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Abstract. The pl16™%* protein (p16) has been reported to be
a tumor suppressor gene that suppresses the proliferation of
cells through the direct inhibition of cell cycle progression.
Accordingly, pl6 is a potential target for cancer gene therapy.
In the present study, the arginine 22, 131 and 138 residues of
p16 were found to be methylation sites, as the mutation of these
arginine residues to lysine resulted in the hypomethylation of
pl6. Furthermore, the protein arginine methyltransferases
(PRMTs), such as PRMT1, PRMT4 and PRMT6, were deter-
mined to be involved in the methylation of the pl6 arginine
residues. PRMTG6 effectively reduced the intensity of the
association between pl6 and CDK4, and also weakened the
function of pl6 in preventing cell proliferation. In addition,
the pl6 protein was found to be phosphorylated in various
cell lines, and mutations in the serine residues weakened the
cell cycle arrest and induction of apoptosis mediated by pl6.
Preliminarily, the crosstalk between the phosphorylation and
arginine methylation modification of p16 was examined. These
findings predict a role for serine phosphorylation against argi-
nine methylation of p16.

Introduction

The pl16™&* protein (p16) is a tumor suppressor protein
that functions as an inhibitor of cyclin-dependent kinase
(CDK) 4 and CDK®6, the CDKs that initiate the phosphoryla-
tion of the retinoblastoma protein (pRb) (1). Thus, p16 has the
capacity to arrest the cell cycle at the G1 phase through the
cyclin D-CDK4-Rb pathway (2).

It has been reported that the expression of p16 is regulated
primarily at the transcriptional level, and various types of
transcription factors, including Spl and Etsl, are involved
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in its transcriptional regulation (2,3). In previous studies, the
histone acetyltransferase p300 has been found to be involved
in the activation of pl6 expression through recruitment by
Spl, while histone deacetylases 3 and 4 inhibited the activity
of the pl6 promoter through Yin Yang 1 and zinc-binding
protein-89 (4-6).

In addition, it has been reported that phosphorylation
of pl6 protein at Serl52 promotes the association between
pl6 and CDK4, while phosphorylation at Ser8 abolished
the CDK4-inhibitory activity of pl6 (7). A previous study
identified that hypomethylation of pl16 protein exhibited a
potentiated function in preventing cell proliferation (8). These
results indicated that the post-translational modification of
pl6 plays an important role in the regulation of the function
of pl6.

Arginine residues are methylated by protein arginine
methyltransferases (PRMTs). Type I PRMTs include PRMT],
PRMTS3, coactivator-associated arginine methyltransferase 1,
also termed PRMT4, PRMT6 and PRMTS, which catalyze
the formation of w-monomethylarginine and asymmetric
dimethylarginine (9,10). In a previous study, methylation at
specific arginine residues of the pl6 protein by PRMT6 was
found to be critical for the activity of p16 (8). However, the
existence of crosstalk between arginine methylation and
phosphorylation of pl6 has not been elucidated.

The present study aimed to determine the role of phos-
phorylation and arginine methylation in the functional
regulation of pl6, and identify potential crosstalk between
these mechanisms.

Materials and methods

Cell culture and transient transfection. The HeLa, BT549,
293T and A549 cell lines (Cell Bank of Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences,
Shanghai, China) were cultured in appropriate media supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin (Sigma-Aldrich, St Louis, MO, USA),
and maintained in a humidified atmosphere containing 5%
CO, at 37°C. For the transient transfection of HeLa and A549
cells, the cells were seeded into six-well plates and cultured
for 1 day. Transient transfection was then performed using
Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad,
CA, USA). Subsequent to 48 h, the cells were harvested.
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Plasmids. The human plasmid expressing pl6-EGFP-N1 was
provided by Dr Jun Chen (New York Medical College,
Valhalla, NY, USA). The specific site mutations for the four
serine residues were introduced into the pl6 cDNA region
using a two-step polymerase chain reaction (PCR) procedure,
as previously described (11). Two simultaneous PCR reactions
were performed using pl6-EGFP-NI as a template. Amplified
fragments from each PCR reaction were purified, mixed and
subjected to a second round of PCR using two external primers.
The mutagenic sequence for the Ser7 and 8 residues was AGC
(Serine) mutated to GCC (Alanine). For the Ser140 residues,
the sequence was AGT (Serine) mutated to GCT (Alanine). For
the Ser152 residues, the sequence was TCA (Serine) mutated
to GCA (Alanine). The amplified PCR products were inserted
into the HindlIll and BamHI sites of the EGFP-NI1 vector,
and the correct insertion was verified by DNA sequencing.
The arginine mutations in the pl6 vectors were previously
described (8). The PRMTI1-myc plasmid was provided by
Professor Mark A. Wainberg (McGill AIDS Centre, Lady
Davis Institute, Jewish General Hospital, Montréal, QC,
Canada) (12). Plasmids expressing human PRMT4 were
provided by Professor Mark T. Bedford (The University of
Texas MD Anderson Cancer Center, Science Park, Depart-
ment of Molecular Carcinogenesis, Smithville, TX, USA) (13).
PRMT6 plasmids were provided by Dr Stephane Richard
(Lady Davis Institute) (14).

