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Protein arginine methyltransferase 1 promotes epithelial-mesenchymal 
transition via TGF-β1/Smad pathway in hepatic carcinoma cells 
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Protein arginine methyltransferase 1 (PRMT1) is dysregulated in a number of human cancers. Herein, we report that 
PRMT1 expression is directly associated with epithelial-mesenchymal transition (EMT) in hepatic carcinoma cells. Firstly, 
we �nd that PRMT1 expression is higher in hepatic carcinoma tissues than that in normal liver tissues at both mRNA and 
protein levels, and higher expression of PRMT1 correlates with poor survival in liver tumors. �e data in vitro reveals that 
PRMT1 knockdown inhibits the abilities of proliferation, migration and invasion, while PRMT1 overexpression promotes 
the above behaviors in hepatic carcinoma cells. Further studies indicate that PRMT1 knockdown remarkably decreases the 
expression of mesenchymal markers including Vimentin, Snail and N-cadherin, and upregulates expression of epithelial 
markers E-cadherin. Conversely, PRMT1 overexpression results in the opposite e�ects. Additionally, we identi�ed that 
PRMT1 knockdown resulted in downregulation of TGF-β1, p-Smad2 and p-Smad3, while PRMT1 overexpression activated 
TGF-β1, p-Smad2 and p-Smad3. �ese �ndings suggest that PRMT1 promotes EMT in hepatic carcinoma cells probably via 
TGF-β1/Smad pathway, and might represent a novel anti-liver cancer strategy.
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Liver cancer is ranked as the ��h most frequently 
diagnosed cancer worldwide and the third most frequent 
cause of cancer-related death [1–3]. An estimated 782,500 
new liver cancer cases and 745,500 deaths occurred world-
wide during 2012, with China alone accounting for about 
50% of the total number of cases and deaths. �e most 
frequently occurring primary liver cancer (70–90%) world-
wide is hepatocellular carcinoma (HCC) [4]. �e inability to 
e�ectively manage HCC has motivated the search for more 
e�ective treatments.

Presently, it is recognized that epithelial-mesenchymal 
transition (EMT) plays an important role in cancer progres-
sion. �e reprogramming of gene expression during EMT, 
as well as non-transcriptional changes, are initiated and 
controlled by signal pathways that respond to extracel-
lular cues [5]. Among these, transforming growth factor-β 
(TGF-β) and TGF-β-related proteins have emerged as major 
inducers of this trans-di�erentiation process in development 
and cancer [6].

Arginine methylation is a common post-translational 
modi�cation known to have a role in several cellular processes, 
including signal transduction, DNA repair, transcription, 
protein subcellular localization and RNA processing [7]. �e 
protein arginine methyltransferase (PRMT) family is the 
main group of enzymes to methylate arginine residues. �ey 
are capable of modifying diverse substrates, from histone 
components to speci�c nuclear and cytoplasmic proteins 
[8]. PRMT1 is the predominant PRMT in mammalian cells 
and could contribute to over 80% of all the cellular PRMT 
activities [9]. Dysregulated PRMT1 expression has been 
observed in a number of human tumors, including lung 
[10], esophagus [11], colon [12], glioma [13] and breast [14]. 
Previous studies also have found that PRMT1 is an impor-
tant regulator of EMT. �ey found Twist 1 [10], FAM98A 
[15] or ZEB1 [14] as a new substrate of PRMT1, which was 
required for the process of EMT and tumor cell migration 
and invasion. Other research has suggested that exogenous 
expression of miR-503 dramatically suppressed EMT via 
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PRMT1 in hepatic carcinoma cells [16]. They all proved that 
PRMT1 is a key regulator of EMT and promotes the ability 
of migration and invasion in tumor cells. However, the direct 
impact of PRMT1 on hepatic carcinoma and which signaling 
pathway it influences on is still unknown.

In this study, we identify that PRMT1 is aberrantly 
expressed in hepatic carcinoma tissues compared with 
normal liver tissues, and is critical for the ability of prolif-
eration, migration and invasion in hepatic carcinoma cells 
in vitro. We also find that PRMT1 promotes EMT probably 
via TGF-β1/Smad signaling in hepatic carcinoma cells. These 
findings prove that PRMT1 might play a crucial role in liver 
cancer progression.

