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PRMT1 expression is elevated in head and neck cancer and
inhibition of protein arginine methylation by adenosine
dialdehyde or PRMT1 knockdown downregulates
proliferation and migration of oral cancer cells
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Abstract. Protein arginine methylation is a post-translational
modification that has been implicated in signal transduc-
tion, gene transcription, DNA repair and RNA processing.
Overexpression or deregulation of protein arginine methyl-
transferases (PRMTs) have been reported to be associated with
various cancers but have not been studied in head and neck
cancer (HNC). We investigated the involvement of the modi-
fication in HNC using oral cancer cell lines (SAS, OECM-1
and HSC-3) and an immortalized normal oral cells (S-G). The
expression levels of the predominant PRMT1 were generally
consistent with the levels of asymmetric dimethylarginine
(ADMA), highest in SAS and OECMI, then S-G and low
in HSC-3. Upon the treatment with an indirect methyltrans-
ferase inhibitor adenosine dialdehyde (AdOx), the ADMA
levels in SAS and OECM1, but not that in S-G and HSC-3,
decreased significantly. SAS and OECM with high ADMA
levels grew faster than HSC-3 and S-G. The growth rate of
the fast growing SAS and OECM, but not that of the other
two cell lines, decreased significantly upon AdOx treatment.
The migration activity of SAS and HSC-3, two cell lines with
migration ability also decreased after the AdOx treatment.
Immunohistochemical analyses of specimens from typical
HNC patients showed strong PRMT1 expression in the tumor
cells compared with neighboring normal cells. Knockdown
of PRMTI in SAS cells decreased the levels of PRMT1
and ADMA-containing proteins significantly. These cells
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showed decreased growth rate, reduced migration activity
but increased expression of the epithelial marker E-cadherin.
The present study thus provides fundamental background for
evaluation of the PRMT1 gene as the therapeutic targets of
HNC.

Introduction

Besides genetic mutations in oncogenes and tumor suppressor
genes, the importance of epigenetic regulation for carcinogen-
esis has been recognized. Epigenetic regulation includes DNA
methylation and histone modifications (the so called histone
code) that can modulate chromosome structure for gene expres-
sion (1). Protein arginine methylation is a post-translational
modification that has been implicated in signal transduction,
gene transcription, DNA repair and RNA processing. Recent
studies have linked this modification to carcinogenesis and
metastasis (2).

According to the attachment of methyl groups to specific
guanidino nitrogen atoms of arginine, the protein arginine
methyltransferases (PRMTs) are divided into four different
groups: type I catalyzes the formation of asymmetric m-NC,
N¢ dimethylarginine (ADMA), type II symmetric w-N%, N
dimethylarginine (SDMA), type IIT w-N¢ monomethylargi-
nine (MMA), and type IV enzymes catalyzing the transfer
of the methyl group to the d-nitrogen of arginine residues are
only reported in yeast (3). Nine different human PRMTs have
been identified to catalyze protein arginine methylation (4,5).
PRMT1, 2, 3,4, 6 and 8 belong to the type I while PRMTS5 and
PRMT?Y (6) to the type Il PRMT. Type III activity have been
reported for PRMT7 (7).

PRMTs can affect gene expression through their coacti-
vator/corepressor activity to modify histones and regulate
transcription (5). Furthermore, PRMTs can also exert their
impacts by adjusting the modified substrates for different
interactions, localization, function, or signaling pathways (3).
Each PRMT can modify various non-histone substrate
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proteins including many RNA binding proteins (3). Critical
proteins involved in various cancers such as p53 (8), estrogen
receptor (9), BRCA1 (10) and EGF receptor (11) have been
reported to be methylated by PRMTs.

DNA damage response (DDR) is critical for the mainte-
nance of genome integrity to prevent cancer development.
Numerous PRMT substrates such as MREI11, Rad 9, 53BP1
and DNA polymerase B, FEN1 and BRCA1 are involved in
DDR (12). Protein arginine methyltransferases thus, can influ-
ence cancer development through their regulation of DDR.
Protein arginine methylation also participates in many signal
transduction pathways that are critical in cancer development.
For example, both PRMT1 and CARMI1 have been reported
to play roles in the Wnt/B-catenin pathway (13-16). PRMT1
methylation of Axin, a key scaffold protein for -catenin
degradation, can stabilize Axin and thus negatively regulates
WNT signaling (13-16). Overall it is apparent that protein
arginine methylation is important for carcinogenesis.