Western blotting and co-immunoprecipitation (ColP). Exog-
enous expression of pl6 or PRMTs was detected by western
blotting. The A549 cells were harvested 48 h subsequent to
transfection with the relevant plasmids. In total, 1x10° cells
were digested and lysed with lysis buffer consisting of
50 mm Tris/HCI, 1% Nonidet P (NP)-40, 150 mm NaCl,
1 mm EDTA and 1 mm phenylmethanesulfonyl fluoride for
30 min at 4°C. Total cell extracts were separated using 12%
SDS-PAGE, and then transferred to polyvinylidene fluoride
(PVDF) membranes (EMD Millipore, Billerica, MA, USA).
The membranes were incubated with the following antibodies:
Polyclonal rabbit anti-human PRMT6 (catalog no. P6495;
Sigma-Aldrich, St Louis, MO, USA; dilution, 1:1,000);
polyclonal rabbit anti-human PRMT1 (catalog no. 07-404;
EMD Millipore; dilution, 1:1,000), polyclonal rabbit
anti-human PRMT4 (catalog no. 09-818; EMD Millipore;
dilution, 1:1,000); monoclonal mouse anti-human p16 (catalog
no. SAB3300036; Sigma-Aldrich; dilution, 1:2,000); mono-
clonal mouse anti-green fluorescent protein (GFP; catalog
no. ab1218; Abcam, Cambridge, MA, USA; dilution, 1:3,000);
or monoclonal mouse anti-human (3-actin (catalog no. A1978;
Sigma-Aldrich; dilution, 1:4,000). The membranes were then
visualized using the chemiluminescent substrate method and
the SuperSignal West Pico kit (Pierce Co, Rockford, IL, USA).
[(-actin was used as an internal control for normalizing the
loading materials.

CoIP was performed using the A549 cells. The cells were
lysed in lysis buffer consisting of 50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 0.5% NP-40, 1 mM EDTA and protease inhib-
itor cocktail. Total cell extracts were incubated with gentle
agitation with the antibodies against GFP or pl6 overnight at
4°C. This was followed by the addition of 40 yul of Protein A
agarose (Upstate Biotechnology, Lake Placid, NY, USA) and
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incubation for another 3 h. The pellets were collected by
centrifugation at 500 x g for 3 min at 4°C and washed twice
with Buffer A consisting of 20 mM Tris-HCI (pH 8.0), 10 mM
NaCl, 0.5% NP-40 and 1 mM EDTA (Sigma-Aldrich). The
beads were suspended in 50 ul of 5X loading buffer and boiled
for 10 min. The proteins were separated on a 12% SDS-PAGE
gel and then transferred to a PVDF membrane for immu-
noblotting with antibodies against pl6, GFP, phosphoserine
(polyclonal rabbit anti-human; catalog no. AB1603; EMD
Millipore; dilution, 1:1,000) or dimethyl-arginine, asymmetric
(ASYM24; polyclonal rabbit anti-human; catalog no. 07-414;
EMD Millipore; dilution, 1:1,000).

Immunofluorescence and terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling (TUNEL) assay.
Apoptosis of A549 cells was measured using TUNEL stain
(Nanjing KeyGen Biotech Co., Ltd., Nanjing, Jiangsu, China).
The treated A549 cells grown on coverslips were washed
twice with phosphate-buffered saline (PBS), fixed in 4%
paraformaldehyde for 30 min and endogenous peroxidase
activity was blocked with 3% hydrogen peroxide diluted in
methanol for 10 min at room temperature. The cells were then
incubated in 0.1% Triton X-100 for 2 min on ice. Subsequent
to washing with PBS, the cells were covered with 50 pl of
TUNEL reaction mixture and incubated in the solution for
60 min at 37°C in a humidified dark chamber. Finally, the
cells were stained with DAPI prior to visualization under an
Olympus FV1000 confocal microscope (Olympus Corpora-
tion, Tokyo, Japan). Images were then captured using the
FVI10-ASW 2.1 microscopy software (Olympus Corporation).