Materials and methods

Cells and cell culture. The hepatic carcinoma cells 
HepG2, SMMC-7721 and Bel-7402 were obtained from 
Shanghai Cancer Institute and have been tested and authen-
ticated by short tandem repeat analysis. Cells were cultured 
with DMEM (Multicell, China) supplemented with 10% FBS, 
in humidified 5% CO2 incubator at 37 °C.

Western blotting. The cultured cells were rinsed with 
cold PBS before treated with 1×SDS loading buffer at 100 °C 
for 10 min. Then the mixture was centrifuged at 12,000 × g 
for 5 min. About 10 μl of protein was loaded into each 
lane, separated by 10% SDS-PAGE and then transferred to 
the PVDF membrane. The membrane was blocked by 5% 
non-fat milk powder for 1 h at room temperature and then 
incubated with primary antibodies at 4 °C overnight. The 
membranes were washed with TBS-T buffer (10 mM Tris–
HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 15 min 
and incubated with HRP-labeled secondary antibodies. The 
antibodies were mouse anti-PRMT1 (Santa Cruz Biotech-
nology, sc-166963), mouse anti-β-Tubulin (Cell Signaling, 
No 6181), mouse anti-Flag (SIGMA, F1804), and all other 
antibodies – rabbit anti-N-Cadherin (No 13116), rabbit 
anti-E-Cadherin (No 3195), rabbit anti-Vimentin (No 
5741), rabbit anti-Snail (No 3879), rabbit anti-TGF-β (No 
3711), rabbit anti-Smad2 (No 5339), rabbit anti-p-Smad2 
(No 3108), rabbit anti-Smad3 (No 9523), and rabbit anti-p-
Smad3 (No 9520) were from Cell Signaling.

Real-time PCR. Total RNA was isolated using RNAiso Plus 
(Takara). Reverse transcription was performed using Rever-
tAid First Strand cDNA Synthesis Kit (Thermo) according 
to the manufacturer’s recommendations. The SYBR green-
based Real-time PCR was then performed in triplicate using 
CFX-96 Sequence Detection System (Bio-Rad) The primer 
pair been used for the amplification of the human PRMT1 
gene was as follows: forward primer, 5’-CATGGAGGAC-
TACCTGAC-3’, and reverse primer, 5’-GTTGTTCTTGGC-
GTTGGG-3’. As an internal standard, a fragment of human 
GAPDH was amplified by PCR using the following primers: 
forward primer, 5’-GGTGAAGGTCGGTGTGAACG-3’, and 
reverse primer, 5’-CTCGCTCCTGGAAGATGGTG-3’. The 

relative fold change in RNA expression was calculated using 
the 2–ΔΔCt method.

Immunohistochemical staining and scoring. Eighty-
eight patients with hepatocellular carcinoma from the 
Department of Surgery, Eastern Hepatobiliary Hospital and 
the Department of Medical Oncology, Changzheng Hospital, 
Shanghai, China from 2004 to 2008 were enrolled in this 
study.

In this study, immunohistochemistry (IHC) was 
performed on tissue-microarrays. IHC was done following 
the standard protocol of Peroxidase Conjugated Mouse/
Rabbit IgG SABC Kit (SA1020, Boster Biological technology). 
A mouse monoclonal antibody against PRMT1 (sc-166963, 
Santa Cruz Biotechnology; 1:50 dilution) was used as 
the primary antibody and biotinylated goat anti-mouse/
anti-rabbit IgG (Boster Biological technology) was used as 
a secondary antibody. The chromogenic reaction was carried 
out with a DAB chromogenic kit (AR1022, Boster Biological 
technology) for 5 minutes, resulting in the expected brown-
colored signal. Finally, after rinsing with deionized water, the 
slides were counterstained with hematoxylin, dehydrated, 
mounted with mounting medium (D0547, Boster Biolog-
ical Technology) and cover slip. Evaluation of immuno-
histochemical staining intensity was scored from 0 to 3 (0, 
negative; 1, weak; 2, moderate; 3, strong).

