjacent noncancerous tissues.
PRMT9 overexpression was significantly correlated with hepatitis B virus antigen
(HBsAg) status, vascular invasion, poor tumor differentiation and advanced TNM
stage. Patients with higher PRMT9 expression had a shorter survival time and higher
recurrence rate. PRMT9 expression was an independent and significant risk factor
for survival after curative resection. Functional studies demonstrated that PRMT9
increased HCC cell invasion and lung metastasis. Knocking down PRMT9 with short
hairpin RNA (shRNA) inhibited HCC cell invasion. Further investigations found that
PRMT?9 increased cell migration and invasion through epithelial-mesenchymal transi-
tion (EMT) by regulating Snail expression via activation of the PI3K/Akt/GSK-3pB/
Snail signaling pathway. In clinical HCC samples, PRMT9 expression was positively
associated with Snail expression and was negatively associated with E-cadherin
expression. In conclusion, our study demonstrated that PRMT9 is an oncogene that
plays an important role in HCC invasion and metastasis through EMT by regulating
Snail expression via activation of the PI3K/Akt/GSK-3B/Snail signaling pathway.
Thus, PRMT9 may serve as a candidate prognostic biomarker and a potential thera-

peutic target.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common cancer and
the third leading cause of cancer-related mortality worldwide.> Cura-
tive surgical resection is the most common treatment for HCC, but the
5-year postoperative survival rate is unsatisfactory. This poor progno-
sis is mainly due to the high frequency of tumor recurrence and distant
metastasis after curative surgical resection.? Therefore, a better under-
standing of the molecular mechanisms underlying HCC metastasis will
help prevent HCC recurrence and metastasis.

Epithelial-mesenchymal transition (EMT) is known to be involved
in cancer metastasis and is a process in which epithelial cancer cells
lose their typical epithelial characteristics and acquire mesenchymal
traits.®> During EMT, proteins involved in cell junctions such as E-cad-
herin and ZO-1 are downregulated, while mesenchymal markers such
as Fibronectin and vimentin are upregulated.* This conversion is
believed to be triggered by multiple zinc finger proteins, including
Snail, Slug, ZEB1, ZEB2 and Twist.>”” As the regulators of EMT, zinc
finger proteins directly promote the repression of E-cadherin at the
transcriptional level by binding to E-box motifs, resulting in a loss of
cell adhesion, which allows cells to migrate and metastasize.® A large
number of studies show that EMT are regulated by numerous signal-
ing pathways, including phosphoinositide 3-kinase (PI3K)/Akt-,
Hedgehog-, Notch-, Wnt- and nuclear factor-xB (NF-xB)-dependent
pathways.”

Cancer cells undergoing EMT become mobile and invasive,
enabling metastasis and chemotherapy resistance.'® Recently, it was
shown that HCC cells undergoing EMT play a vital role in the dis-
semination of malignant hepatocytes and, thus, influence HCC recur-
rence and prognosis.t'? Therefore, identifying the underlying
molecular mechanism during HCC progression may ultimately pro-
vide innovative therapeutic strategies against HCC.

Protein arginine methylation is a widespread posttranslational
modification that impacts numerous cellular processes, including
transcription, RNA splicing, DNA repair, cell signaling and cell fate
decisions.*®>** This posttranslational modification is catalyzed by the
9 protein arginine methyltransferases (PRMT).2* According to their
catalytic activity, PRMT are categorized into 3 groups. Type |
enzymes, including PRMT1, PRMT2, PRMT3, PRMT4, PRMTé and
PRMTS, catalyze the synthesis of monomethylarginine (MMA) and
asymmetric dimethylarginine (aDMA), whereas type Il enzymes
(PRMT5 and PRMT9) carry out the formation of MMA and
sDMA.**1> PRMT7 is the only type Ill enzyme, and it catalyzes the
formation of MMA.2® Numerous studies have shown that the aber-
rant expression PRMT is associated with cancer. These dysregulated
proteins can impact multiple pathways that contribute to tumorigen-
esis, including the proliferation, cell cycle, apoptosis, and invasion
and metastatic capacity of tumor cells.!*'” Several studies have
shown that PRMT1 and PRMT5 are overexpressed in HCC, and
their high expression indicates a poor prognosis in HCC
patients.*®” This evidence implies that PRMT may play a crucial

role in HCC progression. However, the roles of PRMT, especially
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PRMT9, in the regulation of HCC invasion and metastasis have not
been fully elucidated.