Flow cytometric analysis. The A549 cells were trypsinized
and washed once with cold PBS and then fixed in 70% ethanol
and stored at 4°C for 30 min. The fixed cells were washed
with PBS and suspended in 100 ul of PBS, supplemented with
1 p1 10 mg/ml ribonuclease A and 100 ul propidium iodide
(Sigma-Aldrich). The stained cells were incubated at room
temperature for 30 min in the dark. The cellular DNA content
was quantified by flow cytometric analysis using a Epics XL
FACSCalibur flow cytometer (Beckman Coulter, Brea, CA,
USA) and the and the Multicycle AV for Windows software
(Beckman Coulter).

Statistical analysis. Data are expressed as the mean + stan-
dard deviation based on =3 individual experiments.
Treatment-related differences were evaluated using one-way
analysis of variance. P<0.05 was considered to indicate a
statistically significant difference.

Results

Mutant pl6 protein exhibited hypomethylation and enhanced
function. The EGFP-pl6 expression plasmids carrying three
arginine-lysine point mutations, consisting of R22/131/138K
(p16KKK), were generated. Firstly, the wild-type pl6 and
pl6KKK vectors were transfected into A549 cells, then
analyzed using ColP assays performed using the cell
extracts. The extracts from the A549 cells were immuno-
precipitated using antibodies against pl6, and detected in
immunoblotting with antibodies against pl6 and asymmetric
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Figure 1. The mutant pl6KKK protein exhibited hypomethylation and enhanced function. (A) The arginine 22, 131 and 138 residues in the p16 protein were
methylation sites. A549 cells transfected with the pléw and pl6KKK expression vectors or control EGFP-N1 empty vector. Co-immunoprecipitation was
performed using the antibody against p16, and the protein expression was detected using antibodies against pl6 or ASYM. (B) Flow cytometric analysis of cell
cycle changes following the transfection of A549 cells with GFP, pl6w or pl6KKK plasmids. The A549 cells were harvested 48 h subsequent to transfection.
(C) The pl6KKK and pléw proteins were located in the nucleus of tbe A549 cells. The cells were transfected with the pl6-wild-EGFP or pl6KKK-EGFP
vectors. After 48 h, the nuclei were counterstained with DAPI (blue), and then detected using confocal laser scanning microscopy. ploKKK, p16 protein car-
rying the R22/131/138K arginine-lysine point mutations; pl6éw, wild-type pl6; GFP, green fluorescence protein; ASYM, asymmetric dimethylarginine; Input,
proteins prior to immunoprecipitation; IP: Anti-p16, samples co-immunoprecipitated with antibodies.

dimethylarginine (Fig. 1A). The findings of ColP revealed
that the wild-type pl6 protein was methylated, while the
methylation of pl6KKK was prominently reduced. Next, the
cell cycle distribution was detected using flow cytometric
analysis (FACS). The results revealed that overexpression of
the wild-type pl6 protein caused an accumulation of cells
in the G1 phase. However, cells overexpressing the plo6KKK
protein exhibited an increased accumulation of cells in the
Gl phase (Fig. 1B). Finally, the A549 cells were transfected
with the wild-type pl6 and pl6KKK vectors, and the expres-
sion was detected using a confocal laser scanning microscope.
The results revealed that the wild-type pl6 and pl6KKK
proteins were located in the nucleus (Fig. 1C). These data indi-
cate that the arginine point mutations in the pl6KKK protein
led to hypomethylation of the p16 protein and reinforced the
increased the ability to prevent cell proliferation.

PRMT6 weakened the ability of pl6 to prevent cell prolif-
eration. Identification of the protein that PRMT involves
in the methylation of the arginine residues of pl6 was then

attempted. The present results revealed that pl6 was modified
with asymmetric dimethylarginine (Fig. 1A), suggesting that
the type I enzymes are likely to play a role in pl6 methyla-
tion. Firstly, the exogenous expression of PRMT1, PRMT4 and
PRMT6 was measured by western blotting (Fig. 2A). Next,
ColP assay results revealed that the exogenous expression of
PRMTI1, PRMT4 and PRMT6 increased the methylation level
of pl6, but only PRMTG6 overexpression inhibited the associa-
tion of pl6 and CDK4 (Fig. 2B). In addition, the results of the
FACS analysis revealed that transfection with PRMT6 coun-
teracted the arrest of A549 cells in the G1 phase induced by
wild-type p16, while PRMT6 overexpression did not affect the
arrest of cell cycle induced by pl6KKK (Fig. 2C). However,
PRMT1 and PRMT4 demonstrated no such effect. Therefore,
these data revealed that PRMTG6 inhibited the function of
p16 through the methylation of arginine residues.

