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PKMYT1 regulates the proliferation and
epithelial-mesenchymal transition of oral squamous
cell carcinoma cells by targeting CCNA2
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Abstract. Oral squamous cell carcinoma (OSCC) has
gradually become a global public health issue in recent years.
Therefore, the current study aimed to explore the mechanism
of OSCC development and to identify a potential target that
may be used in its treatment. The expression of protein kinase,
membrane-associated tyrosine/threonine 1 (PKMYT1) and
cyclin A2 (CCNA?2) in SCC-9 cells was determined prior to
and following transfection with short hairpin RNA targeting
PKMYTI. Cell proliferation, colony-forming ability, migra-
tion and invasion were determined using Cell Counting
Kit-8, colony formation, wound healing and Transwell assays,
respectively. Furthermore, the expression of epithelial-mesen-
chymal transition (EMT)- and migration-related proteins were
evaluated using western blot analysis. Additionally, co-immu-
noprecipitation was used to verify the binding of PKMYT1
and CCNAZ2. The results revealed that PKMYTI1 was highly
expressed in OSCC cells and that PKMYT1 knockdown could
inhibit proliferation, colony formation, migration, invasion,
EMT and CCNAZ2 expression in SCC-9 cells. In addition,
PKMYTI was demonstrated to bind to CCNAZ2, and knocking
down PKMYT1 resulted in inhibitory effects on cell prolifera-
tion, colony formation ability, migration, invasion and EMT by
downregulating CCNA2 expression. PKMYT1 was observed
to regulate the proliferation, migration and EMT of OSCC
cells by targeting CCNA?2, which may be used in the future to
improve OSCC treatment.
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Introduction

Oral squamous cell carcinoma (OSCC) is one of the most
common malignancies of the head and neck, accounting for
>90% of all oral cancer cases, and is the sixth most common
type of cancer globally (1). Currently, the management of
patients with OSCC is based on histological parameters, such
as TNM stage and tumor grade (2). If there is no cervical
lymph node metastasis in patients with early-stage oral
cancer, surgery or radiotherapy alone has been observed
to exert a beneficial effect, whereas surgery combined with
radiotherapy is a more suitable treatment for intermediate- or
advanced-stage oral cancer (3). Long-term addiction to alcohol
and tobacco, poor oral hygiene, long-term irritation by foreign
bodies and malnutrition, particularly insufficient vitamin A
levels, have been indicated to cause OSCC (4). The complex
occurrence and development of oral cancer is regulated at
the genetic level, and protein expression is regulated at the
transcriptional and translational levels (5,6). The analysis and
use of valuable biomarkers that are primarily associated with
the pathogenesis of OSCC can provide a more comprehensive
and detailed understanding of the disease, which may lead to
the development of targeted, personalized, practical and effec-
tive oral cancer treatment options (7). Therefore, to improve
the survival rate and quality of life of patients with OSCC,
effective tumor-related factors, novel therapeutic methods and
antitumor drugs must be urgently identified.

Protein kinase, membrane-associated tyrosine/threonine 1
(PKMYT]I) is located at 16p13.3 on human chromosome 16,
and encodes an important protein belonging to the WEE
kinase family (8,9). PKMYTI is responsible for encoding a
member of the serine/threonine protein kinase family, and
the encoded protein negatively regulates the G,/M transi-
tion of the cell cycle via phosphorylation and inactivation
of cyclin-dependent kinase 1 (10). An increasing number of
studies have indicated that PKMYT1 overexpression promotes
cell proliferation, migration, invasion, colony-forming ability
and epithelial-mesenchymal transition (EMT) in multiple
tumor types (11). For example, PKMYT]1 has previously been
revealed to be upregulated in breast cancer, and was also
indicated to regulate cell proliferation by maintaining the cell
cycle and genomic stability (12). It has also been revealed that
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PKMYTI may promote cell proliferation, invasion and migra-
tion in ovarian cancer by targeting sirtuin 3 (13). Additionally,
PKMYTI has been indicated to promote cell proliferation and
apoptosis resistance in gastric cancer cells by activating the
MAPK signaling pathway (8). Although PKMYT]1 has been
studied in various cancer types, the role of PKMYT1 in OSCC
remains to be investigated.

