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Abstract

Dual-specificity tyrosine-phosphorylation-regulated kinase 2 (DYRK2) is a member of dual-
specificity kinase family, which could phosphorylate both Ser/Thr and Tyr substrates. The
role of DYRK2 in human cancer remains controversial. For example, overexpression of
DYRK2 predicts a better survival in human non-small cell lung cancer. In contrast, amplifica-
tion of DYRK2 gene occurs in esophageal/lung adenocarcinoma, implying the role of
DYRK2 as a potential oncogene. However, its clinical role in colorectal cancer (CRC) has
not been explored. In this study, we analyzed the expression of DYRK2 from Oncomine
database and found that DYRK2 level is lower in primary or metastatic CRC compared to
adjacent normal colon tissue or non-metastatic CRC, respectively, in 6 colorectal carcinoma
data sets. The correlation between DYRK2 expression and clinical outcome in 181 CRC
patients was also investigated by real-time PCR and IHC. DYRK2 expression was signifi-
cantly down-regulated in colorectal cancer tissues compared with adjacent non-tumorous
tissues. Functional studies confirmed that DYRK2 inhibited cell invasion and migration in
both HCT116 and SW480 cells and functioned as a tumor suppressor in CRC cells. Further-
more, the lower DYRK2 levels were correlated with tumor sites (P = 0.023), advanced clini-
cal stages (P = 0.006) and shorter survival in the advanced clinical stages. Univariate and
multivariate analyses indicated that DYRK2 expression was an independent prognostic
factor (P < 0.001). Taking all, we concluded that DYRK2 a novel prognostic biomarker of
human colorectal cancer.
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Introduction

Dual-specificity tyrosine-phosphorylation-regulated kinase, including dual-specificity yak-
related kinases (DYRKSs) represent a large family of dual-specificity kinase, which can phos-
phorylate both Ser/Thr and Tyr substrates. To date, at least seven DYRK family members have
been identified (DYRKIA, DYRKIB, DYRKIC, DYRK2, DYRK3, DYRK4A and DYRK4B) [1].
The DYRKSs are evolutionarily conserved in their kinase domain, but differ from each other

in the N- and C-terminal regions. These kinase domains have several distinct amino-acid
sequences, including a DYRK homology (DH) box immediately preceding the kinase domain,
a YXY motif in the kinase-domain-activation loop between subdomains VII and VIIL, an SSC
motif following sub domain VII, and conserved sequences HCDLKPEN and YXYIQSRFYR
(S/A) PE in subdomains VI and VIII [2].

Emerging evidences indicated that DYRKs are pleiotropic regulators of widespread cellular
functions including cell survival, cell differentiation, gene transcription and endocytosis [3].
DYRK1A/1B and DYRK3 may serve as protective kinases against apoptosis [4-6]. In specific
tissues, such as neurons, muscle and blood cells, DYRK1A/1B and DYRK3 also play a role dur-
ing cell differentiation [7-9]. Conversely, DYRK2 behaves as a proapoptotic kinase through
phosphorylation of p53 at S46 which promotes its apoptotic activity [10]. Down-regulation of
DYRK2 could also induce a G2/M arrest [11].

Abundant studies have demonstrated that DYRKSs are related to human diseases. For exam-
ple, increased expression of DYRK1A occurred in Down syndrome [12], as well as different
types of solid tumors [13]. Interestingly, the role of DYRK2 in human cancer remains contro-
versial. Yamashita et al reported that DYRK2 overexpression predicted a better survival in
human non-small cell lung cancer, implying a tumor suppressor role [14]. Likewise, higher
DYRK?2 expression in breast cancer and pulmonary adenocarcinoma may enhance survival
[15, 16]. And yet others have noted amplification and overexpression of DYRK?2 in esophageal
and lung adenocarcinoma, as well as gastric stromal tumor, suggesting that DYRK2 can behave
as a potential oncogene [17-19], although the protein levels of the gene were not examined.

In this study, we investigated the prognostic significance of DYRK2 expression of in 181
archived CRC samples. Our study offers the first piece of evidence that shows the significant
correlation between lower protein level of DYRK2 and tumor location in rectum, advanced
tumor stage and unfavorable prognosis in clinical stage IIl and IV CRC patients. This study
also confirmed that decreased expression of DYRK2 happened in rectal cancer more often than
in colon cancer.