Overexpression of PRMTs is often associated with various
types of cancer. For example, the expression level of PRMT1
and PRMT6 in cancer cells of various tissues including
bladder, lung and breast are significantly higher than that
in normal (17). For melanoma, only PRMT4/CARMI1 was
significantly induced whereas PRMT6 was reduced (18).
Understanding the involvement of certain PRMTs in a specific
cancer will help to make them as therapeutic targets.

Most studies related to arginine methylation and cancer are
from the studies of breast (19-23) and in prostate (24,25), lung
(17,26), bladder (17) and colorectal cancer (27,28). Head and
neck cancer is very heterogeneous with malignancies arising
in the oral cavity and oropharynx, nasopharynx, hypopharynx,
larynx, nasal cavity and paranasal sinuses, ear, salivary glands
and thyroid. Ninety percent of the HNC malignancies are
squamous cell carcinomas (HNSCC). Risk factors associated
with HNSCC carcinogenesis include tobacco and alcohol use,
poor diet and human papilloma virus (HPV) infection (29).
There have been no reports focusing on protein arginine meth-
ylation in head and neck cancer.

Oral cancer accounts for the largest group in head and
neck cancers. In the present study, we thus investigated the
involvement of the modification in HNC using an immortal-
ized oral cell (S-G) and oral cancer cell lines (SAS, OECM-1
and HSC-3). PRMT!1 is the enzyme that accounts for 85% of
protein arginine methylation activity (30) and has been impli-
cated in many different cancer types. We thus first examined
the levels of the predominant type I enzyme PRMT1 and the
modified ADMA-containing proteins in oral cancer cells.
We then treated the oral cancer cells with an indirect meth-
yltransferase inhibitor adenosine dialdehyde (AdOx) to follow
the effects of arginine methylation. AdOx can accumulate the
methyltransferase product inhibitor S-adenosine homocys-
teine (SAH) through the inhibition of SAH hydrolase. Protein
arginine methylation stands for the majority of the AdOx-
blocked protein methylation (31,32). Furthermore, AdOx
has been shown to affect the proliferation and metastasis of
various cancer cells (33-37). We showed that the AdOx treat-
ment decrease the level of ADMA-containing proteins and can
reduce growth and migration in oral cancer cells that express
a high level of PRMT1. Knockdown of PRMT1 protein had
similar effects on cell growth and migration in the SAS oral
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cancer cells. We further examined PRMT1 protein in HNC
patient tissue sections and observed elevated PRMT1 levels
in tumors.

Materials and methods

Cell culture and cell extract preparation. Oral squamous
carcinoma cancer cell lines SAS and OECMI1 and immortal-
ized human gingival keratinocyte S-G cells were used in the
present study. The SAS cell line was established from a poorly
differentiated squamous cell carcinoma of the tongue. The
OECM-1 cell line was established from OSCC cells surgically
excised from a Taiwanese patient. The S-G cell is an epithe-
lial-like cell line established from an area of clinically normal
adult human attached gingiva and thus is used as a normal
control. The S-G and SAS cells were grown in Dulbecco's
modified Eagle's medium (DMEM; Gibco/Life Technologies),
the OECMI1 cells in RPMI-1640 medium (Gibco/Life
Technologies), and HSC-3 cells were in DMEM/F-12 medium
(Gibco/Life Technologies) with 10% fetal bovine serum (FBS;
HyClone Laboratories, Inc., Logan, UT, USA) and antibiotics
(100 U/ml penicillin and 100 ml/ml streptomycin) at 37°C in
an incubator with 5% CO,. L-glutamine (2 mM) was supple-
mented to all cell lines except HSC-3 and pyruvate (2 mM)
was supplemented to the S-G cells. After reaching confluency,
the cells were harvested and washed with phosphate-buffered
saline (PBS, 10 mM Na,HPO,; 1.8 mM KH,PO, 140 mM NaCl
and 2.7 mM KClI, pH 7.4), resuspended and lysed in buffer
A [50 mM Tris-HCI, pH 7.4; 150 mM NaCl; 1 mM EDTA;
1% Triton X-100; 1x complete protease inhibitor (Roche);
10 mM NaF] by sonication. The lysate was centrifuged and
the supernatant was designated as the cell extract. The protein
concentration was determined by the BCA protein assay
(Thermo Fisher Scientific, Waltham, MA, USA) using bovine
serum albumin (BSA) as the standard.