The hypothesis that PKMYT]1 also serves a role in oral
cancer has been previously proposed. According to the Gene
Expression Omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/), PKMYT]I is highly expressed in OSCC tissues
(GSE37991). Therefore, the present study aimed to explore the
role of PKMYTI in OSCC, and its target was predicted using
bioinformatics analysis. The results of the current study may
provide useful information on the mechanisms of cell prolif-
eration, migration and the EMT process in OSCC, and may
facilitate the identification of a novel target that may be used
in the treatment of this disease.

Materials and methods

Cell culture and transfection. Human oral keratinocytes
(HOK-16B), human tongue squamous cell carcinoma
(CAL-27,HSC-4 and SCC-9) cells were purchased from BeNa
Culture Collection (Beijing Beina Chunglian Institute of
Biotechnology) and were cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmo-
sphere with 5% CO,.

The pcDNA3.1-cyclin A2 (CCNA2) and empty
pcDNA3.1 vectors, short hairpin RNA (shRNA) targeting
PKMYTI1 (shRNA-PKMYTI-1, target sequence: 5'-CTA
TGCGGTAAAGCGTTCCAT-3' and shRNA-PKMYTI-2,
target sequence: 5'-GCTGCGTTCTGTCCTTGTCAT-3")
and a nonspecific sequence used as a negative control (NC;
target sequence: 5'-CAACAAGATGAAGAGCACCAA-3")
were purchased from Shanghai GenePharma Co., Ltd. SCC-9
cells (5x10° cells/well) were seeded into 6-well plates and
transfected with 10 nM pcDNA plasmid or shRNA using
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. Following
6 h of transfection, the transfection reagent in the wells were
replaced with fresh DMEM supplemented with 10% FBS and
cells were cultured for 2 days (all from Gibco; Thermo Fisher
Scientific, Inc.).

Cell Counting Kit-8 (CCK-8) assay. SCC-9 cells
(1x10° cells/well) were seeded into 96-well plates and incubated
for 24 h. Following 24, 48 and 72 h of incubation, 10 x1 CCK-8
solution (Sigma-Aldrich; Merck KGaA) was added to each
well, and the cells were incubated at 37°C for an additional 1 h.
Finally, the optical density was determined at 450 nm using a
microplate reader (Thermo Fisher Scientific, Inc.).

Colony formation assay. SCC-9 cells (3x10° cells/well) were
seeded into 6-well plates and incubated for 14 days at 37°C.
The colonies were then fixed with 4% methanol at room
temperature for 15 min, and next stained using 0.1% crystal
violet at room temperature for 15 min. Visible colonies
of >50 cells were observed using an inverted microscope

(magnification, x100; Olympus Corporation) and analyzed
using ImagelJ software (v1.8; National Institutes of Health).

Wound healing assay. SCC-9 cells (5x10° cells/well) were
inoculated in 6-well plates and incubated until the reaching
~90% confluence. A 200-ul sterile pipette tip was applied to
create a wound in the cell monolayer. Following washing with
PBS, the cells were cultured in serum-free DMEM (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C for 24 h. Images were
captured at O and 48 h under an inverted microscope (magnifi-
cation, x100; Olympus Corporation).

Transwell assay. The cell invasion assay was performed using
Transwell chambers (8 ym pore size; Corning, Inc.). SCC-9
cells (3x10* cells) were suspended in 1 ml serum-free DMEM.
The upper chamber was pre-coated with 50 ul Matrigel
(Sigma-Aldrich; Merck KGaA) with serum-free DMEM (1:8
diluted) to form a gel at 37°C for 30 min, and 0.1 ml cell
suspension was added to each well of the upper chamber. The
lower chamber was filled with DMEM supplemented with
20% FBS. Following 24 h of incubation at 37°C, the cells in
the lower chamber were collected, fixed using 4% parafor-
maldehyde at room temperature for 10 min and stained using
0.5% crystal violet solution at room temperature for 10 min
(Sigma-Aldrich; Merck KGaA). Finally, the stained cells were
counted using an inverted microscope (magnification, x100;
Olympus Corporation).

