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Impairment of DYRK?2 by DNMT1-mediated transcription
augments carcinogenesis in human colorectal cancer
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Abstract. Dual specificity tyrosine-phosphorylation-regulated
kinase 2 (DYRK?2) is a protein kinase that functions as a novel
tumor suppressor. Previous studies have reported that DYRK?2
expression is decreased in colorectal cancer compared with
adjacent non-tumor tissues. However, the regulatory mecha-
nisms by which the expression of DYRK?2 is diminished
remain unknown. The aim of the present study was to deter-
mine the regulatory mechanisms of DYRK?2 expression. The
present study identified the promoter regions of the DYRK2
gene and demonstrated that they contained CpG islands
in human cancer cells. In addition, the DYRK?2 promoter
region exhibited a higher level of methylation in colorectal
cancer tissues compared with healthy tissues from clinical
samples. DYRK?2 expression was increased at the mRNA
and protein level in colorectal cancer cell lines by treatment
with 5-Azacytidine, a demethylating agent. The results further
demonstrated that knockdown of DNA methyltransferase
(DNMT) 1 elevated DYRK?2 expression in colorectal cancer
cell lines. A colitis-related mouse carcinogenesis model also
exhibited a lower DYRK2 level in colorectal cancer tissues
compared with adjacent non-tumor tissues. In this model,
nuclear staining of DNMT1 was detected in colorectal cancer
cells, whereas a cytoplastic distribution pattern of DNMT1
staining was exhibited in healthy tissue. Overall, these find-
ings suggested that DYRK?2 expression was downregulated
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via transcriptional regulation by DNMT]1 to elevate the
proliferation of colorectal cancer cells.

Introduction

Colorectal cancer (CRC) is the third most common malig-
nancy worldwide, accounting for ~1.8 million new cases
and ~880,000 deaths in 2018 (1). The carcinoma progression
sequence is universally accepted and originates from benign
polyps or dysplastic lesions, which develop into advanced
adenoma and invasive carcinoma (2). In the past four decades,
the mortality rate of CRC has decreased, possibly due to
improved cancer screening programs, surgical techniques
and therapeutic strategies for early- and advanced-stage
disease (3). However, patients with an advanced stage have a
poor prognosis, with the 5-year survival rate of 12.5% (4.5).

Tumor progression and distant metastasis are the primary
causes of death in patients with CRC and are complicated by
various genetic and epigenetic changes (6,7). Epigenetic modifi-
cation is tightly associated with molecular changes in DNA that
do not occur from alterations in the DNA proper (8,9). Epigenetic
alterations coordinately occur with other genetic changes, such as
chromosomal rearrangements or genomic mutations, and affect
the transcriptomics, genomics and proteomics that drive cancer
phenotypes (10). Such epigenetic alterations involve a range of
mechanisms, including DNA methylation, histone modification,
microRNAs, chromatin remodeling and other chromatin compo-
nents (11). Epigenetics is essential for research into processes
underlying various diseases, including cancer (12).

DNA methylation is the most researched epigenetic
mechanism (8), during which a methyl group is added to DNA
nucleotides by DNA methyltransferase (DNMT). DNMT1
is the largest DNMT that participates in methylation (13).
DNMTS3 functions as a de novo methyltransferase and
comprises two related proteins encoded by the DNMT3A and
DNMT3B genes (14). DNA methylation is a stable modification
conserved through cellular divisions by DNMTs (13).

In humans, DNA methylation generally occurs at the
five-carbon position of the cytosine pyrimidine ring preceding
guanine, termed dinucleotide CpG (8). Hypo- and hyper-
methylation of the CpG sites regulate transcriptional events
and alter specific gene or DNA segment expression (15).
Consequently, DNA methylation of tumor suppressor genes
causes progression of several types of carcinoma (15).
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Dual specificity tyrosine-phosphorylation-regulated
kinase 2 (DYRK2), a protein kinase of the DYRK
family, is mainly localized in the cytoplasm and exhibits
serine/threonine kinase activity in cells (16). DYRK?2 serves
as a proapoptotic kinase through p53 phosphorylation at Ser46
for inducing apoptotic cell death as a response to acute DNA
damage (17,18). In addition to its role in apoptosis, DYRK2
regulates cell cycle progression by the degradation of c-Myc,
c-Jun, telomere reverse transcriptase and katanin p60 (19-22).
As cell cycle inhibition induces tumorigenesis, DYRK?2 may
serve a role in tumor suppression (16). Clinically, previous
studies have reported decreased DYRK?2 expression in
advanced breast (22) and lung cancer (23), hepatocellular
carcinoma (24), colorectal cancer (25) and metastatic liver
lesions of colorectal cancer (26). Accordingly, the regulation
of DYRK?2 expression may be necessary for cell proliferation.
Nevertheless, the molecular mechanisms underlying DYRK?2
expression remain largely unknown.