pl6 was phosphorylated in a variety of cells. The present
study also investigated the effect of other post-translational
modifications on the function of the pl6 protein. Therefore,
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Figure 2. PRMT®6 influences the functional properties of p16. (A) Western blot analysis of the expression of the PRMT1, PRMT4 and PRMT®6 proteins in
A549 cells transfected with the PRMT1, PRMT4 and PRMT6 expression vectors or the control pcDNA3.1 empty vector. (B) Co-immunoprecipitation assays
for arginine methylation of p16. The cell extracts were prepared and precipitated with antibody against GFP, and detected using immunoblotting with anti-
bodies against pl6, CDK4 and ASYM antibody. The cells were transfected with p16 and pcDNA3.1, PRMT1, PRMT4 or PRMTG6 vectors. (C) Flow cytometric
analysis of cell cycle changes following the transfection of A549 cells. The cells were harvested 48 h subsequent to transfection with wild-type p16 or pl6KKK,
with PRMT1, PRMT4 or PRMT6 overexpressed. The bar chart means the G1 phase percentage. Values are means + standard deviation (n=3). Input, proteins
prior to immunoprecipitation; IP: Anti-GFP, samples co-immunoprecipitated with antibodies; PRMT, protein argenine methyltransferase; ASYM, asymmetric
dimethylarginine; pl6KKK, p16 protein carrying the R22/131/138K arginine-lysine point mutations; GFP, green fluorescence protein.
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Figure 3. Phosphorylation of the pl6 protein in a variety of cell lines.
Extracts from the A549, BT549, HeLa and 293T cell lines were prepared
and precipitated with anti-p16 antibody, then detected on immunoblotting
with antibodies against pl6 or serine phosphorylation. Input, proteins prior
to immunoprecipitation; IP: Anti-pl6, samples co-immunoprecipitated with
antibodies; ser-ph, serine phosphorylation.

the status of serine phosphorylation was examined in four
human cell lines derived from various cell types. ColP assays
were performed using the antibody against p16 and the protein
expression was detected using the antibody against serine
phosphorylation. The findings revealed that the pl6 protein
was phosphorylated in the human breast cancer BT549,
cervical epithelioid carcinoma HeLa and embryo kidney 293T
cell lines (Fig. 3). These data indicate that the serine residues
of pl6 are universally phosphorylated in various cell lineages.

pl6 protein with mutated serine residues demonstrates a
decreased ability to prevent A549 cell proliferation. As a
tumor suppressor, pl6 prevents cell cycle progression at the
G1/S checkpoint. The present study aimed to identify whether
mutation of the serine residues S7, S8, S140 and S152 in the
pl6 protein affect the ability of pl6 to arrest the cell cycle.
ColP assays demonstrated that the wild-type pl6 protein was
phosphorylated, while the levels of phosphorylated pl6 S7A,
pl6 S8A, pl6 S140A and pl6 S152A decreased by varying
amounts (Fig. 4A). The FACS analysis performed in the present
study revealed that overexpression of the wild-type pl6 protein
resulted in an accumulation of cells in the G1 phase compared
with the control (65 vs. 45%). However, cells overexpressing
the mutant pl6 protein exhibited a decreased ratio of cells
in the GI1 phase (Fig. 4B). Consequently, TUNEL staining
revealed that the pl6 mutant induced decreased apoptosis
compared with wild-type p16 in A549 cells (Fig. 4C). These
results indicated that the phosphorylation of pl16 is involved
in the regulation of the ability of p16 to reduce cell apoptosis.

Crosstalk between arginine methylation and serine
phosphorylation in pl6. To determine whether serine
phosphorylation in pl16 affects arginine methylation, ColP
assays were used. The mutated serine residue and wild-type
pl6 vectors were transfected into A549 cells, then precipitated
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Figure 4. The pl6 protein mutated at various serine residues exhibited a decreased ability to prevent the proliferation of A549 cells. (A) Immunoblotting of
serine phosphorylation of pl6 revealing that the mutation of residues 7, 8, 140 and 152 of p16 resulted in hypophosphorylation of the protein. The A549 cells
were transfected with wild-type or mutant p16 expression plasmids. For the co-immunoprecipitation assay, the cells were precipitated with anti-p16 antibody
and immunoblotted with antibodies against p16 or serine phosphorylation. (B) Flow cytometric analysis revealed that serine mutation reduced the proportion of
A549 cells arrested in the G1 phase contrast to wild-type p16. The cells were harvested 48 h subsequent to transfection. The histogram denotes the proportion
of cells in the G1 phase. (C) TUNEL assays revealing that serine phosphorylation was involved in the restraint of cell apoptosis through p16 arginine methyla-
tion. The cells were transfected with pl6w or serine mutation pl6. DNA fractures were stained with TRITC-dUTP (red) and then detected with confocal laser
scanning microscopy. The nuclei were counterstained with DAPI (blue). IP: anti-p16, samples co-immunoprecipitated with antibodies; Input, proteins prior to
immunoprecipitation; GFP, green fluorescence protein; pléw, wild-type pl6; TRITC-dUTP, tetramethylrhodamine isothiocyanate-deoxyuridine triphosphate.
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Figure 5. Crosstalk between the methylation of arginine and phosphorylation of serine in p16 in A549 cells. The cell extracts were prepared and precipitated