In this study, we identified that PRMT9 has an important role in
HCC invasion and in the EMT process of HCC cells. Further investiga-
tion showed that PRMT9 was upregulated in HCC tissues and cell lines.
High expression of PRMT?9 indicated a poor prognosis in HCC patients.
Moreover, both in vitro and in vivo experiments indicated that PRMT9
had a strong effect on the invasion and metastasis of HCC. The molec-
ular mechanism assays demonstrated that PRMT9 promoted the inva-
sion of HCC cells via PI3K/Akt/GSK-3f/Snail pathway.

2 | MATERIALS AND METHODS

2.1 | Cell lines, culture conditions and reagents

In this study, the HCC cell lines Huh7, MHCC97H and Sk-Hep1 and
an immortalized hepatocyte cell line, LO2, were obtained from the
Cell Bank of Type Culture Collection of Chinese Academy of
Sciences. The human HCC cell line Bel7402 was purchased from the
Shanghai Institute of Cell Biology (Shanghai, China). All cell lines
were maintained in high-glucose DMEM supplemented with 10%
heat-inactivated FBS at 37°C with 5% CO,. The inhibitor 2-morpho-
lin-4-yl-8-phenylchromen-4-one (LY294002) was purchased from
Selleckchem (Houston, TX, USA).

2.2 | Patients and samples

Paired HCC tissues and adjacent non-tumor liver tissues were
obtained from HCC patients undergoing curative resection between
2000 and 2005 at Sun Yat-Sen Memorial Hospital. A total of 139
HCC patients who had distinctive pathological diagnoses, no preoper-
ative systemic or local treatments, and complete follow-up data were
enrolled in this study. All patients were monitored after surgery until
12 May 2013. The histological grade of tumor differentiation was
determined according to the method of Edmondson and Steiner. The
pTNM classification for HCC was determined according to The Amer-
ican Joint Committee on Cancer/International Union Against Cancer
Staging System (7th edition, 2010). This study was approved by the
research ethics committee of Sun Yat-Sen University, and written
informed consent was obtained from each patient. In addition,
20 pairs of HCC tissues with corresponding portal vein tumor throm-

bosis were collected from archived paraffin-embedded samples.

2.3 | Immunohistochemistry

A tissue microarray (TMA) containing 139 cases of paired HCC sam-
ples and corresponding non-tumor tissues was analyzed. The
immunochemistry staining process was strictly performed using the
Dako Envision Plus System (Dako, Glostrup, Denmark) according to
the manufacturer’s protocol. The TMA was stained for PRMT9, Snail
and E-cadherin expression. Immunohistochemistry (IHC) staining was
scored based on both staining intensity and the extent of protein
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expression by 2 independent pathologists who were blind to all
patient clinical data. The percentage of positive cells was classified
as follows: 0% < 5%, 1 = 5%-25%, 2 = 25%-50%, 3 = 50%-75% and
4 > 75% positive cells. The intensity of staining was defined accord-
ing to the following: O (negative), 1 (weak), 2 (moderate) or 3
(strong). The final protein expression score was calculated by multi-
plying the intensity score by the positive-staining score. Each sample
was defined as either negative expression if the final score was 0-4
or positive expression if the final score was >4. The primary antibod-
ies and dilutions used for IHC are listed in Table S1.

(A1) Adjacentnontumor  Borderline liver tissue

HCC

x40

Metastatic HCC

x100

b ..3‘7.. \

e
LN el N

2.4 | Plasmids and stable overexpression and
knockdown of PRMT9 in hepatocellular carcinoma
cells

The pLV-Puro-GFP-PRMT9 lentiviral vector was purchased from
Guangzhou Cyagen Biosciences. The GV248-GFP-shRNA-PRMT9 len-
tiviral vectors containing shRNA targeting PRMT9 were purchased from
Shanghai GeneChem and the hairpin shRNA sequences are described in
Document S1. The lentiviruses produced from pLV-Puro-GFP-PRMT9
lentiviral vectors were used to infect Huh7 and Bel7402 cells, and the

(A2) Upregulation of PRMT9 in HCC tissues
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FIGURE 1 Overexpression of PRMT9 in hepatocellular carcinoma (HCC) tissues and its correlation with patient clinicopathological features
and survival. A1, Representative immunohistochemical staining of PRMT9 expression in matched primary HCC samples (n = 139), borderline liver
tissue (n = 139) and the corresponding non-tumor tissue (n = 139). A2, Statistical analysis of PRMT9 expression in HCC. A3, Representative
PRMT9 expression in adjacent non-tumor tissues (n = 20), primary HCC tissues (n = 20) and portal vein tumor thrombosis tissues (n = 20)
detected by immunohistochemistry (IHC). B, Western blotting analysis of PRMT9 expression in different HCC cell lines. C, Kaplan-Meier analysis
of the correlation between PRMT9 expression and overall survival (OS) in HCC patients
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shRNA-PRMT9 lentiviruses were used to infect SK-Hep1 cells. Cells
infected with pLV-Puro-GFP or PGCSIL-GFP were used as controls.