Co-immunoprecipitation (co-IP) assay. Co-IP assay was
performed to verify the binding between PKMYTI and
CCNAZ2. The isolation and quantification of proteins from
SCC-9 cells was conducted using RIPA lysis buffer (Beijing
Solarbio Science & Technology Co., Ltd.) and BCA Kkits
(Beyotime Institute of Biotechnology), respectively. For IP,2 ug
antibodies against PKMYT1 (1:100; cat. no. HO0009088-D01;
Abnova) or CCNA2 (1:100; cat. no. 67955; Cell Signaling
Technology, Inc.) were combined with 500 pug proteins and
incubated overnight at 4°C. Subsequently, 40 pl protein G/A
agarose beads (Invitrogen; Thermo Fisher Scientific, Inc.) were
added to the solution and incubated with the cell lysates for
2 h. Subsequently, the precipitated proteins were re-suspended
in 2X SDS-PAGE loading buffer (Beyotime Institute of
Biotechnology), boiled for 5 min and eluted from the beads.
Finally, the protein complexes were determined using western
blot analysis as described below.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was collected from SCC-9 cells using TRIzol® reagent
(Thermo Fisher Scientific, Inc.) and placed on ice for 15 min.
PrimeScript™ Reverse Transcription Reagent Kit (Takara
Bio, Inc.) was used to reverse transcribe RNA into cDNA
according to the manufacturer's protocol. Subsequently,
QuantiNova SYBR-Green PCR Kit (Qiagen AB) was
employed according to the manufacturer's protocol for gPCR
in conjunction with an ABI 7500 System (Thermo Fisher
Scientific, Inc.). The 244% method (14) was used for analysis
of the results (14). GAPDH was used as a control for normal-
ization. The primers used were as follows: PKMYT1 forward,
5'-CATGGCTCCTACGGAGAGGT-3' and reverse, 5'-ACA
TGGAACGCTTTACCGCAT-3"; and GAPDH forward,
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5-GGGTGTGAACCATGAGAAGT-3' and reverse, 5'-GGC
ATGGACTGTGGTCATGA-3".

Western blot analysis. Total proteins from SCC-9 cells were
extracted using RIPA lysis buffer (Beijing Solarbio Science
& Technology Co., Ltd.) and quantified using a BCA kit
(Beyotime Institute of Biotechnology). After protein dena-
turation by boiling at 100°C for 8 min, 12% SDS-PAGE
was performed. Upon transfer onto PVDF membranes, the
membranes were blocked in 5% fat-free milk for 2 h at room
temperature, washed with TBS twice at room temperature
(5 sec per wash), and incubated with primary antibodies (all
from Abcam) at 4°C overnight. The primary antibodies used
were as follows: Anti-PKMYT1 (1:500; cat. no. ab200387),
anti-MMP2 (1:1,000; cat. no. ab92536), anti-MMP9 (1:1,000;
cat.no. ab283575), anti-E-cadherin (1:10,000; cat. no. ab40772),
anti-N-cadherin (1:5,000; cat. no. ab76011), anti-Snail (1:1,000;
cat. no. ab216347), anti-zinc finger E-box binding homeobox 1
(ZEBI; 1:500; cat. no. ab203829), anti-CCNA2 (1:2,000;
cat. no. ab181591) and GAPDH (1:10,000; cat. no. ab181602).
The next day, the membranes were washed with TBS-0.05%
Tween-20 thrice at room temperature (5 min per wash), and
then incubated with an IgG-horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody (1:10,000; cat. no. ab6721;
Abcam) for 1 h at room temperature. Finally, protein bands
were detected using an ECL kit (Beyotime Institute of
Biotechnology), and the results were normalized to GAPDH
and analyzed using Imagel] software (v1.8; National Institutes
of Health).