The present study aimed to identify the DYRK2 promoter
regions and determine whether the promoter region was
subjected to DNA methylation in CRC cell lines and patient
tissues. In addition, the present study aimed to clarify whether
DYRK?2 expression was upregulated by the inhibition of
DYRK?2 methylation at the promoter region, resulting in
inhibition of tumor cell proliferation in CRC.

Materials and methods

Patient samples. The study protocol was approved by the Jikei
University School of Medicine Ethics Review Committee
(approval no. 24-315 7081; Tokyo, Japan). All patients provided
written informed consent that their colorectal samples would
be utilized for investigative purposes. CRC and adjacent
non-cancerous tissues were obtained from resected specimens
of a total of 80 patients at the Jikei University Hospital between
October 2014 and November 2015. The distance between
cancer and adjacent non-cancerous tissue was <5 cm. The
inclusion criteria were patients who were diagnosis with CRC
by preoperative diagnosis and who underwent tumor resection
for therapeutic purposes. The exclusion criteria were patients
<18 years and unable to provide informed consent. The mean
age of patients was 68.6 years (range, 39-90 years). For mnRNA
extraction, samples were frozen immediately after surgical
resection and stored at -80°C until use. The clinicopathological
information of the patients included in the present study is
presented in Table SI.

Cell culture and treatment. HCT116 cell lines (human CRC
cells) were purchased from ATCC. The cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Nacalai Tesque,
Inc.) supplemented with 10% FBS (Biological Industries) and
1% penicillin and streptomycin at 37°C in a 5% CO, incubator.
DLD-1, LS180, SW480 and SW620 cells were obtained from
ATCC and cultured in RPMI-1640 medium (Nacalai Tesque,
Inc.) with 10% FBS, 1% penicillin and streptomycin at 37°C in
a 5% CO, incubator.

5-Azacytidine (Aza) treatment. Aza was purchased from Wako
Pure Chemical Industries (cat. no. 016-25361) and dissolved
in DMSO for stock and working solution preparation. Human
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CRC cell lines (HCT116, DLD-1, LS180, SW620 and SW480)
were treated with Aza at concentrations ranging between
1 and 20 xM for 1 or 2 days. The control cells were treated
with DMSO as a vehicle control for the same time.

Cell transfection. DYRK2 small interfering (si)RNA
(#1, Qiagen GmbH; #2, Invitrogen; Thermo Fisher Scientific,
Inc.), negative control siRNA (Invitrogen; Thermo Fisher
Scientific, Inc.) and DNMT1 siRNA (Sigma-Aldrich; Merck
KGaA) were used to establish cell lines with a transient
knockdown. The siRNA sequences are stated in Table SII.
To identify cell lines with transient DYRK?2 overexpression,
a pCDNA3 flag vector was used; a pCDNA3 flag empty vector
was used as the negative control. The HCT116 cells were plated
and cultured to 60-80% confluency prior to transfection. The
vectors (500 nM) and siRNAs (5 nM) were transfected to
HCT116 cells using the Lipofectamine® RNAIMAX Reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The expression of each protein
was determined 48 h post-transfection by western blotting.

Western blotting. Western blotting using all the cell lines was
conducted as previously described (19). The Bradford protein
assay was used to measure the concentration of total protein in
samples. The concentration of protein was 1 mg/ml. The amount
of protein loaded was 20-30 ug per lane. The protein samples
were separated by SDS-PAGE on 7.5% gels and transferred
to nitrocellulose membranes. Blocking one (cat. no. 03953-66;
Nacalai Tesque, Inc.) was used for the blocking of the
membranes for 1 h at room temperature. The primary anti-
bodies used for immunoblotting were polyclonal rabbit
anti-DYRK?2 (1:1,000; cat. no. HPA027230; Sigma-Aldrich;
Merck KGaA), monoclonal mouse anti-DNMT1 (1:1,000;
clone H-12; cat. no. sc-271729; Santa Cruz Biotechnology,
Inc.), monoclonal mouse anti-tubulin (1:1,500; clone B-5-1-2;
cat. no. T5168; Sigma-Aldrich; Merck KGaA) and monoclonal
mouse anti-GAPDH (1:1,500; clone 6C5; cat. no. MAB374;
Sigma-Aldrich; Merck KGaA). The membranes were incu-
bated with the primary antibodies overnight at 4°C and
washed three times for 15 min with TBS + 0.05% Tween-20.
The secondary antibodies were monoclonal horseradish
peroxidase-conjugated goat anti-rabbit (1:1,000; clone eB182;
cat. no. 18-8816-31; eBioscience) and goat anti-mouse (1:1,000;
clone eB144; cat. no. 18-8817-31; eBioscience;). The membranes
were incubated for 1 h at room temperature. All western blot-
ting experiments were conducted at least three times.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA from human and mouse tissues was
extracted using the RNeasy Plus Universal Mini Kit (Qiagen
GmbH) according to the manufacturer's protocol. RNA from
all cell lines was extracted using the TRIsure reagent (Nippon
Gene Co., Ltd.). Total RNA was reverse transcribed into cDNA
using the PrimeScript Ist Strand cDNA Synthesis kit (Takara
Bio, Inc.) and each primer pair (50 #M). The primer sequences
are summarized in Table SII. The reaction conditions were
65°C for 5 min, 4°C for 5 min, 42°C for 60 min and 95°C for
5 min. SYBR® Green PCR Master Mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.) was used for qPCR according
to the manufacturer's instructions. Amplification and detection
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were performed using a PikoReal 96 Real-Time PCR System
(Thermo Fisher Scientific, Inc.). The thermocycling conditions
were as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 15 sec, 60°C for 30 sec and 72°C for 30 sec. GAPDH
was used as an internal control. The mRNA expression level
was calculated using the 2244 method (27).