Infected cells were selected with 2 pg/mL puromycin for 2 weeks.

2.5 | Wound healing assay

Cells were grown to 100% confluence in 6-well plates. The confluent
cell monolayer was scratched with a 200-pL sterile plastic pipette tip to
produce an artificial wound. Cell debris was removed by washing with
PBS, and cells were cultured in fresh medium without FBS for 48 hours.

Then, the rate of wound closure was examined and photographed.

2.6 | Cell migration and invasion assay

Cell migration and invasion ability were measured using Corning
Transwell chambers (Corning, Corning, NY, USA) precoated with or
without Matrigel (BD Biosciences, Franklin Lake, NJ, USA). DMEM
medium (600 pL) containing 10% FBS was placed in the lower cham-
bers. Next, 1 x 10° cells were suspended in 200 uL of serum-free
medium, added to the upper chambers and incubated at 37°C for
24 hours. Migrating and invading cells were fixed with 4%
paraformaldehyde solution for 30 minutes, stained with 0.2% crystal
violet for 30 min and counted under a microscope.

2.7 | In vivo metastasis assays

BALB/C nude mice (5 weeks old) were bred under standard conditions
and maintained according to the institutional guidelines for animal care.
All animal research procedures were approved by the Animal Care and
Use Ethics Committee, Sun Yat-Sen University. For the in vivo lung
metastasis assay, Bel7402-control and Bel7402-PRMT9 (2 x 10° in
25 uL PBS) cells were injected orthotopically into the left liver lobe of
BALB/C nude mice (10 in each group). Six weeks later, the mice were
killed, and the lung tissues were harvested. Liver and lung tissues were

paraffin-embedded and stained with H&E for histological validation.

2.8 |
PCR

RNA extraction and quantitative real-time

Total RNA from the HCC cell lines and snap-frozen clinical specimens
were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and reverse transcribed into cDNA using the Superscript Il Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions. The mRNA expression levels were deter-
mined by real-time RT-PCR analysis, which was performed by using a
Light Cycler 480 system (Roche Applied Science, Penzberg, Germany)
and SYBR Green Master Mix (Takara Bio, Otsu, Japan). The primer
sequences used in this study are listed in Document S1.

2.9 | Western blot analysis

Western blotting was performed in accordance with the standard
methods. Briefly, cells were lysed in RIPA buffer containing protease
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inhibitor cocktail (FDbio Science, Shanghai, China). Protein extracts
were separated by SDS-PAGE and transferred to PVDF membranes
(Millipore, Bedford, MA, USA). After blocking with 5% non-fat dry
milk, the membranes were incubated with primary antibody at 4°C
overnight, followed by an incubation with HRP-conjugated sec-
ondary antibody for 1 hours at room temperature. Immunoreactive
bands were detected by enhanced chemiluminescence (ECL; Milli-
pore, Billerica, MA, USA). The primary antibodies and dilutions used

for western blot analysis are listed in Table S1.

2.10 | Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde for 15 minutes at 4°C on

glass coverslips and permeabilized with 0.1% Triton-X 100 for

TABLE 1 Correlation between PRMT9 expression and patient’s
clinicopathologic features in hepatocellular carcinoma

Tumor PRMT9 expression

Clinicopathological Case number Negative  Positive

variables (n = 139) (n = 70) (n=69) P value

Age
<60 years 101 52 49 404
>60 years 38 18 20

Sex
Male 117 59 58 577
Female 22 11 11

Serum AFP
<20 ng/mL 42 17 25 .079
>20 ng/mL 94 52 42

HBsAg
Negative 18 14 4 .011*
Positive 121 56 65

Cirrhosis
Absent 33 16 17 481
Present 106 54 52

Tumor size
<5 cm 54 31 23 125
>5 cm 85 39 46

Vascular invasion
Absent 93 53 40 .020*
Present 46 17 29

Tumor encapsulation
Absent 63 28 35 136
Present 76 42 56

Tumor differentiation
I-1l 101 25 13 .020*
-1v 38 33 6

TNM stage
I-1 66 40 26 .016*
-1v 73 30 43

*indicates P < 0.05.
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TABLE 2 Univariate and multivariate analysis of factors associated with survival and recurrence of 139 hepatocellular carcinoma