Methods
Ethics

The use of tissues for this study has been approved by the Ethics Committee of Sun Yat-Sen
Memorial Hospital, Sun Yat-Sen University. At the time of initial diagnosis, all patients had
provided written consent in the sense that their tumor samples could be used for the investiga-
tion's purpose.

Oncomine databases

The Oncomine Platform, from web applications to translational bioinformatics services, pro-
vides solutions for individual researchers and multinational companies, with robust, peer-
reviewed analysis methods and a powerful set of analysis functions that compute gene expres-
sion signatures, clusters, and gene-set modules, automatically extracting biological insights from
the data. At present, the Oncomine has been contained by about 48 million gene expression
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Table 1. The detail information of the six Oncomine datasets.

Dataset Name

Gaedcke Colorectal
Dataset

Skrzypczak
Colorectal 2 Dataset

Kaiser Colon
Dataset

TCGA Colorectal
Dataset

Bittner Colon
Dataset

Ki Colon Dataset

Study Description

Sixty-five (65) rectal adenocarcinomas and their paired normal rectal
mucosa samples were analyzed. [20]

Forty (40) microdissected samples (5 replicates each of 8 types of
epithelial or mucosa cells from tumor or normal tissues) were analyzed.
[21]

One hundred (100) colorectal carcinoma and 5 normal colon samples
were analyzed. [22]

One hundred forty-six (146) colon adenocarcinoma, 69 rectal
adenocarcinoma, 19 paired normal colon, and 3 paired normal rectum
tissue samples were analyzed. [23]

Three-hundred seventy-three (373) colorectal carcinoma samples were
analyzed.

One hundred and three (103) matched samples from 27 colorectal
cancer patients were analyzed. [24]

doi:10.1371/journal.pone.0159954.t001

Array Types

Agilent Human Genome 44K,Measured
19,189 genes, 41,000 reporters.
Human Genome U133 Plus 2.0 Array,
Measured 19,574 genes, 54,675
reporters.

Human Genome U133 Plus 2.0 Array,
Measured 19,574 genes, 54,675
reporters.

Platform not pre-defined in Oncomine,
Measured 20,423 genes, 111,123
reporters.

Human Genome U133 Plus 2.0 Array,
Measured 19,574 genes, 54,675
reporters.

Platform not pre-defined in Oncomine,
Measured 9,256 genes, 15,783
reporters.

Experiment
Type
mRNA
mRNA
mRNA
mRNA

mRNA

mRNA

measurements 65 sets of gene expression data set for use by researchers [20]. The detail state-
ments for 6 colorectal carcinoma data sets information have been listed in the Table 1.

RNA extraction, reverse transcription and real-time PCR

Total RNAs from 16 pairs of tumor tissues and non-tumorous tissues were extracted by using
the miRNeasy Mini Kit (Qiagen #217004) according to the manufacturer’s instruction. The clini-
copathologic information of the 16 CRC samples was described in Table 2. Real-time PCR was
performed according to standard methods as described previously [25]. GAPDH was used as an
internal control. Sequences of the primers for qPCR were listed as follows, DYRK2 sense: 5’
CCTGAACAAGCAATGAAGCA; DYRK2 antisense: 5 GGTCATCATCATAGCCACCA; GAPDH
sense: 5’ AGAAGGCTGGGGCTCATTTG; GAPDH antisense: 5 GACAAGCTTCCCGTTCTCAG.

Tumor specimens and patient data

181 paraffin-embedded archived samples of CRC were used in immunohistochemistry, includ-
ing 99 samples with adjacent non-tumorous (ANT) tissues. All these samples were derived

from initial surgery without either preoperative chemotherapy or radiotherapy at Sun Yat-Sen
Memorial Hospital between 2002 and 2009. TNM staging and clinicopathologic classification
were determined according to the National Comprehensive Cancer Network (NCCN) classifi-
cation. The clinicopathologic information of the 181 CRC samples was described in Table 3.
Opverall survival (OS) was defined as the interval between the date of surgery and the date of
death or the last known follow up. Additionally, six pairs of matched tumor samples and adja-

cent non-cancerous tissues (collected immediately after surgery and stored at —80°C were used

for real-time PCR analysis.

Cell culture and RNA interference

Human colon cancer cell lines HCT116 and SW480 (purchased from ATCC) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum (HyClone), 1 mM glutamine and 100 U/ml each of penicillin and streptomycin.
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Table 2. The clinicopathologic features of the 16 CRC samples.