SDS-PAGE and western blot analyses. Protein samples were
separated by SDS-polyacrylamide gel electrophoresis (PAGE)
and then transferred to nitrocellulose membranes (Hybond-C
Extra, Gelman Sciences; Amersham Biosciences, Little
Chalfont, UK) as previously described (38). The membranes
were blocked in 7% skimmed dry milk in TTBS (10 mM
Tris-HCI, pH 7.5; 100 mM NaCl; 0.1% Tween-20) for 1 h,
incubated with primary antibodies (1:1,000 for anti-PRMT],
UPSTATE and 1:1,000 for anti-methylarginine antibodies
ADMA from Cell Signaling, Danvers, MA, USA) overnight,
washed three times in TTBS, then incubated with secondary
antibody for 1 h. Chemiluminescent detection using the
VisGlow substrate for HRP (Visual Protein, Taipei City,
Taiwan) was performed according to the manufacturer's
instructions.

Cell growth assay. Aliquots of cultured cells were mixed
with trypan blue and the cell numbers were counted using
a hemocytometer. The MTT assay was used to evaluate cell
proliferation. Cells seeded in 6-well plates (10,000 cells/well)
were incubated with the MTT solution (0.25 mg/ml; Sigma-
Aldrich, St. Louis, MO, USA) for 3 h. The resulting formazan
crystals were dissolved in dimethyl sulfoxide (DMSO) and
measured by spectrophotometry at the absorbance of 570 nm.
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Cell migration assay. Cells (5x10%) were seeded into wells
of the Oris Cell Migration Assembly Kit-FLEX (Platypus
Technologies Llc, Fitchburg, WI, USA) and migration assays
were conducted in accordance with the manufacturer's instruc-
tions. After attached for 10 h, cells were allowed to migrate
into the clear field with the removal of the well inserts. After
migration for a period of time, cells were fixed with formal-
dehyde, stained with crystal violet and photographed. The
pre-migration and post-migration images were analyzed using
ImagelJ software (http://rsb.info.nih.gov/ij/).

Stable shRNA-mediated PRMTI knockdown in SAS cells.
Lentiviral particles produced in packaging vector pLKO_
TRCO005 with short hairpin RNA (shRNA) targeting human
PRMT1 (Al with the target sequences: 5'- GTGTTCCAGTAT
CTCTGATTA-3"; Bl with the target sequences: 5-CCGGC
AGTACAAAGACTACAA-3'") and a negative control were
obtained from the National RNAi Core Facility (Academia
Sinica, Taipei City, Taiwan). Cells were infected in complete
growth medium supplemented with polybrene (Sigma-
Aldrich). After 24 h, cells were grown and selected in medium
containing in 5 pg/ml puromycin (Sigma-Aldrich). The knock-
down effects were examined by PRMT]1 protein expression
using immunoblotting.

Oral cancer specimens and immunohistochemical (IHC)
studies. Paraffin embedded specimens (Pathological
blocks) were from patients with head and neck cancers of
different stages. The patients recruited in the Department of
Otolaryngology, Chung-Shan Medical University Hospital
(Taichung, Taiwan) between 2001 and 2010 were de-linked
from their identification information and were randomly
numbered. The present study was approved by the Institutional
Research Board of Chung-Shan Medical University Hospital.
IHC was conducted with the ultraView Universal DAB
Detection kit (Roche) using the Ventana BenchMark XT
automated IHC/ISH slide staining system (Roche) at the short
CC antigen retrieval condition. Anti-PRMT1 antibodies from
Upstate Biotechnologies were diluted (1:200) and incubated at
37°C for 16 min.