Plasmid construction. The entire PRMT1 sequence 
was amplified with RT-PCR using primers PRMT1-all-
F: 5’-GAGGCGATCGCATGGCGGCAGCCGAGGCC-
GCGA-3’, and PRMT1-all-R: 5’-GCGACGCGTGCG-
CATCCGGTAGTCGGTGGAGCA-3’, and then inserted 
into the AsiSI and MluI site of the pCMV6-Entry plasmid 
(Origene) and ligated into the vector. The EGFP and PRMT1 
shRNA oligos were firstly annealed into double strands and 
then cloned into pLKO.1-puro-vector (Addgene).

Generation of stable cell lines. To produce cells that 
constitutively expressed small hairpin RNA or short hairpin 
RNA (shRNA), oligonucleotides encoding shRNA specific 
for PRMT1 5’-GCAACTCCATGTTTCATAATTCAAGA-
GATTATGAAACATGGAGTTGC-3´) were cloned into 
the pLKO.1-puro-vector. The packaging plasmid psPA×2 
and the envelope plasmid pMD2.G were purchased from 
Sigma (MO, USA). pLKO.1-sh-PRMT1 vector was co-trans-
fected with psPA×2 and pMD2.G into HEK293T cells using 
Lipofectamine 2000 (Invitrogen). Viruses were harvested 48 h 
and 72 h after transfection and viral titers were determined. 
Cells were infected with 1×106 recombinant lentivirus trans-
duction units in the presence of 8 mg/ml polybrene (Sigma, 
MO, USA). Puromycin (1 μg/ml) was added to cells until the 
cells in blank group died off. The survived cells were stable 
infected cells. Similarly, HCC cells were transfected with 
Flag-PRMT1 by using Lipofectamine 2000 reagent according 
to the manufacturer’s protocol and the positive clones were 
selected by G418 at the concentration of 200 μg/ml.

Colony-forming assay. Stable cell lines – Bel-7402, 
SMMC-7721 and HepG2 cells were harvested, resuspended 
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in medium and transferred to the six well plate (500, 1000, 
2000 cells per well) for 10–14 days until large colonies were 
visible. Colonies were �xed in 4% paraformaldehyde for 
30 min and then stained with 0.05% crystal violet for 30 min, 
and the number of colonies was counted or photomicro-
graphs were taken under phase-contrast microscope.

Wound healing assay. Cells have grown to con�uence in 
complete cell culture medium. At time 0, a scrape wound 
was created across the diameter with a 10 μl pipette tip 
followed by extensive washes with medium to remove dead 
and �oating cells and cultured with serum-free medium. �e 
distance was recorded at 0 h and 24 h. Images were captured 
using an inverted microscope equipped with a digital camera. 
Before the experiment, a marker was made under the plate, 
to make sure the pictures taken at di�erent time were from 
the same place in each well. �e relative migration rate was 
calculated according to the distances between the two lines. 
�e distance at time 0 h and 24 h was recorded as D0 and D24. 
�e relative migration rate=(D0 –D24)/D0.

Migration assay and invasion assay. For assessing cell 
migration, 1×105 cells in serum free media were seeded 
into the transwell inserts (Corning) containing 8 μm 
permeable pores and were allowed to migrate toward 10% 
FBS-containing medium. 24–36  h later, the migrated cells 
on the bottom of the insert were �xed with 4% paraformal-
dehyde solution followed by crystal violet (1%) staining. 
Pictures were taken a�er washing the inserts three times with 
PBS. Five independent �elds were counted for each transwell 
and the average numbers of cells/�eld were represented in 
the graphs. For assessing cell invasion, 1×105 cells in serum-
free medium were seeded in the transwell inserts which had 
already been covered with a layer of BD Matrigel Basement 
Membrane. �e cells were later processed similarly to that of 
cell migration assay. Finally, invaded cells were counted and 
the relative number was calculated.

Immuno�uorescence. Cells were seeded on glass cover 
slips in 24-well plates and grown for 48  h. Routinely, cells 
were washed twice with PBS, �xed with ice-cold 100% 
methanol for 15  min at –20 °C, and blocked with 3% BSA 
in PBS for 1 h. Cells were incubated with primary antibody 
overnight at 4 °C. �e following antibodies were used: 
PRMT1 (Santa Cruz), E-cadherin (Cell Signaling). �en, 
cells were incubated with Cy3-Labeled goat anti-rabbit 
IgG (Beyotime Biotechnology) secondary and Alexa Fluor 
488 goat anti-mouse IgG (Invitrogen) antibodies for 2 h at 
room temperature in the dark, DAPI (1 μg/ml, Pierce, USA) 
counter stain was used for nuclear staining. A�er extensive 
washing, the cover slips were then mounted on glass slides, 
and the �uorescent images were captured with a �uorescent 
microscope and a SPOT CCD camera.