Number of cases (%)
Gender
Male 10 (62.5)
Female 6 (37.5)
Age (years)
<50 4 (25.0)
>50 12 (75.0)
Location
Colon 9 (56.2)
Rectal 7 (43.8)
Clinical Stage
Il 3(18.7)
1] 7(43.8)
\Y 6 (37.5)
T classification
T1 2(12.5)
T2 4 (25.0)
T3 6 (37.5)
T4 4(25.0)
N classification
NO 4 (25.0)
N1 7(43.8)
N2 5(31.2)
M classification
MO 10(62.5)
M1 6 (37.5)
Pathologic Type
Adenocarcinoma 13(81.2)
Mucinous Adenocarcinoma 3(18.8)

doi:10.1371/journal.pone.0159954.t002

The sequence of the DYRK2 siRNA has been reported [10, 27]. The sequences of oligonucleo-
tidesl, 2, 3, 4 and 5 targeting DYRK2 mRNA, are Si#1: GGUGCUAUCACAUCU AUAU; Si#2: GGA
CAGTGCTCACGACACAACCAAR; Si#3: CCACGATCACGTGGCTTACAGG TAT; Si#4: GCCA
GGTATGGCATGCCCATTGATA; Si#5: GGGTAGAAGCGGTATTAAAR, respectively. These siRNAs
were synthesized by GenePharma. Approximately 2 x 10° cells per well were seeded in a 6-well
tissue culture dish on the day before transfection. Transfection of 50 nmol siRNAs was per-
formed according to the manufacturer’s instructions by using the LipofectamineTM RNAIMAX
transfection reagent (Invitrogen).

Western blotting and antibodies

Western blotting was performed as described previously [20]. Briefly, cells were lysed in
MCLB, and clarified lysates were resolved by SDS-PAGE and transferred to PVDF membranes
for western blotting by using ECL detection reagents (Beyotime Co. Haimen, Jiangsu, China).
Antibodies against E-cadherin (#3195), N-cadherin (#13116) and Vimentin (5741) were from
Cell Signaling Technology. Antibodies against DYRK2 (SC-130743), Fibronectin (sc-9068) and
GAPDH (SC-25778) were from Santa Cruz Biotechnology.
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Table 3. Clinicopathological characteristics and DYRK2 expression of 181 patient samples of CRC.

Number of cases (%)
Gender
Male 122 (67.4)
Female 59 (32.6)
Age (years)
<50 64 (35.4)
>50 117 (64.6)
Location
Colon 82 (45.3)
Rectal 99 (54.7)
Clinical Stage
| 35(19.3)
Il 41 (22.7)
1] 48 (26.5)
\Y 57 (31.5)
T classification
T1 14(7.7)
T2 30 (16.6)
T3 86 (47.5)
T4 51(28.2)
N classification
NO 85 (47.0)
N1 55 (30.4)
N2 41 (22.7)
M classification
MO 124 (68.5)
M1 57 (31.5)
Pathologic Differentiation
Poor 38 (21.0)
Moderate 129 (71.3)
Well 14 (7.7)
Expression of DYRK2
Low expression 94 (51.9)
High expression 87 (48.1)

doi:10.1371/journal.pone.0159954.t003

Cell cycle analysis

Cells were harvested, washed with PBS, and fixed with ice-cold 70% ethanol overnight. Cells
were then washed in PBS and treated for 20 min at 37°C with RNase A (200 lg/ml), followed by
incubation with propidium iodide (25 Ig/ml), and analyzed by flow cytometry by using a
Cytomics FC 500 flow cytometer (Beckman). The data were analyzed by using Multicycle AV
for Windows (Beckman).

Wound-healing and transwell assays

Cells were trypsinized and seeded equally into 6-well plates to grow to almost full confluence in
24 hours, followed by nonserum starvation for another 24 hours. The cell monolayer was then
scratched with a sterile 100 ml pipette tip. After scratching, the cells were washed with PBS and
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then cultured with a serum-free medium. Cell migration images were captured at time points
of 0 h, 24 h and 48 h by an inverted microscope (100X).