Results

Protein arginine methyltransferase PRMTI and methylargi-
nine containing proteins in different oral cancer cell lines. We
first examined protein arginine methylation in three oral squa-
mous carcinoma cancer cell lines (SAS, OECM-1 and HSC-3).
Immortalized S-G cells established from clinically normal
gingiva was used as a normal control. In comparison, cell
extracts prepared from other human cancer cell lines such as
HeLa (cervical cancer cell line) and MCF-7 (breast cancer cell
line) cells that have been investigated for PRMTs or arginine
methylation (39-41) were included. The major type I protein
arginine methyltransferase PRMT1 and ADMA-containing
proteins were detected using specific antibodies. Western blot
analyses showed that the expression patterns of PRMT1 in
oral cancer cells were similar to that of HeLL.a and MCF-7 cells
with the major signals of about the same molecular masses
(Fig. 1A). The expression levels of PRMT1 was lowest in
HSC-3.
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Figure 1. PRMT protein and arginine methylated protein expression in cancer
cell lines. (A) Cell extract proteins (15 ug) prepared from HeLa, MCF-7,
S-G, SAS, OECM-1 and HSC-3 cells were analyzed by western blot analysis
using anti-PRMT1 antibodies. (B) S-G, SAS, OECM-1 and HSC-3 cells were
treated with 50 M AdOx or not for 24 h, and the cell extracts were analyzed
by western blot analysis using an asymmetric dimethyl-arginine (ADMA)-
specific antibody ADMA. Anti-f3-actin was used as the loading control.
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The levels of ADMA-containing proteins were high in
OECM-1 and SAS, and lower in S-G cells (Fig. 1B). HSC-3
only showed few weak ADMA-containing signals. To analyze
the effects of arginine methylation in the oral cancer cells, we
treated the cells with an indirect methyltransferase inhibitor
AdOx that has been widely used in protein methylation
studies. AdOx treatment clearly decreased ADMA signals in
oral cancer cell line SAS and OECM-1 that express high level
of PRMT], the major type I PRMT catalyzing the formation
of ADMA (Fig. 1B; 50 mM AdOx). Decreased ADMA signals
following the methylation inhibition by AdOx also confirmed
that the signals detected by the ADMA-specific antibodies
are from methylation modification. However, methylarginine
levels reduced less significantly for HSC-3 and S-G cells.