Luciferase assay. Luciferase reporter assays were 
performed in 24-well plates and 100 ng of the appropriate 
�re�y luciferase construct (SMAD luciferase reporter 
plasmid) was co-transfected with 20 ng of Renilla luciferase 
pRL-SV40 reporter and 500 ng of Flag-PRMT1/sh-PRMT1. 

Upon co-transfection, hepatocellular carcinoma cells were 
cultured for 48 h, respectively. Luciferase activity was deter-
mined using dual luciferase reporter system (Promega).

Retrospective analysis of PRMT1 gene expression in 
human liver cancer. Correlations between liver sample 
type, patient survival, tumor recurrence and PRMT1 gene 
expression were determined through analysis of TCGA, 
Roessler and Guichard Liver datasets respectively, which 
are available through Oncomine (Compendia Biosciences, 
www.oncomine.org). High and low groups were de�ned as 
above and below the mean, respectively. �e protein level of 
PRMT1 in liver and hepatocellular carcinoma tissues were 
determined through analysis of �e Human Protein Atlas 
(www.proteinatlas.org).

Statistical analysis. All grouped data is presented as 
mean±standard error from at least three independent experi-
ments. Di�erences between groups were assessed by ANOVA 
or Student’s t-test using GraphPad Prism5 so�ware. For 
survival analysis, Kaplan Meier curves were generated using 
GraphPad Prism5 so�ware and log-rank analysis performed. 
A p-value <0.05 was considered as statistically signi�cant.

Results

Upregulated of PRMT1 in clinical liver cancer tissues. 
To con�rm the clinical relevance of PRMT1 expres-
sion, we �rst analyzed the mRNA levels of PRMTs from 
oncomine (www.oncomine.org), Roessler Liver datasets [17] 
(Figure 1A), and found signi�cant upregulation of PRMT1 
in liver tumor tissues compared to liver non-tumor tissues 
(liver non-tumor tissue N=21; hepatic carcinoma N=22; 
p=0.0007, Figure 1B). To evaluate protein expression levels 
of PRMT1 in liver tissues, we analyzed the human protein 
atlas datasets [18] (www.proteinatlas.org). We observed 
strong PRMT1 staining in liver cancer tissues, but very weak 
staining in normal liver tissues (Figure 1C). All these data 
indicate that PRMT1 expression is signi�cantly upregulated 
in clinical liver cancer tissues.

To evaluate protein expression levels of PRMT1 in hepatic 
carcinoma tissues, we performed immunohistochemical 
analysis using anti-PRMT1 antibodies (Figure 1D). We 
observed strong PRMT1 staining in hepatic carcinoma 
tissues. �ese data indicate that PRMT1 is signi�cantly 
upregulated in HCC tissues and is associated with the ability 
of cell proliferation.

PRMT1 knockdown inhibits the ability of prolif-
eration in hepatic carcinoma cells. Previous study identi-
�es that PRMT1 expression is upregulated in cancers and 
important for cancer cell proliferation [19]. To determine 
the role of PRMT1 in hepatic carcinoma progression, we 
�rst examined the expression level of PRMT1 in HL-7702, 
HepG2, SMMC-7721 and Bel-7402 cells using real-time PCR 
and western blot, and found that PRMT1 expression, at both 
mRNA and protein levels, was lower in HL-7202 cells than in 
HepG2, Bel-7402 and SMMC-7721 cells (Figures 2A and B). 
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and 65±5%, respectively (Figure 2C). Moreover, the ability 
of cell colony formation was also suppressed by PRMT1 
depletion. Bel-7402 cells and SMMC-7721 cells expressing 
sh-PRMT1 showed reduced colony number when compared 
with cells expressing sh-EGFP (410±22 vs. 60±18 and 382±26 
vs. 85±20, p<0.01, Figure 2E). On the contrary, overexpres-
sion of PRMT1 in HepG2 and SMMC-7721 cells promotes 
the ability of cell colony formation (271±11 vs. 425±20 and 
268±32 vs. 419±21, p<0.05, Figure 2F). �e overexpression 
of PRMT1 in HepG2 and SMMC-7721 cells was increased 