Bioinformatics and statistical analysis. The Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING; http:/www.
string-db.org/) (15) and GeneMANIA (http://genemania.
org/) (16) online databases were used to search associations
between known proteins. All experiments were repeated at
least three times independently, and the results were expressed
as the mean =+ standard deviation. Statistical analysis was
performed using SPSS 19.0 software (IBM Corp.). One-way
ANOVA followed by Tukey's post hoc test was used to
evaluate the statistical significance of the results. P<0.05 was
considered to indicate a statistically significant difference.

Results

PKMYTI is upregulated in OSCC cells, and PKMYTI
knockdown inhibits the proliferation and colony formation
of SCC-9 cells. The relative mRNA and protein expression
of PKMYT!1 in normal human HOK-16B and OSCC cells,
including CAL-27, HSC-4 and SCC-9 cells, was detected
using RT-qPCR and western blot analyses. The results revealed
that the relative mRNA and protein expression of PKMYTI1
in OSCC cells was significantly upregulated compared with
that of the HOK-16B group, particularly in SCC-9 cells
(Fig. 1A and B). Therefore, SCC-9 cells were selected for the
subsequent experiments.

To investigate the effects of PKMYT1 on OSCC cells,
SCC-9 cells were transfected with sh-PKMYT]1. As presented
in Fig. 1C and D, PKMYTI mRNA and protein expression
was decreased in the sh-PKMYT1 group compared with that
of the shRNA (NC) group, particularly in the sh-PKMYT1-1
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group. Therefore, SCC-9 cells transfected with sh-PKMYT1-1
were used for subsequent experiments.

Cell proliferation was determined using a CCK-8 assay.
As presented in Fig. 1E, the proliferation of SCC-9 cells
was decreased following transfection with shRNA targeting
PKMYTI. It was also revealed that PKMYT1 knockdown
could significantly inhibit SCC-9 cell proliferation at the time
points of 24, 48 and 72 h. Furthermore, the colony-forming
ability of SCC-9 cells was also found to be suppressed by
PKMYT]I knockdown. These results revealed that PKMYT1
knockdown could inhibit the proliferation and colony-forming
ability of SCC-9 cells.

PKMYTI knockdown inhibits the migration, invasion and
EMT of SCC-9 cells. The relative migration rate and invasion
ability were assessed using wound healing and Transwell
assays, respectively. The results presented in Fig. 2A showed
that PKMYT1 knockdown suppressed the migration rate of
SCC-9 cells compared with that of the ShRNA NC group. The
results also demonstrated that PKMYT1 knockdown exerted
the same inhibitory effects on SCC-9 cell invasiveness, which
was indicated by the decrease in the relative cell invasion
rate (Fig. 2B).

Furthermore, the expression of MMP2 and MMP9, which
was determined using western blot analysis, was markedly
decreased by PKMYTI1 knockdown (Fig. 2C). Additionally,
the expression of EMT-related proteins was detected using
western blot analysis. As presented in Fig. 2D, PKMYT1
knockdown significantly promoted E-cadherin expression and
downregulated the expression of N-cadherin, Snail and ZEBI.

PKMYTI knockdown inhibits the expression of CCNA2
in OSCC cells. The STRING and GeneMANIA databases
suggested an association between PKMYTI1 and CCNA2
(Fig. 3A). The mRNA and protein expression of CCNA?2 in
normal human HOK-16B cells and in OSCC cells, including
CAL-27, HSC-4 and SCC-9 cells, was determined using
RT-qPCR and western blot analyses, respectively. The results
presented in Fig. 3B and C revealed that there was higher
expression of CCNA2 in OSCC cells, particularly in SCC-9
cells, than in HOK-16B cells.

Considering the positive association between PKMYT1
and CCNAZ2, a co-IP assay was used to further analyze the
binding of PKMYTI1 to CCNA2. As presented in Fig. 3D,
PKMYTI1 was expressed in the anti-CCNA2 group and
CCNA2 was expressed in the anti-PKMYT1 group, while IgG
expression was not detected, revealing that PKMYT1 may
combine with CCNA2. Compared with that of the sSiIRNA
NC group, the expression of CCNA2 was decreased in the
sh-PKMYT1 group (Fig. 3E).