Reduced growth rate of oral cancer cell lines, but not
immortalized oral cells, after treatment with the methylation
inhibitor AdOx. As a general transmethylation inhibitor, AdOx
has been shown to block proliferation of different cancer
cells (33,36,37). To examine whether AdOx can affect growth
of oral cancer cells, we first determined the growth curves of
the four cell lines. SAS and OECM-1 proliferated at a higher
growth rate compared to the S-G cells (Fig. 2A). On the
other hand, HSC-3 cells that expressed low level of PRMT1
and ADMA-containing proteins, proliferated at a slower rate
similar to the S-G cells. We then determined the effects of
AdOx treatment on the proliferation of these cells. Addition
of AdOx at the concentration that could effectively reduce the
ADMA level (50 mM) also blocked the proliferation of SAS
and OECM-1 cells significantly (Fig. 2B). In contrast, cell
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Table I. HNC patients included in the PRMT1 IHC studies.
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Age Tumor  Lymph node
Patient Sex Subside (years) T status metastasis Metastasis ~ Stage Cell differentiation
1 Male Tongue 51 2 2 0 IVA  Poorly differentiated
2 Male Tongue 55 1 2 0 IVA  Moderately differentiated
3 Female  Buccal mucosa 72 1 0 0 I Moderately differentiated
4 Male Buccal mucosa 57 1 0 0 I Well differentiated
5 Male Buccal mucosa 71 1 0 0 I Verrucous carcinoma
6 Female Tongue 52 1 0 0 I Poorly differentiated
A g 3 migration ability of OECM-1 (data not shown). We thus used
= 25 ---SAS SAS and HSC-3 cells to study the effects of AdOx on migration.
_=f 2 ~+-OECM-1 It is apparent that HSC-3 migrated faster than SAS (Fig. 3A,
g 13 —HSC-3 16 h). Treatment with 50 mM of AdOx reduced the migration
’__5 ! ~SG of SAS and HSC-3 cells (Fig. 3A). To analyze the effects of
; 0'3 AdOx treatment on the migration activity of the cells, migra-
0 24 48 77 tion area of the AdOx-treated cells was compared with that of
Time (h) the untreated ones. After the treatment, the area covered by the
migrated SAS cells was only about 30% of the area covered by
B 12 181 the migrated untreated cells. The migration activity of HSC-3
/S-G 3 SAS cells was slightly suppressed with the migration area close to
_ 08 257 70% of that of untreated cells (Fig. 3B).
~ 06 a . o . . .
O o4 o evated expression of PRMTI in oral cancer specimens.
02 0; To further investigate the clinical involvement of PRMT1 in
0l 0 HNC, we analyzed PRMT1 expression in oral cancer speci-
24 48 72 9 24 48 72 9 mens by immunohistochemistry. Six patients were included in
Time (h) Time (h) the present study as described in Table I. We included tissue
sections from patients of the late (IVA) or early (I) oral cavity
4-:_05(:1\4-[ 0.7 \HSC-3 SCC stages and the subside from tongue or buccal mucosa.
3.5 0.61 Representative IHC stains of all six patients are shown in
2 , ; g g; Fig. 4A. To better illustrate the PRMT1 expression in tumor
~ 2 a 03 and normal cells, representative regions containing tumor or
O 15 © 0 normal cells from patients 4, 5 and 6 are shown in Fig. 4B
0,!1 0.1 with higher magnification. It is clear that PRMT1 stained
s 12 s O = % weakly in the normal cells but its expression were stronger
Time (h) Time (h) in the poorly differentiated tumor cells. The majority of the

Figure 2. The growth rate of oral cancer cells and the effects of AdOx treat-
ment on cell proliferation. (A) The growth curves of S-G, SAS, OECM-1 and
HSC-3 cells determined by direct cell count using a hemocytometer at 24, 48
and 72 h. (B) S-G, SAS, OECM-1 and HSC-3 cells were treated with AdOx
for 24 h and cell proliferation was analyzed by MTT assay. The triangles
and the squares indicated the number of AdOx treated and untreated cells,
respectively.

growth of the S-G cells was only slightly inhibited by the same
AdOx treatment. Limited growth inhibition of the HSC-3 cells
by AdOx treatment was observed (Fig. 2B).

Migration activity of SAS oral cancer cells decreases after
AdOx treatment. AdOX treatment has also been demonstrated
to suppress tumor cell invasion and migration (35). We thus
evaluated the effects of AdOx on migration of the oral cancer
cells. Analyses of the migration activity of the oral cancer
cells showed migration activity of SAS and HSC-3 but limited

intense PRMT]1 signals were concentrated in the nucleus. As
illustrated in patients 4-6, the IHC stain of PRMT]1 revealed
strong nuclear staining in cancer cells (upper panels) and
weak nuclear staining in non-neoplastic squamous cells
(lower panels). Even though the samples were limited in the
present study, the expression level of PRMTI in the speci-
mens appeared to have strong correlation with the tumors.
The PRMT1 level did not appear to be correlated with the
cancer stage, subside or sex.