�e expression level of PRMT1 in these cells was consistent 
with the migration ability, implying that PRMT1 upregulation 
might be involved in metastasis of hepatic carcinoma cells 
(Figure S1A). We then examined whether PRMT1 expres-
sion was required for the proliferation in hepatic carcinoma 
cells. Bel-7402 and SMMC-7721 cells were transfected with 
sh-EGFP or sh-PRMT1 and proliferation ability was evalu-
ated. �e transfection of PRMT1 shRNA su�ciently depleted 
PRMT1 expression, knocking down the expression level of 
PRMT1 in Bel-7402 and SMMC-7721 cells for about 75±3% 

Figure 1. Elevated PRMT1 expression in hepatic carcinoma. A and B) Oncomine analysis of the Roessler database indicates elevated PRMT1 mRNA 
expression in hepatic carcinoma compared with normal (liver N=21; hepatocellular carcinoma N=22; p=0.0007). C) �e human protein atlas datasets 
show that the protein level of PRMT1 in liver cancer tissues is higher than that in normal liver tissues, scale bar 100 µm. D) Immunohistochemical 
staining of PRMT1 in clinical hepatic carcinoma tissues, scale bar 500 µm and 50 µm.
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Figure 2. PRMT1 knockdown re-
sults in reduced cell proliferation. 
A) �e expression of PRMT1 in he-
patic carcinoma cells was examined 
by western blotting. B) �e mRNA 
level of PRMT1 in hepatic carci-
noma cell lines was examined by 
using RT-PCR. C) PRMT1 knock-
down in Bel-7402 and SMMC-7721 
cells. D) PRMT1 overexpression in 
HepG2 and SMMC-7721 cells. E) 
Colony-forming assay to exam-
ine the e�ects of knocking down 
PRMT1 on the growth of Bel-7402 
and SMMC-7721 cells. F) Colony-
forming assay to examine the ef-
fects of overexpressed PRMT1 on 
the growth of HepG2 and SMMC-
7721 cells. *p<0.05, **p<0.01.
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by 400 and 300 fold, respectively (Figure 2D). These results 
reveal that PRMT1 knockdown inhibits the ability of prolif-
eration in hepatic carcinoma cells (Figures S1B and S1C).

PRMT1 is required for cell migration. We then explored 
whether PRMT1 could also affect cell migration, we 
performed wound-healing assays. For these assays, a scrape 
wound was created on confluent cultures of Bel-7402 and 
SMMC-7721 cells expressing either sh-EGFP or sh-PRMT1. 
Bel-7402 and SMMC-7721 cells expressing sh-PRMT1 
displayed reduced motility in comparison to Bel-7402 and 
SMMC-7721 cells expressing sh-EGFP after 24 h (Figure 3A). 
By contrast, another scrape wound was created on confluent 
cultures of HepG2 and SMMC-7721 cells expressing either 
Vector or Flag-PRMT1. HepG2 and SMMC-7721 cells 
expressing Flag-PRMT1 shown enhanced motility compared 
to HepG2 and SMMC-7721 cells expressing Vector after 
24 h (Figure 3B). We have also tested the migratory poten-
tial of Bel-7402 and SMMC-7721 clones by using a transwell 
assay. The migrated cells on the bottom of the insert were 
later fixed, stained, counted and are represented in the graphs 
(Figure 3C). Bel-7402 cells and SMMC-7721 cells expressing 
sh-PRMT1 showed reduced migration when compared with 
cells expressing sh-EGFP (457±32 vs. 86±18 and 382±26 
vs. 85±20, p<0.01, Figure 3C). Conversely, overexpression 
of PRMT1 in HepG2 and SMMC-7721 cells was found 
to increase cell migration (79±21 vs. 280±20 and 125±16 
vs. 308±20, p<0.01, Figure 3D). These results suggest that 
PRMT1 promotes the ability of migration in hepatic carci-
noma cells.