Survival

Recurrence

Univariate analysis

Multivariate analysis

Univariate analysis Multivariate analysis

95%
Variables HR 95% CI P-value HR 95% CI P-value HR 95% Cl P-value HR Cl P-value
Age (<60.0 vs >60.0) 0.700 0.461-1.062 .093 1.573 1.042-2.373  .031*
Sex (male vs female) 0.811 0.461-1.429 469 1.218 0.744-1.994 432
Serum AFP (<20 1.294 0.837-2.000 246 1.374 0.928-2.034 112
vs >20 ng/mL)
HBsAg (negative 1.182 0.669-2.087 .564 1.138 0.671-1.931  .631
Vs positive)
Tumor encapsulation  0.666 0.449-0.989  .044* 0.559 0.387-0.808  .002*
(absent vs present)
Cirrhosis (absent 1408 0.877-2.261  .157 1.089 0.715-1.659  .692
vs present)
Tumor size 1.840 1.211-2.795 .004* 1.898 1.290-2.795 .001*
(<5 vs >5 cm)
Vascular invasion 4527 2.968-6.904 <001* 4426 2205-8.817 <.001* 2196 1.460-3.301 <.001*
(absent vs present)
Tumor differentiation  1.314 0.847-2.039  .223 1433 0.939-2.186  .095
(I-11 vs HI-IV)
TNM stage 3.261 2.150-4.945 <001* 1916 1.080-3.401 .026* 2401 1.632-3.531 <.001* 1.720 1.046- .032*
(I-11 vs HI-1V) 2.282
Tumor PRMT9 1.968 1.315-2.945 .001* 1.284 1.020-1.616 .033* 1.528 1.055-2.212 .025*
expression

(negative vs positive)

*indicates P < 0.05.

10 minutes at 4°C. Then, the cells were blocked with 1% BSA for 1 hours
at 4°C and incubated with primary antibody at 4°C overnight. After rins-
ing with PBS, the cells were incubated with AlexaFluor 555-conjugated
goat-anti-rabbit 1gG for 1 hours at room temperature. Cell nuclei were
subsequently stained with DAPI for 3 minutes. Finally, the cells were
examined using a confocal laser-scanning microscope (LSM710, Carl
Zeiss GmbH, Oberkochen, Germany). The primary antibodies and dilu-

tions used for immunofluorescence assays are listed in Table S1.

2.11 | Statistical analysis

Statistical analyses were performed using SPSS 17.0 software. Data
are expressed as the means 4 SD of 3 independent experiments.
Quantitative data between groups were compared using Student’s t

test. Categorical data were analyzed using Pearson’s y2-test or Fisher’s

exact test. Correlation analysis was performed for PRMT9, Snail and
E-cadherin. Survival analyses and cumulative recurrence rates were
assessed using the Kaplan-Meier method and the log-rank test. Uni-
variate and multivariate survival analyses were performed using the
Cox proportional hazards regression model. Results were considered

statistically significant when P < .05.

3 | RESULTS

3.1 | The expression of PRMT9 in hepatocellular
carcinoma tissues and its correlation with patient
clinicopathological features and survival

To explore whether PRMT9 is an important factor in determining the

clinical outcomes of HCC patients, the expression of PRMT9 in a TMA

FIGURE 2 PRMT9 promotes hepatocellular carcinoma (HCC) cell migration and tumor metastasis. A,B, Wound healing assays showing
PRMT9-promoted cell migration. Representative images of wound healing assays were taken at O and 48 h after the scratch was made. C,D,
Migration and invasion assay analysis showing that the upregulation of PRMT9 enhanced cell migration and invasion in vitro. E, Wound healing
assays showing that silencing PRMT9 inhibited cell migration. Representative images of wound healing assays were taken at O and 48 h after
scratching. F, Migration and invasion assay analysis showing that the silencing of PRMT9 inhibited cell migration and invasion in vitro. G,