We also analyzed the head and neck squamous carci-
noma database from The Cancer Genome Atlas (TCGA;
273 samples) by SurvExpress (http:/bioinformatica.mty.
itesm.mx/SurvExpress) (42). In SurvExpress, all datasets
from TCGA were obtained at the gene level (level 3) which
were the data of RNA-Seq (42). It is apparent that the high-
risk group express higher level of PRMT1 than the low-risk
group (Fig. 4C). Similar results can be obtained from another
database (TCGA Head and Neck squamous cell carcinoma
June 2016, 502 samples). Furthermore, extended survival of
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Figure 3. Reduced migration of SAS and HSC-3 cells after AdOx treatment. (A) Images of SAS and HSC-3 cells stained with crystal violet pre-migration
(0 h) and post-migration (16 h) are shown. After the cells had attached to the plates, the stoppers in the center were removed. The white circles indicate areas
covered by the stoppers before cell migration. Within the doubling time of the cells, the covering of the clear field was considered to be due to cell migration.
The area inside the white circle covered by cells is the migration area. (B) Quantification of cell movement was represented as the percentage of the migration
area covered by migrated cells of AdOx treated cells compared to that of the untreated control cells. Relative migration area is shown as the mean + SD of two
independent experiments performed in quadruplicate. A statistically significant difference between the AdOx-treated and control cells is indicated ("P<0.01;

Student's t-test).

the PRMT1 low expression group is statistically significant
(P<0.05) compared with the high expression ones in either the
stage II (Fig. 4D) or grade II samples (data not shown).

Knockdown of PRMTI in SAS oral cancer cells decreases
proliferation and migration. As arginine methylation stands
for the majority of the AdOx-blocked protein methylation (38)
and PRMT1 is the predominant type I PRMT, AdOx might
affect mostly through PRMT1 for decreased migration
activity. Furthermore, PRMT1 expression was strongest in
the poorly differentiated cells in the clinical samples. We
thus suspect that PRMT1 is critical for the proliferation and
migration/invasion activity of HNC. To specifically analyze
the function of PRMTI in oral cancer cells, we knocked
down PRMT1 gene in SAS cells with shRNA by lentivirus
(shPRMT1A1, Bl or combined) infection. The protein level
of PRMT1 decreased almost completely in cells that stably
express either or both of the two different PRMT1 shRNA
(PRMT1-KD-1, PRMT1-KD-2 or PRMT1-KD) compared to
that in the non-infected or control shRNA infected SAS cells

(SAS and Control; Fig. 5A). As PRMT1 is the major type I
PRMT, the level of proteins containing asymmetric dimethy-
larginine (ADMA) also decreased significantly after the
PRMT1 knockdown (data not shown). We then examined the
growth of SAS cells with PRMT1 knockdown. The PRMT1
KD cells apparently grew slower than the non-infected or
control shRNA infected cells. Treatment of the cells with
AdOx further reduced the growth of all three cells with or
without PRMT1 KD (Fig. 5B).

We also determined the migration abilities of the SAS
cells. The migration of the SAS cells with PRMT1 knockdown
showed significantly decreased migration compared with
the cells with control shRNA or SAS cells (Fig. 5C and D).
E-cadherin is a calcium-dependent adhesion molecule
expressed on normal epithelium (43). The elevated expression
of E-cadherin has been reported to suppress cell migra-
tion (44). We further examined the expression of E-cadherin
in PRMT1 knockdown SAS cells and the results showed
that PRMT1 knockdown upregulated the epithelial marker
E-cadherin (Fig. 5A).
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Figure 4. Increased PRMT1 expression in tumor cells in oral cancer specimens. Tissue specimens from six different HNC patients were stained with anti-
PRMT1 antibodies. (A) Magnification, x20. IHC of tissue sections from patient 1 to patient 6 are shown as depicted in the right panel. (B) Magnification,
x200. The regions mostly with tumor and with non-tumor cells from sections of patients 4, 5 and 6 are shown in the upper and lower panels. (C) Correlation
of PRMT1 expression level and survival of head and neck cancer patients. Expression levels of PRMT1 in high-risk and low-risk groups were analyzed using
head and neck squamous carcinoma database from The Cancer Genome Atlas (TCGA; 273 samples) by SurvExpress (http://bioinformatica.mty.itesm.mx/
SurvExpress). High-risk or low-risk groups were divided according to the Prognostic Index (Risk score) of the patients. (D) Extended survival of the PRMT1
low expression group is statistically significant (P<0.05) compared with the high expression ones in the stage II samples.