Generation of DYRK2 promoter constructs and luciferase
reporter assay. The transcription start site (TSS) of DYRK2
was identified using the DataBase of Transcriptional Start Sites
(https://dbtss.hgc.jp). To produce the luciferase reporter gene
construct containing the DYRK2 promoter, genomic DNA
was purified from the HCT116 human CRC cell line using a
DNeasy Blood & Tissue Kit (Qiagen GmbH). Several DNA
fragments around the DYRK?2 promoter were obtained from
the KAPA HiFi HotStart ReadyMix (Kapa Biosystems; Roche
Diagnostics) using genomic DNA as a template and primer sets
of the forward primer with an incorporated Kpnl site or the
reverse primer with an incorporated Nhel site. The primer
sequences are summarized in Table SII. The reaction condi-
tions were as follows: 95°C for 5 min, followed by 30 cycles
of 98°C for 20 sec, 65°C for 15 sec and 72°C for 3 min, and
a final extension at 72°C for 5 min. The resultant constructs
were amplified by PCR using the BigDye v3.1 Terminator
Cycle Sequencing kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The reaction conditions were as follows: 96°C
for 30 sec, followed by 25 cycles of 96°C for 10 sec, S0°C for
5 sec and 60°C for 4 min. The constructs were confirmed by
Sanger sequencing with a 3730xl DNA Analyzer (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The PCR product
was ligated into the pGL3-Basic luciferase vector (Promega
Corporation).

For the luciferase reporter assay, HCT116 cells were
seeded in triplicate into a 96-well plate (5x10° cells/well)
and transfected with pGL3 plasmids 48 h later. The pGL3
plasmids contained each construct fragment, along with a
Renilla luciferase plasmid (pRL-TK; Promega Corporation)
as the normalization control using the FuGENE HD (Promega
Corporation) transfection reagent. A pGL3-Basic vector
without an insert was used as a negative control. At 24 h
post-transfection, the luciferase activity was determined
using the Dual-Luciferase Reporter Assay System (Infinite
200PRO; Tecan Group, Ltd.). Luciferase activity was calcu-
lated and expressed as relative light units. The CpG islands
were confirmed by MethPrimer (http:/www.urogene.
org/methprimer2/), which is used to design PCR primers for
methylation mapping.

Chromatin immunoprecipitation (ChIP) assay. The ChIP
assay was performed using a SimpleChIP® Enzymatic
Chromatin IP kit (cat. no. 9003; Cell Signaling Technology,
Inc.) according to the manufacturer's instructions. HCT116
cells were fixed with 37% formaldehyde for 10 min at room
temperature, washed with 20 ml ice-cold 1X PBS. The lysate
was treated with Micrococcal Nuclease (Takara Bio, Inc.) and
sonicated (20 sec on, 1 min off for 3 times) to obtain frag-
mented DNA for subsequent PCR. The DNA was subjected
to PCR with specific primers of the DYRK?2 promoter region.
The primer sequences are stated in Table SII. PCR was
performed using the following conditions: 95°C for 15 min,
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followed by 40 cycles of 94°C for 30 sec, 54°C for 30 sec and
72°C for 30 sec, and a final step of 72°C for 10 min.

MTS assay. HCT116 cells were seeded into 96-well plates
(1x10* cells/well), and MTS assay was conducted using
a CellTiter 96 AQ Solution Cell Proliferation Assay Kit
(Promega) according to the manufacturer's protocol. The
absorbance was measured at 490 nm with a multiple counter
(Infinite 200PRO; TECAN).