In vivo metastasis assay. Bel7402 cells with either the empty or PRMT9 overexpression vector (n = 10 per group) were transplanted into the
livers of nude mice. G1, Representative views of tumor nodules at six weeks following orthotopic implantation. G2, Representative images of
microscopic tumor nodes in liver stained with H&E. G3, Incidence of metastasis in the Bel7402 group of nude mice. G4, Representative images
of microscopic tumor nodes in lungs stained with H&E. (All the experiments were repeated 3 times; *P < .05 indicates significant difference in

independent Student’s t test.)
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containing 139 pairs of primary HCC was detected. In HCC tissues,
positive PRMT9 staining was observed primarily in the nucleus,
whereas in adjacent liver tissue, weak positive staining of PRMT9 was
observed in the cytoplasm (Figure 1A1). Approximately half of the
HCC samples (69/139, 49.6%) were positive for PRMT9 expression. In
contrast, only 10.8% (15/139, 10.8%) of the adjacent liver samples
expressed PRMT9 (P < .01, Fisher’s exact test; Figure 1A2). However,
the mRNA levels of PRMT9 were not changed between tumor and
adjacent non-tumor tissues in an additional 33 HCC samples, which
suggested that the overexpression of PRMT9 was only at the post-
transcriptional level (data not shown).

To investigate the role of PRMT9 in HCC metastasis, PRMT9
expression was compared in 20 pairs of matched primary and portal
vein tumor thrombosis samples. A representative example of PRMT9
immunohistochemical staining is shown in Figure 1A3. Among the
HCC specimens, 12 pairs (60%) had higher PRMT9 expression levels
in the portal vein tumor thrombosis samples than in the primary
HCC tissues (Figure 1A3).

PRMT9 expression levels were compared between the noncancer-
ous LO2 liver cell line and the 4 HCC cell lines. Western blot assays
showed that PRMT9 expression was increased in highly metastatic
HCC cell lines (SK-Hep1 and MHCC97H; Figure 1B).

Upregulation of PRMT9 was significantly associated with hepatitis
B virus antigen (HBsAg, P = .011), vascular invasion (P = .02), tumor
differentiation (P = .02) and TNM stage (P = .016; Table 1). Kaplan—
Meier analysis showed that HCC patients with positive PRMT9 stain-
ing had shorter overall survival times than those with negative PRMT9
expression (Figure 1C). Cox’s multivariate proportional hazards model
indicated that PRMT9-positive staining was an independent predictor
of survival in HCC patients after curative resection (Table 2). Taken
together, these observations indicated that the overexpression of
PRMT9 may contribute to HCC metastasis.

3.2 | PRMT9 promotes hepatocellular carcinoma
cell migration and tumor metastasis

Because our clinicopathological correlation analysis indicated that
PRMT?9 upregulation was significantly associated with vascular inva-
sion, we further investigated the role of PRMT9 in HCC cell migration
and invasion. Two stable cell lines, Huh7-PRMT9 and Bel7402-
PRMT9, were established for this purpose. Wound healing assays
showed that the upregulation of PRMT9 expression significantly
increased the capacity of Huh7 and Bel7402 cells to close the
scratched “wound” (Figure 2A,B and Figure S1A,B). Transwell assays

further revealed that the upregulation of PRMT9 enhanced the migra-
tion and invasion of Huh7 and Bel7402 cells (Figure 2C,D). In con-
trast, when PRMT9 was silenced by targeted shRNA, cell migration
and invasion were significantly inhibited (Figure 2E,F and Figure S1C).

To further evaluate the effect of PRMT9 on tumor metastasis
in vivo, cells were injected into the livers of nude mice. The PRMT9-
expressing group showed an increased incidence of lung metastasis
compared with that of the control group (Figure 2G). These data
indicated that PRMT9 had an important role in promoting HCC inva-
sion and metastasis.

3.3 | PRMT9 induces epithelial-mesenchymal
transition in hepatocellular carcinoma

As PRMT9 was involved in cell migration and invasion, we specu-
lated that PRMT9 may affect the EMT process. The relationship
among PRMT9 and EMT markers as well as EMT-related transcrip-
tion factors was investigated. Real-time PCR showed that the upreg-
ulation of PRMT9 in Huh7 and Bel7402 cells led to a decreased
expression of epithelial markers (E-cadherin and ZO-1) and an
increased expression of mesenchymal markers (vimentin and fibro-
nectin; Figure 3A,B). Moreover, by screening 5 EMT-related tran-
scription factors, we found that PRMT9 markedly increased Snail
protein expression (Figure 3D). In contrast, silencing PRMT9 in SK-
Hep1 cells caused the opposite expression pattern of EMT markers
and Snail (Figure 4A,C).