For the transwell migration assay, 1.5x105 cells in 200 pl of serum-free DMEM were added
to the cell culture inserts with an 8-um microporous filter without extracellular matrix coating
(Becton Dickinson Labware, Bedford, MA). The DMEM medium containing 10% FBS was
added to the bottom chamber. After 36 hours of incubation, the cells in the lower surface of the
filter were fixed and stained prior to microscopic examination. The number of migrated cells
in three random optical fields (100 X) for each filter from triplicate filters was averaged. For the
invasion assay, the inserts of the chambers to which the cells were seeded were coated with
Matrigel (Becton Dickinson Labware, Bedford, MA). The number of invading cells in three
random optical fields (100X) for each filter from triplicate inserts was averaged.

Immunohistochemistry (IHC) and scoring

Immunohistochemistry was used to study the altered protein expression of DYRK2 in 181
CRC tissues. The procedure was described previously [26]. Briefly, paraffin-embedded tissue
blocks were cut at 4 pm thickness before staining. The tissue sections were then deparaffinized
at 60°C for 2 hours and rehydrated by two and three changes of xylene and ethanol, respec-
tively. Endogenous peroxidase activity was quenched by incubating with 3% hydrogen perox-
ide for 30 minutes at room temperature after deparaffinization. Then, antigen retrieval was
performed at 121°C for 10 minutes in an autoclave with citrate buffer. Nonspecific binding was
blocked by incubating sections with 10% goat serum for 30 minutes at room temperature. The
sections were then incubated with a rabbit anti-DYRK2 antibody (1:100; Santa Cruz) overnight
at 4°C. After washinged, tissue sections were incubated with biotinylated anti-rabbit secondary
antibody for 20 minutes, followed by further incubation with streptavidin-horseradish peroxi-
dase complex. Finally, the sections were developed with diaminobenzidine tetrahydrochloride
(DAB) and further counterstained with hematoxylin. The degree of the immunostaining sec-
tions was determined by two researchers. One score for the percent of positive cells was set

as < 10% =0, >10% to < 25% =1, >25% to < 50% = 2, >50% to < 75% = 3, >75% = 4.
Another score for the intensity of cytoplasm staining was set as negative = 0, weak = 1, moder-
ate = 2, or strong = 3. The two scores above were then calculated by multiplying as the final
score. Low DYRK2 expression was defined as a final score of < 4 and > 6 as a high DYRK2
expression.

Statistical analysis

All statistical analysis was carried out by using the SPSS 16.0 statistical software package (SPSS
Inc., Chicago, IL). Difference of DYRK2 expression between tumor tissues and matched ANT
tissues was analyzed by the Wilcoxon signed rank test. Correlation between DYRK2 expression
and clinical parameters was analyzed by using the Pearson’s chi-squared test. Survival curves
were plotted by the Kaplan-Meier method and compared by the log-rank test. Survival data
were evaluated by using univariate and multivariate Cox regression analyses. A two-sided P-
value of less than 0.05 was considered to be statistically significant.

Results
DYRK2 expression analysis of Oncomine database

The mRNA levels of kinase from Oncomine databases were analyzed. In CRC, DYRK?2 level
was found lower in primary or metastatic CRC compared with adjacent normal colon tissues
or non-metastatic CRC in all 6 colorectal carcinoma data sets respectively. Specifically, In 65
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pairs of normal rectum and primary rectal adenocarcinoma, the level of DYRK2 is lower in
cancer tissue compared to paired adjacent normal tissues significantly (Fig 1A). Several other
data sets also indicated the similar results (Fig 1B, 1C and 1D). Furthermore, we found that the
high grade of CRC and metastatic CRC have less expression of DYRK2 compared with low
grades and non-metastatic CRC (Fig 2).

Decreased expression of DYRK2 in colorectal cancer tissues

To investigate the role of DYRK2 in tumorigenesis, the expression of DYRK2 in both mRNA
and protein levels were evaluated in CRC samples. Decreased expression of DYRK2 mRNA
was observed in 16 CRC samples compared with matching ANT samples as observed by real-
time PCR (Fig 3). The detail clinicopathologic features listed in the Table 2. We further exam-
ined DYRK2 expression by IHC in 181 paraffin-embedded CRC samples, including 99
matched ANT tissues. DYRK2 expression was substantially down regulated in the tumor
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Fig 1. mRNA expression of DYRK2 is lower in CRC compared to the normal colon/rectum. A. Gaedcke's colorectal carcinoma data set: paired
normal colon vs paired CRC; B. Skrzypczak's colorectal carcinoma data set: Normal colon vs colorectal adenocarcinoma and colorectal carcinoma; C.