DNA methylation analysis. Genomic DNA was purified from
the HCT116 cells or human tissues using a DNeasy Blood &
Tissue kit (Qiagen GmbH). The DNA was sonicated (30 sec
on, 1 min off for 10 times) to obtain fragmented DNA. The
methylated and unmethylated DNA fragments in whole DNA
samples were enriched by an EpiXplore Methylated DNA
Enrichment Kit (Takara Bio, Inc.) according to the manu-
facturer's instructions. The fragmented DNA was treated
with SYBR® Green PCR Master Mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.) and a DYRK?2 primer set for
gPCR. The primers sequences are summarized in Table SII.
The products were analyzed with a PikoReal 96 Real-Time
PCR System. The thermocycling conditions were as follows
95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, 60°C
for 30 sec and 72°C for 30 sec. The products were calculated
by the percentage of input using Ct values as follows: Percent
input=2% x2(Ct 2% input sample-Ct TP sample) "The jnput sample used
was 2%.

Animals and treatment. The animal experiment was preformed
following the Guidelines for the Proper Conduct of Animal
Experiments of the Science Council of Japan and approved
by the Institutional Animal Care and Use Committee of
Jikei University (approval no. 2018-015). Female 5-week-old
C57/BL6 mice (Charles River Laboratories Japan) were
habituated to the new environment for 7 days after arrival.
Azoxymethane (AOM) was obtained from Sigma-Aldrich;
Merck KGaA, and dextran sodium sulfate (DSS) was
purchased from MP Biomedicals, LLC. A total of 15 mice were
divided into 3 groups. The mice were administered a single
intraperitoneal injection of AOM (10 mg/kg body weight) at
the age of 6 weeks. One week after the AOM injection, the
mice started to receive 2% DSS in their drinking water for
7 days. The mice were sacrificed by isoflurane overdose at 10,
15, or 20 weeks after the AOM injection treatment. Tumor and
adjacent non-cancerous tissues were collected from the colon
and rectum of the mice.

Hematoxylin and eosin (HE) staining and immunohisto-
chemistry. The colorectal tissues of mice were fixed with 4%
paraformaldehyde in 20 mM HEPES buffer (pH 7.5) overnight
at 4°C, followed by immersion in 30% trehalose in 20 mM
HEPES to cryoprotect the tissue. The samples were embedded
in Tissue-Tek O.C.T. Compound (Sakura Finetek Japan Co.,
Ltd.) and frozen in dry ice-acetone. For HE staining, frozen
6-um sections were washed with water, followed by staining
with hematoxylin and eosin for 7 min and 10 sec at room
temperature, respectively. After dehydration, the sections were
sealed for microscopy observation. For immunohistochem-
istry, frozen 6-ym sections were treated with ImmunoSaver
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(Nisshin EM Co., Ltd.) for 1 h at 80°C for antigen retrieval
and washed with HEPES buffer [20 mM HEPES (pH 7.5),
100 mM NaCl]. Blocking was performed by incubating with
0.4% Triton X-100 and 10% FBS in HEPES buffer for 60 min
at room temperature. The sections were incubated with rabbit
anti-human DYRK?2 (dilution 1:400; cat. no. HPA027230;
Sigma-Aldrich; Merck KGaA) and mouse anti-mouse DNMT1
antibody (dilution 1:300; clone H-12; cat. no. sc-271729;
Santa Cruz Biotechnology, Inc.) overnight at 4°C. Following
washing with HEPES buffer, the sections were incubated
with Cy®3-conjugated donkey anti-rabbit (dilution 1:500;
cat. no. 711-165-152; Jackson ImmunoResearch Laboratories,
Inc.) and Cy®5-conjugated donkey anti-mouse IgG (dilu-
tion 1:500; cat. no. 715-175-151; Jackson ImmunoResearch
Laboratories, Inc.) for 2 h at 4°C. The sections were washed and
mounted with VECTASHIELD® Mounting Medium (Vector
Laboratories, Inc.) with 4,6'-diamidino-2-phenylindole dihy-
drochloride (DAPI). Immunofluorescence was observed under
a BZ-X800 fluorescence microscope (x20 magnification; n=8
fields per sample; Keyence Corporation).

Statistical analysis. The data are presented as the
mean =+ standard deviation. SPSS 25.0 statistical software
(IBM Corp) was used for statistical analyses. One-way
ANOVA with a Tukey's multiple comparisons test and
two-tailed Student's t-test were used to identify the differ-
ence between two groups in the results of the luciferase
reporter gene assay, RT-qPCR, and the MTS assay. Paired
Student's t-test was used to compare tumor and adjacent
normal tissues; unpaired Student's t-test was used for cell
group analysis. Associations between DYRK?2 expression
levels and clinicopathological parameters were analyzed
using the Pearson's %* test. P<0.05 was considered to indicate
a statistically significant difference.

Results

DYRK? expression is decreased in human CRC tissues. To
investigate the roles of DYRK2 in tumorigenesis, DYRK2
expression was evaluated in several matched pairs of tumor
and adjacent non-cancerous tissues from patients who under-
went surgery for CRC. Western blotting analysis revealed
that DYRK?2 expression was downregulated in CRC tissues
compared with that in adjacent non-cancerous tissues (Fig. 1A).