Western blotting analysis and immunofluorescent staining further
showed that PRMT9 decreased epithelial markers (E-cadherin and
Z0-1) but increased the expression of mesenchymal markers (vi-
mentin and fibronectin) and Snail (Figure 3C, E). The results from
PRMT9 knockdown in SK-Hepl cells were consistent with these
findings (Figure 4B-D). These results indicated that PRMT9 induced
EMT in HCC cells.

3.4 | PRMT9 induces epithelial-mesenchymal
transition by activating the PI3K/Akt/GSK-3pB/Snail
pathway in hepatocellular carcinoma

It is well known that AKT activation plays a crucial role in induc-
ing EMT by inhibiting GSK-3 activation and subsequently lead-
ing to Snail stabilization. In addition, it has been reported that
the Akt signaling pathway is constitutively active in HCC.2® We
therefore hypothesized that PRMT9 might promote HCC metas-
tasis through the PI3K/Akt/GSK-3B/Snail pathway. Western blot

FIGURE 3 PRMT9 induces epithelial-mesenchymal transition in hepatocellular carcinoma (HCC). A,B, The relative expression levels of
E-cadherin, ZO-1, vimentin and fibronectin, as measured by qPCR, were compared between PRMT9-expressing and control cells. C,D, Western
blot analysis showed changes in the expression of EMT markers (E-cadherin, ZO-1, vimentin and fibronectin) snail, slug, twist, ZEB1 and ZEB2
in HCC cell lines. E, Representative immunofluorescent staining (IF) images showing the increased expression of vimentin and fibronectin and
decreased expression of E-cadherin and ZO-1 in Huh7-PRMT?9 cells compared with the expression levels of these proteins in Huh7-control
cells. Nuclei were counterstained with DAPI. (All the experiments were repeated 3 times; *P < .05 indicates significant difference in

independent Student’s t test.)
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changes in the expression of epithelial-mesenchymal transition (EMT) markers (E-cadherin, ZO-1, vimentin and fibronectin) in the indicated HCC
cell lines. B, Western blot analysis showing changes in EMT marker expression (E-cadherin, ZO-1, vimentin and fibronectin) in the indicated HCC
cell lines. C, Western blots showing changes in snail, slug, twist, ZEB1 and ZEB2 expression. D, Representative immunofluorescent staining (IF)
images showing the decreased expression of vimentin and fibronectin and increased expression of E-cadherin and ZO-1 in SK-shPRMT?9 cells
compared with these expression levels in SK-shControl cells. Nuclei were counterstained with DAPI. (All the experiments were repeated 3 times;
*P < 05 indicates significant difference in independent Student’s t test.)

assays showed increased expression of phosphorylated Akt, phos- significantly reduced compared with the expression levels in SK-
phorylated GSK-3B and Snail in PRMT9-transfected cells (Fig- shControl cells (Figure S2B). These results indicated that PRMT9
ure S2A). In contrast, in PRMT9-silenced cells, the expression of probably enhanced Snail expression via the PI3K/Akt/GSK-3p/
phosphorylated Akt, phosphorylated GSK-38 and Snail were Snail pathway. To further elucidate whether PRMT9 induced the
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FIGURE 5 PRMT9 induces epithelial-mesenchymal transition (EMT) via activating the PI3K/Akt/GSK-38/Snail pathway in hepatocellular
carcinoma (HCC). A,B, Western blot analysis showing that the Akt inhibitor LY294002 effectively inhibits the activation of the PI3K/Akt
signaling induced by PRMT9 and EMT. C, Wound healing assay showing that LY294002 inhibits PRMT9-induced cell migration. D, Invasion
assays showing that LY294002 inhibits PRMT9-induced cell invasion. (All the experiments were repeated 3 times; *P < .05 indicates significant
difference in independent Student’s t test.)