PKMYTI knockdown inhibits the proliferation and
colony formation of OSCC cells by downregulating
CCNA2 expression. SCC-9 cells were transfected with
pcDNA-CCNAZ2, and the expression of CCNA2 was subse-
quently determined using western blot analysis. The results
demonstrated that the relative protein expression of CCNA2
in SCC-9 cells was upregulated in comparison with that of
the pcDNA group (Fig. 3F). As is shown Fig. 3G and H, the
decreased cell proliferation and colony formation caused by
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Figure 1. PKMYT1 is upregulated in SCC-9 cells, and its knockdown inhibits cell proliferation. (A) PKMYTI protein expression was detected using western
blot analysis. (B) PKMYT1 mRNA expression was detected using RT-qPCR. (C and D) Relative protein and mRNA expression levels were detected using
(C) western blot analysis and (D) RT-qPCR, respectively. Cell proliferation was detected using (E) Cell Counting Kit-8. "P<0.05, “P<0.01, “"P<0.001 vs. sh-NC.
(F) Cell colony formation was determined using colony formation assays. “P<0.01, “"P<0.001. PKMYT1, protein kinase, membrane-associated tyrosine/threo-
nine 1; RT-qPCR, reverse transcription-quantitative PCR; sh-NC, negative control short hairpin RNA.

PKMYTI knockdown was partially reversed by CCNA2
overexpression, suggesting that CCNA2 overexpression may
partly abolish the inhibitory effects of PKMYT1 knockdown
on SCC-9 cell proliferation and colony formation.

PKMYTI knockdown inhibits the migration, invasion and
EMT of SCC-9 cells by downregulating CCNA2 expression.
Compared with those of the sh-PKMYT1 + pcDNA group, the
decreased migration and invasion rates of SCC-9 cells were
increased following CCNA?2 overexpression (Fig. 4A and B).

Furthermore, the expression of MMP2 and MMP9, which
was measured using western blot analysis, was partly increased
in the sh-PKMYT1 + pcDNA-CCNA2 compared with that in
the sh-PKMYTI1 + pcDNA group (Fig. 4C). Additionally, as
presented in Fig. 4D, CCNA2 overexpression partly inhibited
the expression of E-cadherin, and increased the expression of
N-cadherin, Snail and ZEB1 in SCC-9 cells compared with the
findings in the sh-PKMYTI + pcDNA group.

Discussion

OSCC is one of the most aggressive tumors worldwide, and
there is currently no optimal treatment for this disease (17).
PKMYTI is closely associated with tumor radiosensitivity,
making it a candidate target for the development of improved
treatments for OSCC (18). Previously, PKMYTI1 inhibition
has been reported to significantly suppress the proliferation
of prostate cancer cells, thus serving as a novel therapeutic
target for prostate cancer (19). Furthermore, Jeong et al (20)
have suggested that PKMYT]I serves a vital oncogenic role
in colorectal cancer, which is demonstrated by the increased
proliferation, migration, invasion and colony forming ability
of colorectal cancer cell lines. According to the GEO data-
base, PKMYTI1 was found to be upregulated in patients
with OSCC (21). The results of the present study revealed
that PKMYT1 was highly expressed in three OSCC cell
lines compared with its expression in HOK-16B cells. The
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healing assay. (B) Relative cell invasion rate was detected using a Transwell assay. (C) MMP2 and MMP9 expression levels were detected using western blot

analysis. (D) The expression of EMT-related proteins was detected using western blot analysis.