RT-qPCR was performed using cancer tissue and adja-
cent non-cancerous tissue samples from 80 patients with
CRC. The DYRK?2 mRNA level was significantly lower in
cancer tissues compared with that in adjacent non-cancerous
tissues (Fig. 1B). These results suggested a negative associa-
tion between DYRK?2 expression and tumor development or
progression in CRC. In addition, clinicopathological analysis
was performed with 80 CRC samples (Table SI). Tumors
were staged according to the 8th edition of the American
Joint Committee on Cancer staging system (28). The clinical
characteristics of CRC included 14 stage I (17.5%), 25 stage 11
(31.2%), 32 stage III (40%) and 9 stage IV (11.3%) cases of
CRC, and 35 of the 80 patients with CRC (43.7%) exhibited
high DYRK?2 expression (>0.5 of the mRNA level of adjacent
normal tissue) and 45 patients (56.3%) exhibited low DYRK?2
expression.
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The samples were divided into two groups based on
DYRK?2 expression levels, and the clinicopathological charac-
teristics of the patients in the high- (>0.5 of the mRNA level
of adjacent normal tissue) and low- (<0.5 of the mRNA level
of adjacent normal tissue) expression groups were analyzed
by the y>-test (Table I). A strong association was observed
between DYRK2 expression and the clinicopathological
features of patients with CRC, including age (P=0.003) and
tumor location (P=0.030) (Table I). By contrast, no associa-
tions were observed between DYRK2 mRNA expression and
sex, clinical stage, Tumor-Node-Metastasis classification or
pathological differentiation (Table I) (28).

DYRK?2 promoter regions are methylated in CRC. To iden-
tify the molecular mechanism of DYRK?2 transcriptional
regulation, the basal transcriptional regulation of the DYRK?2
promoter region was analyzed from 2,000 bp upstream to
200 bp downstream of the TSS. To achieve this, a DNA frag-
ment between -2,000 and +200 bp around the TSS was cloned
into the pGL3 vector containing firefly luciferase (Fig. 2A). In
addition, various truncated promoter constructs were gener-
ated, as presented in Fig. 2B. Luciferase activity was high
in the P5, P6 and P7 fragments in HCT116 cells. However,
further truncation (P1-P4) significantly reduced the reporter
activity compared with that observed with P5 (Fig. 2B). These
findings suggested that one of the promoters for DYRK2 was
located in the region between at least-150 and -50.

A ChIP assay was performed using an RNA polymerase I1
antibody to examine whether the -150/+1 region exhibited
promoter functions. The results demonstrated that RNA poly-
merase II was bound to the region (Fig. 2C), further suggesting
that the -150/+1 region was one of the promoter regions for the
DYRK?2 gene.

Bioinformatics analysis was next performed using the
DYRK2 promoter region in HCT116 cells. A large proportion
of cytosine and guanine was detected in the -150/+1 region
(Fig. 2D). These results indicated that the DYRK2 promoter
region contained a CpG island enriched in the CpG repeats
(Fig. 2D). This result suggested that DNA methylation may
occur within the DYRK?2 promoter.

DNA methyltransferase inhibitor induces DYRK?2 expression
and suppresses proliferation in CRC cell lines. To determine
whether DNA methylation was involved in the DYRK?2
expression, the effects of DNA methyltransferase inhibitors
on DYRK2 mRNA expression were investigated. RT-qPCR
analysis revealed that treatment with Aza upregulated the tran-
scription of DYRK?2 in a dose-dependent manner (Fig. 3A).
Similar results for the effect of Aza treatment were obtained
in five CRC cell lines HCT116, DLD-1, LS180, SW480
and SW620. DYRK2 mRNA expression was significantly
increased following treatment with 5 uM Aza in all cell lines
(Fig. 3B). In addition, when the HCT116 cells were treated with
10 uM Aza for 48 h, the DYRK?2 protein level was upregulated
(Fig. 3C). The DYRK?2 promoter area of the HCT116 cells
treated with 10 M Aza exhibited a lower level of methylation
compared with that in cells treated with the vehicle (Fig. 3D).

To assess whether cell proliferation was associated
with DYRK?2 expression in the CRC cell lines, HCT116
cells were transfected with DYRK?2 siRNA or control
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Table I. Clinicopathological features of 80 patients with colorectal cancer with high or low expression of DYRK?2.