Discussion

Besides as players of epigenetic modifiers, protein arginine
methyltransferases are known to methylate a plethora of
substrates involved in transcriptional regulation, signal trans-
duction and DNA methylation. The involvement of protein

arginine methylation or PRMTs has been analyzed in different
cancers but not in head and neck cancer. We thus started the
investigation using oral cancer cells.

We observed that two oral cancer cell lines SAS and
OECM-1 expressed high ADMA level while another oral
cancer cell line HSC-3 contained low level of ADMA-
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Figure 5. Knockdown of PRMT!1 in SAS oral cancer cells decreased migration activity. (A) PRMT1 in SAS oral cancer cells can be effectively knocked down
by lentivirus stPRMT]1 infection as shown by western blot analyses. Cell extracts prepared from the SAS cells not infected, infected with shCtrl (control),
shPRMT1A1 (PRMT1-KD-1), Bl (PRMT1-KD-2) or both shPRMT1 (PRMT1-KD) were detected with anti-PRMT1 antibodies. Expression of E-cadherin in
the same SAS cell extract samples were detected by western blot analyses. Anti-f-actin was detected as the loading control. (B) The growth curves of SAS,
shCtrl infected SAS (control) or siPRMT] infected (PRMT1-KD) SAS cells treated or not treated with AdOx (50 mM) were determined by direct cell count
using a hemocytometer at 24,48 and 72 h. (C) Images of SAS cells not infected, infected with shCtrl (control) or ssPRMT1 (PRMT1-KD-1 and PRMT1-KD-2)
pre-migration (0 h) and post-migration (16 h) are shown. The white circles indicate areas covered by the stoppers before cell migration. The area inside the
white circle covered by cells is the migration area. (D) Quantification of migration activity of the cells were shown as the percentage of the migration area of
shCtrl or shPRMT] infected cells compared to that of uninfected SAS cells ("P<0.01; Student's t-test).

containing proteins. Consistently, the expression level of
the major type I protein arginine methyltransferase PRMT1
is high in SAS and OECM-1 but low in HSC-3 cells. The
expression level of PRMT1 and ADMA-containing proteins
in HSC-3 cells were even lower than that in the immortalized
normal S-G cells. The results might reflect the heterogeneous
nature of oral cancer formation and suggests that oral cancer
cell lines expressing different levels of PRMTs might have
diverse PRMT involvement in their carcinogenesis.

The indirect methyltransferase inhibitor AdOx has been
shown to decrease cancer cell survival and induce apop-
tosis (33,36,37). SAS and OECM-1, the two oral cancer cells
with high level of ADMA-containing polypeptides, showed

more significant decrease of the ADMA level than the S-G
and HSC-3 cells when treated with AdOx. Treatment of AdOx
at the concentration (50 mM) that could effectively reduce
ADMA levels in SAS and OECMI1 oral cancer cells also
inhibited their cell growth. The same AdOx treatment that
reduced less ADMA level in S-G and HSC-3 cells also only
decreased the growth rate slightly. It is likely that cancer cells
with high PRMT1/ADMA levels have a higher proliferation
rate and AdOx treatment can reduce their growth more signifi-
cantly than the ones with low ADMA levels.

We also showed that AdOx treatment can reduce the
migration activity of the oral cancer cells SAS and HSC-3. In
comparison, migration of SAS can be inhibited to a greater
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extent than that of the HSC-3 cells. AdOx treatment can
effectively block cell proliferation in SAS and OECM1 and
inhibit migration in SAS and HSC-3. Thus, AdOx can have
the potential to reduce growth or migration of the oral cancer
cells depending on PRMT1/ADMA levels and the nature of
the cells.