expression of Snail by activating Akt signaling, PRMT9-infected phosphorylated GSK-3f, Snail and EMT markers were reversed
cells were treated with LY294002 (a PI3K-specific inhibitor). The by LY294002 treatment in PRMT9-infected cells (Figure 5A,B).
results showed that the expression levels of phosphorylated Akt, These results indicated that the PRMT9-induced expression of
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(B) Expression of PRMT9, Snail and E-cadherin in HCC samples
PRMT9
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FIGURE 6 High expression of PRMT9 correlates with Snail and E-cadherin in hepatocellular carcinoma (HCC) tissues. A, Expression of PRMT9,
Snail and E-cadherin in HCC samples (n = 139); Case 92: high expression of both PRMT9 and Snail and low expression of E-cadherin; Case 48: low
expression of both PRMT9 and Snail and high expression of E-cadherin. B, Statistical analyses of the expression of 3 markers in HCC. C,
Immunohistochemical analysis of PRMT9, Snail and E-cadherin expression in 20 paired primary and metastatic HCC tissues. Representative
immunohistochemical staining of all 3 markers is shown. D, Comprehensive correlation analysis of the expression of the 3 markers in HCC

Snail was probably dependent on the Akt pathway. Next, we fur- ability of PRMT9-infected cells was inhibited by LY294002, as
ther determined if the oncogenic effect of PRMT9 was through indicated by Transwell and wound healing assays (Figure 5C,D
the activation of the Akt/GSK-3B/Snail pathway. The migration and Figure S3).
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3.5 | High PRMT9 expression correlates with Snail
and E-cadherin expression in hepatocellular
carcinoma tissues

We further evaluated the expression of PRMT9, Snail, and the
EMT marker E-cadherin using IHC in a TMA consisting of primary
tumors from 139 HCC patients. IHC showed that PRMT9 expres-
sion was positively correlated with Snail expression and was nega-
tively correlated with E-cadherin expression (Figure 6AB). To
further explore the relationship between PRMT9 and Snail or E-
cadherin during HCC metastasis, 20 paired primary and portal vein
tumor thrombosis tissues were investigated (Figure 6C,D). Our
results showed that higher levels of PRMT9 and Snail expression
were detected in metastatic HCC tissues than in primary HCC tis-
sues. For the same patients, a lower level of E-cadherin expres-
sion was detected in portal vein tumor thrombosis tissues than in
primary HCC tissues. These data further support the crucial role
of PRMT9 in HCC metastasis.

4 | DISCUSSION

In this study, we first identified a novel gene, PRMT9, whose over-
expression promotes the invasion and EMT of HCC cells. Second,
we determined that the PRMT9-related enhancement HCC cell inva-
sion and metastasis may depend on the activation of the PI3K/Akt/
GSK-3B/Snail pathway. Finally, in clinical HCC tissues, we observed
that PRMT9 expression was positively associated with Snail expres-
sion and was negatively associated with E-cadherin expression. In
summary, our findings indicate that PRMT9 has a crucial role in facil-
itating HCC EMT and metastasis. PRMT9 may serve as a candidate
prognostic biomarker and a potential therapeutic target in HCC
patients.

PRMT9 was recently identified as a new type Il protein arginine
methyltransferases.?® It contains a conserved core methyltransferase
domain, consisting of S-adenosyl-L-methionine binding sequences
and substrate binding sequences, and a THW loop. Like PRMT5,
another type Il PRMT, PRMT9, transfers methyl groups on different
terminal guanidino nitrogen atoms to form MMA and ADMA resi-
dues.*>?! For example, Yang et al and Hadjikyriacou et al showed
that PRMT9 symmetrically demethylates arginine residues on
SAP145 and SF3B2.2°2! Because SF3B2 is involved in cell cycle pro-
gression and is often hijacked by HIV, SF3B2 methylation may be
related to disease progression. This indicates that PRMT9 may play
an important role in disease progression. Furthermore, Uhlén et al
report that the high expression of PRMT9 has been detected in sev-
eral types of cancer, including melanoma, and testicular, pancreatic
and lymphoma cancer.?! These studies imply that PRMT9 plays a
role in cancer development. However, until now, no study has
reported the role of PRMT9 in HCC. Our findings showed that, com-
pared with normal liver tissues, the protein levels of PRMT9 were
significantly increased in HCC tissues. In addition, 12 pairs of HCC
tissue (60%) showed higher levels of PRMT9 expression in the portal
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vein tumor thrombosis samples than in the paired primary HCC sam-
ples. Furthermore, we observed an inverse correlation between
PRMT9 expression and prognosis in a large cohort of HCC patients.
A clinicopathological correlation study showed that PRMT9 overex-
pression was correlated with HBsAg status, vascular invasion, poor
tumor differentiation and advanced TNM stage. These results imply
that PRMT9 may play an important role during HCC progression,
especially in HCC metastasis. In fact, our in vitro and in vivo studies
confirmed that PRMT9 plays an important role specifically in HCC
invasion and metastasis.