DYRK2 mRNA level
Characteristic Low, n (%) High, n (%) v* P-value
Sex
Male 28 (35.0) 22 (27.5) 0.954
Female 17 (21.2) 13 (16.2)
Age, years
<70 16 (20.0) 24 (30.0) 0.003*
=70 29 (36.2) 11 (13.7)
Location
Colon 29 (36.2) 14 (17.5) 0.030°
Rectum 16 (20.0) 21 (26.2)
Clinical stage
I 10 (12.5) 4(5.0) 0.240
1I 12 (27.5) 13 (21.2)
III 16 (20.0) 16 (20.0)
v 7 (8.7) 2(2.5)
T classification
T1+T2 11 (13.7) 8 (10.0) 0.869
T3+T4 34 (42.5) 27 (33.7)
N classification
NO 23 (28.7) 18 (22.5) 0.978
N1+N2 22 (27.5) 17 (21.2)
M classification
MO 38 (47.5) 33 (41.2) 0.167
Ml 7 (8.7 2(2.5)
Pathological differentiation
Tubl,2 41 (51.2) 34 (42.5) 0.486
por 1(1.2) 1(1.2)
pap 1(1.2) 0(0.0)
muc 2(2.5) 0(0.0)

“P<0.05. DYRK?2, dual specificity tyrosine-phosphorylation-regulated kinase 2; T, tumor; N, node; M, metastasis; tub, tubular adenocarcinoma;
por, poorly differentiated adenocarcinoma; muc, mucinous adenocarcinoma; pap, papillary adenocarcinoma.
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Figure 1. Diminished expression of DYRK?2 in colorectal cancer tissues. (A) Western blotting analysis of DYRK?2 protein expression in colorectal tumor and
ANT (n=4). (B) DYRK2 mRNA expression compared with GAPDH in colorectal tumor and ANT using quantitative PCR analysis. n=80. "P<0.05. T, tumor;
ANT, adjacent non-cancerous tissue; DYRK?2, dual specificity tyrosine-phosphorylation-regulated kinase 2.
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Figure 2. The DYRK2 promoter region is located between 150 bp upstream and 1 bp downstream around the TSS in HCT116 cells. (A) Schematic diagram
of the full-length DNA fragment that contains the DYRK?2 promoter region. (B) Schematic diagram of various recombinant luciferase reporter constructs
(P1-P7, left panel) and relative luciferase reporter activity levels in HCT116 cells (right panel). Data represent results from two independent assays, each
performed in triplicate. Reporter activity values are expressed as the mean + SD. "P<0.01. (C) To determine whether the region from 150 bp upstream to the
TSS is a candidate promoter area of DYRK?2, HCT116 cells were stimulated with anti-RNA polymerase II, and a chromatin immunoprecipitation assay with
primers of the potential DYRK?2 promoter area was performed. Total input DNA and anti-IgG precipitates served as positive and negative controls, respec-
tively. (D) The upper panel represents the DNA sequence of the DYRK?2 promoter area. The alignment contained a large number of CpGs. The lower panel
demonstrates the DYRK2 promoter area in which the CpG islands are highlighted in gray as predicted by MethPrimer software. DYRK2, dual specificity
tyrosine-phosphorylation-regulated kinase 2; TSS, transcription start site; Luc, luciferase.

siRNA (Fig. 3E). The proliferation rates of these cells
were analyzed using an MTS assay. Cell proliferation was
increased in DYRK2-knockdown HCT116 cells compared
with that in cells transfected with a scrambled control
(Fig. 3F). By contrast, DYRK?2 overexpression suppressed

cell proliferation in HCT116 cells (Fig. 3G). To investi-
gate the involvement of DYRK?2 promoter methylation
in cell proliferation, DYRK?2 cells were transfected with
siRNA targeting DYRK?2 and treated with 5 yM Aza.
DYRK2-knockdown cells exhibited significantly increased
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Figure 3. Aza treatment induces the upregulation of DYRK?2 expression and results in suppression of cell proliferation. (A) Effects of Aza treatment
(1, 5, 10, and 20 uM) after 1 day on the expression of DYRK2 mRNA in HCT116 cells were determined by quantitative PCR. n=3. (B) The expression of
DYRK?2 mRNA following 5 yuM Aza treatment in DLD-1, LS180, SW480 and SW620 cells was analyzed by quantitative PCR. n=3. (C) Western blotting
demonstrated the alteration of DYRK?2 expression 2 days after Aza treatment. (D) Effects of 10 uM Aza treatment after 2 days on the methylation status of the
DYRK?2 promoter area in the HCT116 cells. n=3. (E) HCT116 cells were transfected with two independent DY RK2-specific siRNAs (#1 and #2) or a scrambled
siRNA. The lysates were analyzed by immunoblotting with anti-DYRK?2 or anti-GAPDH antibodies. (F and G) Association between DYRK?2 expression and
cell proliferation in HCT116 cells. Cell proliferation in (F) transiently DYRK2-depleted or (G) DYRK2-overexpressing cells was measured using an MTS
assay. The lysates were analyzed by immunoblotting with anti-DYRK?2 or anti-GAPDH antibodies. n=3. (H) Cell proliferation was determined in transiently
DYRK?2-depleted cells compared with the control cells with Aza treatment to confirm the effects of methylation on the DYRK2 promoter area. n=3. Data
are presented as the mean + SD. "P<0.05, “P<0.01. Aza, 5-Azacytidine; DYRK?2, dual specificity tyrosine-phosphorylation-regulated kinase 2; siRNA, small
interfering RNA; +DYRK?2, DYRK?2 overexpression vector.