with anti-p16 antibody, and then detected using immunoblotting with antibodies against GFP or serine phosphorylation. The cells were transfected with the

EGFP-NI1 empty vector, or the pl6w or pl6 mutation expression vectors. IP: anti-p16, samples co-immunoprecipitated with antibodies; Input, proteins prior to

immunoprecipitation; GFP, green fluorescence protein; ASYM, asymmetric dimethylarginine; ploéw, wild-type p16.

with anti-pl6 antibody. The deposited samples were detected
with antibodies against pl6 and asymmetric dimethylargi-
nine. The results revealed, as exhibited in Fig. 5, that the
wild-type pl6 was methylated and the level of pl6 S140A

methylation was increased, while p16 S152A methylation was
decreased. These results indicated that an association existed
between the methylation of arginine and phosphorylation of
serine in pl6.
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Discussion

It is well known that various post-translational modifica-
tions modulate the function and activity of target proteins by
inducing changes in the structure and cellular localization
of the protein (15,16). In the present study, the pl6 protein
was revealed to undergo arginine methylation and phos-
phorylation (Figs. 1 and 3). It has previously been reported
that senescence in human prostatic epithelial cells not only
induces an elevated level of pl6 protein, but also promotes
the phosphorylation of pl6, which contributes to the binding
affinity between CDK4/6 and pl6 and cell cycle arrest in
the G1 phase (17). Additional studies have demonstrated
that the four specific serine sites of pl6, consisting of Ser7,
Ser8, Serl40 and Serl52, are phosphorylated, but only
Ser152 is phosphorylated in the CDK4/6-p16 compound (7).
The present results suggested that the phosphorylation of
pl6 played a role in regulating the ability of p16 to reduce cell
apoptosis, based on the evidence that mutation of the residues
from serine to alanine resulted in a decrease of the phos-
phorylation level of pl6 and a decreased the apoptosis ratio
compared with wild-type p16 in A549 cells (Fig. 4B and C).
These findings support the hypothesis that phosphoryla-
tion of pl6 is an important mechanism for p16 regulation.
A previous study described that phosphorylation of pl6 in
senescent prostatic epithelial cells may facilitate the associa-
tion between pl6 and CDK4 and 6 (7). The phosphorylation
of pl6 evidently plays a role in the function of the protein,
and the findings from the present study are consistent with
previous data (7).

It is also recognized that one post-translational modifi-
cation may enhance or prevent another post-translational
modification, resulting in interplay that regulates diverse
molecular processes (18,19). In the present study, hypometh-
ylation of the pl6 protein was found to enhance the ability
of the protein to prevent cell proliferation, while hypophos-
phorylation of pl6 decreased the ability of the protein to
reduce cell apoptosis (Figs. 1 and 4). In addition, the present
results indicated that wild-type pl6 was methylated, and the
amount of methylated pl6 S140A was increased, while the
amount of methylated pl6 SI52A was decreased (Fig. 5).
The present results indicated that an association existed
between the methylation of arginine and phosphorylation of
serine in pl6. A previous study reported that PRMT1 meth-
ylated forkhead box protein Ol (FOXOI1) at Arg248 and
Arg250, which blocked Akt-mediated phosphorylation of
FOXOI at Ser253 (18). In addition, another study revealed
that epidermal growth factor receptor (EGFR) Argl175 is
methylated by PRMTS5, and this modification positively
modulates EGF-induced EGFR trans-autophosphorylation at
Tyr1173 (19). These results are similar to the current research,
promoting the further study of the function of p16.

Overall, the present study hypothesizes that crosstalk
exists between phosphorylation and arginine methylation of
pl16. The effects of the corresponding methylation of arginine
and phosphorylation of serine on the function of p16 require
additional investigation.
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