PRMT1 promotes the ability of invasion in hepatic 
carcinoma cells. To measure the invasive abilities of Bel-7402 
and SMMC-7721 cells expressing shPRMT1, we performed 
invasion assays. The cells that have invaded the Matrigel and 
migrated through the pores were fixed, stained, counted 
and are represented in the graphs (Figure 4A). Bel-7402 
cells and SMMC-7721 cells expressing sh-PRMT1 showed 
reduced invasion when compared with cells expressing 
sh-EGFP (269±28 vs. 75±17 and 295±26 vs. 80±25, p<0.01, 
Figure 4A). On the contrary, overexpression of PRMT1 in 
HepG2 and SMMC-7721 cells promotes invasion (105±16 
vs. 284±23 and 120±24 vs. 316±20, p<0.01, Figure 4B). 
MMP2 and MMP9 belong to matrix metallopeptidases. 
Matrix metalloproteinases (MMPs) are major hydrolytic 
enzymes targeting extracellular matrix (ECM) during metas-
tasis and there is a clear connection between MMPs, ECM 
degradation and cancer cell invasion [20]. The expression 
of MMP2 and MMP9 was examined by western blotting in 
hepatic carcinoma cells. Bel-7402 and SMMC-7721 cells with 
stable expression of sh-PRMT1 showed lower expression of 
MMP2 and MMP9 compare to cells with stable expression 
of sh-EGFP. Conversely, overexpression of PRMT1 showed 
higher expression of MMP2 and MMP9 in HepG2 and 
SMMC-7721 cells (Figures 4C and D). Moreover, the expres-
sion of extracellular released MMP2 and MMP9 showed the 
same results (Figures 4E and F). Thus, these data demon-

strate that PRMT1 promotes the ability of invasion in hepatic 
carcinoma cells.

PRMT1 promotes EMT via TGF-β1/Smad signaling. 
The transdifferentiation of epithelial cells into motile mesen-
chymal cells, a process known as epithelial–mesenchymal 
transition (EMT), is integral to development, wound healing 
as well as stem cell behavior, and contributes pathologically 
to fibrosis and cancer progression [5]. This tightly regulated 
process is associated with a number of cellular and molec-
ular events. Morphology assay showed that knockdown and 
overexpression of PRMT1 could change the phenotype of 
hepatic carcinoma cells (Figures 5A and B). Then, we detected 
the EMT markers at the protein levels using western blotting. 
Our data suggested that PRMT1 knockdown resulted in 
downregulation of N-cadherin, Vimentin, Snail and upreg-
ulation of E-cadherin in Bel-7402 and SMMC-7721 cells 
(Figure 5C). In contrast, PRMT1 overexpression led to the 
opposite results in HepG2 and SMMC-7721 cells (Figure 5D). 
Moreover, immunofluorescence staining indicated that 
PRMT1 knockdown resulted in upregulation of E-cadherin 
in Bel-7402 and SMMC-7721 cells (Figure 5E) and PRMT1 
overexpression led to downregulation of E-cadherin HepG2 
and SMMC-7721 cells (Figure 5F). All these results confirmed 
that PRMT1 promotes EMT in hepatic carcinoma cells.

TGF-β induces EMT in many biological processes [6], 
we detected the effects of PRMT1 on the classic TGF-β/
Smad signaling. We found that PRMT1 knockdown down-
regulated TGF-β1, p-Smad2 and p-Smad3 in Bel-7402 and 
SMMC-7721 cells (Figure 6A), while PRMT1 overexpression 
resulted in upregulation of the above-mentioned proteins 
(Figures 6B and S1D). Knocking down or overexpressing 
PRMT1 had no influence on total Smad2/3 protein. Further-
more, Luciferase assay suggested that PRMT1 could activate 
Smad (Figures 6C and 6D). Taken together, these data 
suggest that PRMT1 promotes EMT probably via TGF-β1/
Smad signaling in hepatic carcinoma cells. 