in cell proliferation compared with the control HCT116 cells  that the proliferation of HCT116 cells was suppressed by
following Aza treatment (Fig. 3H). These results suggested decreased DYRK2 expression with Aza treatment.
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immunoblotting with anti-DNMT1 or anti-GAPDH antibodies. (B) mRNA and (C) protein levels of DYRK2 were assessed in two types of transiently
DNMT1-depleted HCT116 cells. GAPDH was used as an internal control. n=3. "P<0.05, “P<0.01. DYRK2, dual specificity tyrosine-phosphorylation-regulated

kinase 2; DNMT1, DNA methyltransferase 1.

Regulation of DYRK?2 expression by DNMTI. Aza can
lead to DNA hypomethylation by irreversible binding and
degradation of DNMT1 (29). The expression of DNMTlwas
evaluated following treatment with Aza in HCT116 cells to
examine the involvement of Aza in DNMT activity. Western
blotting results indicated a significant reduction in DNMT1
protein expression by Aza in HCT116 cells (Fig. 4A). Next, the
present study determined whether DNMT1 was involved in
the regulation of DYRK?2 expression at the mRNA and protein
levels. Knockdown of DNMT]1 by siRNA in HCT116 cells
upregulated DYRK?2 expression at the mRNA and protein
levels (Fig. 4B and C). These results suggested that DYRK?2
expression was upregulated by treatment with Aza via the
inhibition of DNMTI.

Association between DYRK2 or DNMTI expression and
DYRK?2 promoter area methylation status in CRC. An
inflammation-associated CRC murine model was used to
examine whether the downregulation of DYRK?2 expression
in CRC tissue was reproduced in the CRC model. Therefore,
an AOM/DSS model, which is widely applicable to the inflam-
mation-associated colon cancer model in rodents (30-34),
was generated. DYRK?2 or DNMT1 expression and DYRK?2
promoter area methylation status were examined in the
AOM/DSS inflammation-associated murine model of CRC.
The experimental protocol of AOM/DSS administration is
presented in Fig. 5A.

Macroscopic analysis revealed multiple tumors in the
colon and rectum, which were frequently observed in the distal
colon (Fig. 5B). HE staining demonstrated that the mice had
developed colorectal tumors with complicated glandular
structures, hyperchromatic nuclei and a loss of nuclear

polarity; therefore, these tumors were classified as carcinomas
(Fig. 5C). Immunofluorescence analysis of DYRK?2 and
DNMT]1 in colorectal mouse tumors was further performed to
investigate the involvement of DYRK?2 expression in DNMT].
DYRK?2 expression levels were downregulated in the tumor
tissue compared with adjacent non-cancerous tissue (Fig. 5C).
Of note, focal nuclear staining of DNMT1 was observed in
the tumor tissue, whereas an overall cell distribution pattern
of DNMT1 was exhibited in the adjacent tissue (Fig. 5C).
RT-qPCR of tumor and adjacent non-cancerous tissue was
performed to determine the mRNA expression level of
DYRK2; consistent with the human samples, DYRK2 mRNA
expression was lower in CRC tissue compared with adjacent
tissues in the murine model (Fig. 5D).

The degree of methylation at the DYRK2 promoter
region was determined in human CRC. A total of 20 pairs of
matched CRC and adjacent non-cancerous colorectal tissues,
which expressed low levels of DYRK2 mRNA, were analyzed
by quantitative PCR amplification using DNA methylation
enrichment methods. The results of the methylation analysis
suggested that the degree of methylation at the DYRK2
promoter area was increased in the CRC tissues compared
with that in the adjacent non-cancerous tissues (Fig. SE).
These results suggested that DYRK?2 expression in CRC was
suppressed by DYRK?2 promoter region methylation and was
involved in the nuclear localization of DNMT].

Discussion
The results of the present study demonstrated the molecular

mechanism of DYRK?2 gene regulation in CRC. These results
suggested that the promoter regions of the DYRK?2 gene were
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methylated in both CRC cell lines and tissues. Suppression
of methylation in the DYRK2 promoter region by Aza and
knockdown of DNMTI1 upregulated DYRK?2 expression.
Thus, the DYRK?2 gene may be a target for aberrant DNA
methylation in cancer.