Epithelial-mesenchymal transition plays an important role in can-
cer cell invasiveness and metastasis.2??22 The EMT process is believed
to be involved in the progression of HCC and correlates with HCC
patient prognosis.2* Although EMT is triggered by numerous factors,
whether PRMT9 promotes EMT was undetermined. To explore the
exact function of PRMT9 in HCC progression, we created cells lines
with PRMT9 overexpression and knockdown. As expected, decreased
epithelial marker expression and increased mesenchymal marker
expression were observed in HCC cells when PRMT9 was overex-
pressed. In contrast, knocking down PRMT9 increased the expression
of epithelial markers and decreased the expression of mesenchymal
markers. In addition, the key regulator of EMT, Snail, was significantly
altered by PRMT9. The protein levels of Snail were significantly
downregulated when PRMT9 was silenced, whereas the level of Snail
was increased when PRMT9 was overexpressed. These results indi-
cated that PRMT9 may induce EMT in HCC cells and play an impor-
tant role in HCC invasion and metastasis.

The activation of Akt inhibits GSK-3p activity, subsequently sup-
pressing the phosphorylation of Snail, inducing Snail protein stabiliza-
tion and nuclear localization, which ultimately promotes EMT.2>2¢
Our data showed that the expression levels of phosphorylated Akt
(active form), phosphorylated GSK-3p (inactive form) and Snail were
increased or decreased when PRMT9 was overexpressed or silenced,
respectively. In addition, the activation of Akt, overexpression of
Snail and motility induced by PRMT9 overexpression in HCC cells
were reversed by LY294002 (a PI3K inhibitor). The crucial role of
Akt/GSK-3f/Snail pathway during EMT in HCC has been previously
reported.?”?® Taken together, these findings strongly suggest that
PRMT9-induced EMT in HCC is through the activation of the Akt/
GSK-3B/Snail signaling pathway. However, it remains to be deter-
mined how PRMT9 activates Akt. Many studies have shown that
PTEN can negatively regulate Akt activity.??2° In addition, one
recent study showed that PRMT5 regulates the self-renewal capacity
of primary glioblastoma neurosphere cells through modulation of the
PTEN-Akt axis.’* We speculated that PRMT9, like PRMT5, which
also belongs to the type Il enzymes, may regulate Akt activity via
modulation of PTEN. Our western blot results showed that PRMT9
can repress PTEN expression (Figure S4). Further studies are needed
to elucidate how PRMT?9 induces Akt activation.

Using in vitro and in vivo studies, we measured the relative
expression of PRMT9, Snail and E-cadherin in HCC tissues. We
found that a high expression of PRMT9 was significantly correlated
with a high expression of Snail and a low expression of E-cadherin
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in 139 specimens of primary HCC tissue. In 20 pairs of primary and
metastatic HCC tissues, the expression levels of PRMT9 and Snail
were frequently higher in portal vein tumor thrombosis samples than
in primary HCC samples. However, E-cadherin expression was often
lower in portal vein tumor thrombosis tissues than in primary HCC
tissues. Clinical data further indicated that PRMT9 may play an
important role in HCC metastasis.

Protein arginine methylation is thought to be a reversible phe-
nomenon, and the dysregulation of protein arginine methyltrans-
ferases has been observed in various types of cancer.>? According
to these characteristics, small-molecule inhibitors targeting protein
arginine methyltransferases have been developed as anticancer
drugs.®® In this study, we showed that PTMT9 was frequently over-
expressed in liver cancer, and PRMT9 overexpression significantly
promoted cancer cell migration and invasion in vivo and in vitro.
Thus, targeting PRMT9 may be an effective therapeutic strategy to
prevent HCC metastasis. However, for the development of effective
small-molecule inhibitors targeting PRMT9, it is necessary to clarify
the biological and physiological significance of other unidentified
substrates by PRMT9. In addition, to better understand the biologi-
cal roles of PRMT9, generating mice in which PRMT9 is overex-
pressed in a defined organ is essential.

In summary, this study revealed that the overexpression of
PRMT9 is a strong indicator of more aggressive tumors and a poor
prognosis in HCC. PRMT9 promotes HCC metastasis by inducing
EMT via the PI3K/Akt/GSK-3f/Snail
PRMT9 may be a candidate biomarker for HCC prognosis and a

signaling pathway. Thus,

potential therapeutic target.
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