PRMT1 correlates with liver tumor clinical outcomes 
and is connected with survival in many cancers. To confirm 
the clinical relevance of PRMT1 expression, we interro-
gated available liver tumor datasets (oncomine and cancer 
browser) for PRMT1. We identified several annotated liver 
tumor datasets in which we could compare PRMT1 expres-
sion in specimens with different sample types or recurrence 
or from patients with differential overall survival outcomes. 
PRMT1 was strongly correlated with sample type in TCGA 
database (Figure S2F-S2J), and the fold change in PRMT1 
was higher and strongly significant (normal N=50; primary 
tumor N=371; p<0.0001, Figure S3A). Further, PRMT1 
was a negative prognostic factor for overall survival from 
Guichard Liver 2 database [21] (alive N=17; dead N=8; 
p=0.0447, Figure  S3B). To further evaluate the potential 
correlation of PRMT1 expression with patient outcome, 
we generated Kaplan-Meier survival curves from TCGA. 
PRMT1 is strongly associated with patient outcome of liver 
hepatic carcinoma (PRMT1 low N=67; PRMT1 high N=74; 
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Figure 3. PRMT1 is required for cell migration. A) A scrape wound was created in con�uent cultures of Bel-7402 and SMMC-7721 cells with stable ex-
pression of either sh-EGFP or sh-PRMT1, the distance of cell migration was recorded and the relative migration rate was calculated, scale bar 100 µm. 
*p<0.05. B) A scrape wound was created in con�uent cultures of HepG2 and SMMC-7721 cells with stable expression of either vector or Flag-PRMT1, 
the distance of cell migration was recorded and the relative migration rate was calculated, scale bar 100 µm. *p<0.05. C) PRMT1 knockdown results in 
reduced cell migration in Bel-7402 cells and SMMC-7721 cells, the migration time was 24 h, scale bar 50 µm. (D) PRMT1 promotes the ability of cell 
migration in HepG2 cells and SMMC-7721 cells, the migration time was 12 h, scale bar 50 µm. **p<0.01.
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Figure 4. PRMT1 promotes cell invasion. A) PRMT1 knockdown inhibits the ability of invasion in Bel-7402 cells and SMMC-7721 cells, the invasion 
time was about 12 h, scale bar 50 µm. **p<0.01. B) PRMT1 promotes the ability of cell invasion in SMMC-7721 cells and HepG2 cells, the invasion time 
was 12 h, scale bar 50 µm. **p<0.01. C and D) MMP2 and MMP9 were examined using western blotting. E and F) �e extracellular release of MMP2 
and MMP9 were examined using western blotting.
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Figure 5. PRMT1 promotes EMT. A and B) �e morphology of cells, scale bar 50 µm. C) PRMT1 knockdown in Bel-7402 and SMMC-7721 cells reverses 
the process of EMT, as detected by an increase in E-cadherin and decreases in N-cadherin, Vimentin and Snail. D) PRMT1 overexpression in HepG2 
and SMMC-7721 cells promotes the process of EMT, as detected by a decrease in E-cadherin and increases in N-cadherin, Vimentin and Snail. E and F) 
Expression of EMT marker E-cadherin was analyzed by immuno�uorescence, scale bar 10 µm.

p=0.0447, Figure S3C). We, therefore, interrogated PRMT1 
in relation to patient overall survival in other tumors. 
PRMT1 could have a role in patient outcomes in cancers 
beyond the liver (Figures S2A–S2E). Using TCGA, we found 

that PRMT1 expression correlated with poor overall survival 
in other digestive system tumors, including esophageal carci-
noma (PRMT1 low N=31; PRMT1 high N=41; p=0.0429, 
Figure  S3D), pancreatic carcinoma (PRMT1 low N=46; 
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PRMT1 high N=38; p=0.1620, Figure S3E) and colon carci-
noma (PRMT1 low N=17; PRMT1 high N=17; p=0.1625, 
Figure S3F).

Discussion

In the current study, we identify that PRMT1 promotes 
the ability of proliferation, migration and invasion in hepatic 
carcinoma cells and induces EMT probably via TGF-β1/
Smad signaling pathway. Importantly, these �ndings suggest 
that PRMT1 could represent a novel anti-cancer strategy.