DYRK?2 is a tumor suppressive factor that acts via modifi-
cations of p53, c-Myc and c-Jun (19,22). DYRK?2 knockdown
has been demonstrated to promote cell proliferation in
breast, ovarian and cervical cancer (35). The present study
demonstrated that DYRK?2 overexpression led to inhibition
of cell proliferation in a CRC cell line. In addition, DYRK?2
expression was demonstrated to be regulated at the transcrip-
tional level, as the mRNA level of DYRK?2 was significantly
decreased in CRC compared with adjacent non-cancerous
tissues.

The present study demonstrated that the promoter area
of DYRK2 contained a GC-rich genomic sequence and
is regulated by DNA methylation. Considering that key
tumor suppressor proteins, such as retinoblastoma, p16, von
Hippel-Lindau and CDHI, are frequently silenced by DNA
methylation within their gene promoters (12), the regulation
of DYRK?2 by DNA methylation may serve a key role in
tumorigenesis.

Aza is a nucleoside inhibitor that was the first hypo-
methylating agent to be approved by the US Food and
Drug Administration for the treatment of myelodysplastic
syndrome and acute myeloid leukemia (36). A previous study
has reported that Aza disrupts the interaction between DNA
and DNMTs (37), and low-dose Aza exerts antitumor effects
such as the inhibition of subpopulations of cancer stem-like
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cells (38). The results of the present study demonstrated that
Aza treatment decreased the methylation level of DYRK2
promoter area and increased DYRK2 mRNA and protein
levels. Furthermore, DYRK?2 with increased expression inhib-
ited CRC cell proliferation in vitro. These results suggested the
possibility that one of the mechanisms for cell proliferation by
Aza treatment was mediated by DNA methylation of DYRK2.

The methylation of mammalian genomic DNA by Aza
treatment is catalyzed by DNMTs (29). DNMTI1 is the
predominant enzyme responsible for the maintenance of DNA
methylation (13). In the present study, the mRNA and protein
levels of DYRK?2 were upregulated by the knockdown of
DNMTT1 in CRC cells. This result indicated the that DNMT|1
may induce the methylation of DYRK?2. Overall, the results of
the present study suggested that the transcription of DYRK2
was upregulated by treatment with Aza, which induced the
inhibition of DNMTI.

A previous study has demonstrated that DNMTT1 is local-
ized to the replication foci during the S-phase to duplicate the
DNA methylation patterns in daughter strands (39). Further
studies have reported that DNMT1 was highly expressed in
pancreatic cancer (40), glioblastoma (41), leukemia (42) and
colon cancer (43). Of note, the immunofluorescent staining in
the present study revealed that DNMT1 was upregulated and
primarily localized to the nucleus in mouse CRC tissues. DYRK?2
predominantly resided in the cytoplasm in healthy tissue, and
the expression was downregulated in the tumor compared with
adjacent non-cancerous tissue. These alterations were observed
at 10 weeks after AOM/DSS treatment. Therefore, the mecha-
nism of alteration in DNMT localization may be involved in the
regulation of DYRK?2 expression as well as tumorigenesis and
proliferation in CRC. The present study also demonstrated the
hypermethylation of the DYRK?2 promoter area in human CRC
compared with adjacent non-cancerous tissues.

Clinicopathological analysis, including 80 CRC patients,
indicated that low mRNA levels of DYRK?2 were significantly
associated with the tumor location in the colon and patients
age =70 years. The prognostic prediction of tumor site in CRC
remains controversial, and a previous study have indicated
that patients with advanced stage rectal cancer exhibited a
longer overall survival by 3-4-months compared with those
with colon cancer (44). Therefore, the results of the present
study suggested that DYRK2 may be a candidate biomarker
for prognostic prediction in patients with CRC. However, no
significant association was observed between DYRK2 mRNA
expression and clinical stage. This may be due to the small
number of samples (80 patients). Thus, the sample size will be
increased in our further studies.

There were some limitations in the current study. First, the
exact position of methylation in the DYRK2 promoter region
could not be identified. The results demonstrated that the
DYRK?2 promoter region contained several CpGs, which was
determined using a program for PCR primer design. However,
the methylation site could not be identified using bisulfite
pyrosequencing analysis due to the complex sequence of the
DYRK?2 promoter region containing a large proportion of CpG
repeat genomic sequences. Therefore, it is necessary to use an
alternative approach to identify the methylation position in the
DYRK?2 promoter. Another limitation is that Aza treatment
results in non-specific overall DNA demethylation, which

KUMAMOTO et al: DYRK2 IS REGULATED BY DNMT1 IN HUMAN COLORECTAL CANCER

may affect multiple regulatory pathways (29). Therefore, it
is necessary to confirm changes in cell proliferation using
DYRK2-specific methylation inhibitor in the future.

In conclusion, the results of the present study suggested a
regulatory mechanism for cancer cell proliferation by methyla-
tion of the DYRK?2 promoter area associated with the effects
of DNMT]I. Identifying new drugs that specifically target
DYRK?2 and restore DYRK?2 expression may be a potential
therapeutic strategy for the treatment of CRC.
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