We suspect that inhibition of PRMT1 might be respon-
sible for most of the AdOx effects. Besides as an epigenetic
modifier, PRMTI1 is known to methylate a plethora of
substrates involved in transcriptional regulation, signal
transduction and DNA methylation. Indeed knockdown of
PRMT]1 phenocopied the effects of AdOx treatment on SAS
cells. Furthermore, PRMT1 has been shown to be highly
expressed in various cancers including bladder (17), liver (45)
and esophageal cancer (46). We showed overexpression of
PRMTT1 in the tumor cells compared with the neighboring
normal cells in tissue sections from head and neck cancer
patients. The PRMT1 staining is highly concentrated in the
nucleus and is thus likely to play roles in transcriptional
regulation. Even though the tissue samples were limited,
increased high PRMTI1 expression level appeared to be
typical in the tumor cells. We included stage I and stage IV
patients for IHC stains but the expression levels of PRMT1
in the specimens were not correlated with the cancer stage.
Nevertheless, HNSCC data from TCGA confirmed the high
expression of PRMT1 in the high-risk group and extended
survival of the low PRMT]1 expression patients especially of
grade II or stage II.

We knocked down the expression of PRMTI in the
SAS cells that express high level of PRMT1 and show high
migration activity. After knockdown of PRMT1 in SAS, we
observed reduced mobility of the cells. PRMT1 has been
shown to induce epithelial-mesenchymal transition (EMT) in
lung cancer cells (47) and breast cancer cells (48). Upregulated
PRMT]1 catalyzed the methylation of Twistl for E-cadherin
repression in lung cancer cell lines (47). PRMT1 also acti-
vated the transcription of another E-cadherin repressor ZEB1
in breast cancer cells through epigenetic regulation (48).
Increased expression of the epithelial marker E-cadherin after
PRMT1 knockdown in SAS cells was detected. The mecha-
nism of the inhibitory effect of PRMT1 KD to the mobility of
SAS cells requires further investigation.

Recently methylation of epidermal growth factor receptor
(EGFR) by PRMT1 has been shown to be related to the acti-
vation of the EGF signaling and might resulted in resistance
to cetuximab, a targeted therapeutic monoclonal antibody to
EGFR. Colon cancer as well as HNC patients with higher
levels of methyl-EGFR in tumors have been shown to have a
higher recurrence rate after cetuximab treatment (11). A gastric
cancer study showed that low PRMT1 and thus low-nuclear
FOXOI1 levels were associated with higher recurrence after
adjuvant chemotherapy and poor prognosis (49). Furthermore,
they showed that the reduction in PRMT]1 expression in gastric
cancer cell lines significantly inhibited sensitivity to cisplatin
and 5-fluorouracil (49). Chemotherapy with both agents is
also the standard treatment of choice for HNSCC. The effects
of PRMT1 on these agents can be evaluated and as PRMT1
expression is heterogeneous in HNC patients and oral cancer
cell lines, it should be helpful to analyze the PRMT1 level for
proper treatment.

CHUANG et al: INHIBITION OF PRMT1 DOWNREGULATES GROWTH AND MIGRATION OF ORAL CANCER CELLS

Though elevated PRMT1 expression in various cancer
has been suggested to function in tumorigenesis, PRMTI1
might still play some roles in tumor suppression. For
example, PRMT1 was shown to have ordered cooperative
roles with p300 and CARMI as a coactivator for the master
tumor suppressor p53 (50). Moreover, repression of the
NF-kB pathway critical for inflammation and cancer by
PRMT1 through arginine methylation of the RelA subunit
was reported recently (51). The effects of PRMT1 on specific
cancer might have to consider the major signals in conjunction
with the microenvironments leading to the tumor formation.
The heterogeneous nature of oral cancers and the origin
of the cancer cell lines might explain the variable levels of
ADMA and PRMT]1 in different oral cancer cells in this
study. Interestingly, the efficiency of a methylation inhibitor
AdOX to inhibit cell proliferation or migration was correlated
with the level of ADMA-containing protein and the type I
PRMT proteins in the oral cancer cells. Thus, while AdOx
treatment can greatly inhibit growth and migration of SAS, it
worked limitedly with HSC-3 in comparison. Further appli-
cation of methylation inhibition in therapeutic use should
require analyses of PRMT expression and ADMA levels on
pathological oral cancer specimens. The present study thus
provides fundamental background for future evaluation of
the PRMT genes as the therapeutic targets of oral cancer as
well as using AdOx or related compounds for oral cancer
treatment.
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