Previous studies have determined that PRMT1 expres-
sion is upregulated in non-small cell lung cancer [10, 22], 
esophageal squamous cell carcinoma [11], colon cancer [12, 

23], glioma [13, 24] and breast cancer [14, 25], indicating 
that elevated PRMT1 expression is a potential marker of the 
carcinogenesis process. In this study, we �nd that among 
PRMTs family members, the expression of PRMT1 is shown 
to be signi�cantly upregulated in hepatic carcinoma cells 
at both mRNA and protein levels. We also found a great 
clinical signi�cance of PRMT1 in a few databases. �e overall 
survival outcomes show that the survival time of PRMT1 low 
patients is obviously longer than PRMT1 high patients in 
liver hepatic carcinoma. In other digestive cancers, including 
esophageal carcinoma, pancreatic adenocarcinoma and 
colon adenocarcinoma, the expression of PRMT1 also has a 
very high relevance with patient survival time. However, in 
other cancers, including lung cancer, lung adenocarcinoma, 

Figure 6. PRMT1 promotes EMT via TGF-β1/Smad signaling pathway. A) Immunoblotting of TGF-β1, Smad2/3, p-Smad2/3 in Bel-7402 and SMMC-
7721 cells treated with sh-EGFP or sh-PRMT1. Knockdown inhibits the activation of TGF-β1/Smad signaling. β-tubulin was used as a loading control. 
B) Immunoblotting of TGF-β1, Smad2/3, p-Smad2/3 in HepG2 and SMMC-7721 cells transfected with Vector or Flag-PRMT1. β-tubulin was used as 
a loading control. C and D) �e relative Smad luciferase activity, *p<0.05.
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lung squamous cell carcinoma, breast invasive carcinoma, 
bladder urothelial carcinoma and glioblastoma multiforme, 
PRMT1 expression has no obvious relation to patient overall 
survival time. All these data suggest that PRMT1 may play 
a very special role in digestive system cancers and may be 
a potential new class of drug targets for future therapeutic 
treatments of cancer. In our study, we found that PRMT1 
knockdown inhibited proliferation, while PRMT1 overex-
pression promoted proliferation instead, which indicated 
that PRMT1 is required for the ability of proliferation in 
hepatic carcinoma cells.

As we know, EMT is a complex phenomenon and the 
process of tumor cell migration and invasion are also associ-
ated with EMT [26, 27]. Loss of E-cadherin expression is 
considered as a key event during the induction of EMT [28]. 
In our study, we �nd that PRMT1 plays a key role in promoting 
tumor cell migration and invasion in hepatic carcinoma 
cells. We also identify PRMT1 as a key regulator of EMT, 
which is consistent with the previous results. PRMT1 knock-
down increases the expression of E-cadherin and decreases 
the expression of N-cadherin, Vimentin and Snail. On the 
contrary, PRMT1 overexpression gets the opposite results. 
In brief, PRMT1 induces EMT in hepatic carcinoma cells.

Additionally, abundant researches have shown that TGF-β 
can induce EMT through many signaling pathways [5, 6, 29]. 
In TGF-β-induced EMT, Smad complexes can cooperate with 
transcription pathways in control of gene expression in EMT 
[6]. When TGF-β is activated, Smad2 is phosphorylated and 
undergoes dimerization with Smad3, thus allowing its trans-
location into nucleus in cancer cells, promoting the EMT 
progress [30]. In our research, we �nd that PRMT1 activate 
TGF-β1 and its downstream e�ectors p-Smad2 and p-Smad3 
in hepatic carcinoma cells. Furthermore, we �nd PRMT1 
could activate Smad and then enhance its downstream e�ec-
tors. �erefore, we speculate that PRMT1 promotes EMT 
probably via TGF-β1/Smad pathway in hepatic carcinoma 
cells. Previous study has found that knockdown of PRMT1 
resulted in increased Smurf2 expression as well as inhibition 
of TGF-β-mediated reporter activity [31]. Smurf2, a member 
of the HECT domain E3 ligase family, is well known for its 
role as a negative regulator of TGF-β signaling by targeting 
Smads and TGF-β receptor. Whether there are new substrates 
of PRMT1 that can in�uence TGF-β/Smad are still necessary 
to con�rm. Moreover, we need in vivo experiment to further 
support our conclusion.

In summary, our study provides a strong evidence for the 
involvement of PRMT1 in cancer cell proliferation, migra-
tion, and invasion and the induction of EMT. Our study 
also identi�ed that PRMT1 induces EMT through activating 
TGF-β1/Smad pathway. All these �ndings suggest that 
PRMT1 might be an important therapeutic target candidate 
to hepatic carcinoma. �us, PRMT1 not only represents a 
unique class of EMT regulators but also represents a poten-
tial new class of drug targets for future anti-cancer thera-
peutic treatments.

Supplementary information is available in the online version 
of the paper.
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