“"P<0.001. PKMYT], protein kinase, membrane-associated

tyrosine/threonine 1; EMT, epithelial-mesenchymal transition; sh-NC, negative control short hairpin RNA; ZEBI, zinc finger E-box binding homeobox 1.

expression level of PKMYTI in HSC-4 cells was lower
than that in other OSCC cell lines, which may be due to its

non-metastatic nature (22). In addition, the expression levels of
PKMYTI in CAL-27 cells were higher than those in HSC-4
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cells in the present study. This may be due to the relatively
high level of keratin in CAL-27 cells, which is associated
with cell proliferation and differentiation (23). The SCC-9
cell line has been used in the study of metastatic OSCC and
displays strong migration and invasiveness (24). The present
results also demonstrated that the proliferation and colony

forming ability of SCC-9 cells were decreased following the
suppression of PKMYT expression. Furthermore, PKMYT1
knockdown exerted inhibitory effects on cell invasion, migra-
tion and expression of migration-related proteins, including
MMP2 and MMP?9, as well as EMT-related proteins, including
N-cadherin, Snail and ZEBI1.
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Figure 4. PKMYT1 knockdown inhibits the migration, invasion and EMT of SCC-9 cells by regulating CCNA2 expression. (A) Relative migration rate was
detected by using a wound healing assay. (B) Relative cell invasion rate was detected by using a Transwell assay. (C) MMP2 and MMP9 expression was

detected by using western blot analysis. (D) EMT-related protein expression was detected by using western blot analysis. “P<0.01, ““P<0.001. PKMYTI,
protein kinase, membrane-associated tyrosine/threonine 1; EMT, epithelial-mesenchymal transition; CCNA2, cyclin A2; sh, short hairpin; ZEBI, zinc finger

E-box binding homeobox 1.
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CCNAZ2 is a member of the highly conserved cyclin
family, which participates in the regulation of G,/S and G,/M
phases, and plays a role in DNA replication, transcription and
tumor progression. CCNA2 has been reported to be highly
expressed in a variety of cancer types (25). Yang et al (26)
suggested that CCNA?2 expression promotes tumor growth
in hepatocarcinoma xenotransplantation mouse model.
Furthermore, CCNA2 has also been previously revealed
to participate in the EMT and metastasis of colorectal
cancer (27). A previous study has demonstrated the presence
of CCNA2, Bl, D1 and El, within the CCNDI gene, in 67
cases of primary OSCC (28). CCNA2 downregulation has
also been revealed to regulate the migration and proliferation
of trophoblasts (29). Additionally, CCNDI1 has been found to
promote the invasion, migration and EMT of non-small cell
lung carcinoma (NSCLC) cells, and may serve as a novel
effective target for the treatment of NSCLC (30). CCNA2
regulates the EMT process probably by activating the tran-
scription of EMT-related genes (such as Snail, Nanog and
Myc) through the B-catenin (31) or Rho-associated coiled-coil
containing protein kinase signaling pathways (32). According
to the STRING and GeneMANIA databases, PKMYT1
may be associated with CCNAZ2. In the present study, it
was demonstrated that PKMYTI could bind to CCNA2 in
SCC-9 cells, and its knockdown may inhibit the expression of
CCNAZ2. Additionally, the decreased cell proliferation, migra-
tion, invasion and EMT caused by PKMYTI knockdown
were demonstrated to be reversed by CCNA2 overexpression,
revealing that PKMYT1 may inhibit the malignant progres-
sion of OSCC via targeting CCNA2. However, the mechanism
of CCNA2 downregulation remains to be further investigated
to clarify whether it occurs specifically through regulating
transcription, translation or promoting protein degradation.
Furthermore, the present study is only preliminary and
mainly based on one OSCC cell line. In future studies, clinical
samples should be collected, and the clinical significance of
PKMYT]I should be verified further.

In conclusion, the current study demonstrated that the
expression of PKMYTI1 and CCNA2 was upregulated in
OSCC cell lines, and there was an association between the two
proteins. Furthermore, it was revealed that PKMYTI1 knock-
down exerted inhibitory effects on cell proliferation, migration,
invasion and EMT, while these effects were reversed by
CCNAZ2 overexpression, revealing that PKMYT1 may serve a
role in OSCC by targeting CCNA2. The findings of the present
study may have revealed a novel biomarker or target that could
be used in future treatment options for patients with OSCC.
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