Kaiser's colorectal carcinoma data set: normal colon vs different types of CRC; D. TCGA colorectal carcinoma data set: normal colon and rectum vs
different type of CRC.

doi:10.1371/journal.pone.0159954.9001
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Fig 2. mRNA expression of DYRK2 is lower in high grade and metastatic CRC compared to low grade and non-metastatic CRC. A. Bittner's
colorectal carcinoma data set: low grade CRC vs high grade CRC; B. Bittner's colorectal carcinoma data set: non-metastatic CRC vs metastatic CRC; C.
Ki's colorectal carcinoma data set: adjacent normal colon vs primary CRC without liver metastatic CRC vs primary CRC with liver metastatic CRC and
secondary CRC metastasis at liver; D. Ki's colorectal carcinoma data set: paired primary CRC with liver metastatic CRC vs paired secondary CRC
metastasis at liver.

doi:10.1371/journal.pone.0159954.9002
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Fig 3. Decreased expression of DYRK2 mRNA in colorectal cancer tissues. Real-time PCR analysis of
DYRK2 mRNA expression in sixteen primary colon cancer tissues (T) and adjacent non-cancerous tissues
(ANT) paired from the same patient.

doi:10.1371/journal.pone.0159954.g003

o
o

tissues compared with the ANT tissues (Fig 4B, P < 0.001, Wilcoxon signed rank test), and 5
pairs of the representative slides were shown in Fig 4C, the clinicopathological characteristics
of 5 patients were shown in S1 Table.

DYRK2 inhibits the proliferation, cell migration and invasion of colorectal
cancer cells in vitro

To confirm the role of DYRK2 in CRC progression, we further analyzed the effect of DYRK2
depletion on cell cycle progression. The depletion of DYRK2 caused a significant decrease in
the G1 population, and yet an increase in the S-phase cell fractions in both HCT116 and
SW480 cells when compared with control cells (Fig 5A and 5B). DYRK2 was reported to be not
only associated with cancer cell growth but also with cancer metastasis (27, 28). Therefore, we
also examined the effect of DYRK2 depletion on CRC metastasis related markers. The western
blot assays revealed that the expression of the mesenchymal markers N-cadherin, Vimentin,
and Fibronectin, were significantly upregulated, while the epithelial marker E-cadherin was sig-
nificantly declined upon transient transfection with DYRK2 siRNA (Fig 5C). Furthermore, we
evaluated the effect of DYRK2 on CRC cells migration and invasion using wound-healing
transwell assays. As shown in Fig 5D and 5E, the cell's ability of wound healing was dramati-
cally enhanced after the depletion of endogenous DYRK2 in HCT116 and SW480 cells.
Likewise, the transwell assays showed that the abilities of migration and invasion were also dra-
matically enhanced by knocking down DYRK2 (Fig 5F and 5G). Taken together, these data
confirmed that DYRK2 inhibited cell proliferation, invasion and migration in both HCT116
and SW480 cells and functioned as a tumor suppressor in CRC cells.
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Fig 4. Decreased expression of DYRK2 in paraffin-embedded colorectal cancer tissues and advanced colorectal cancer. A,
DYRK2 protein expressed in adjacent non-cancerous tissue (ANT) and colorectal cancer tissue (T) by IHC analysis. B, Quantitative
analysis of DYRK2 expression in primary colorectal tumors and adjacent non-cancerous tissues (ANT) by IHC analysis (Wilcoxon
signed rank test, n =99, P < 0.001). C, Immuno-staining of DYRK2 in five pairs of representative colorectal tumor tissues (T) with
adjacent non-cancerous tissues (ANT). D, Representative IHC analyses of DYRK2 expression at different clinical stages, two
magnifications (100X and 200X).

doi:10.1371/journal.pone.0159954.9004

PLOS ONE | DOI:10.1371/journal.pone.0159954  August 17, 2016 10/18



@‘PLOS | ONE

Low Expression of DYRK2 in Colorectal Cancer

A Scramble Si-DYRK2 - SW480
8001 G1:51.7% G1:39.8% __ 6o B Scramble
. S: 37.4% . 6007 S: 48.3% &\o, B Si-DYRK2
o G2/M: 10.9% 5] G2/M: 11.9% P
8 6004 S 500 3 40
[S Ke)
S €
Z 400 2
© 2001 3
0 0
0 30 60 90 120 0 30 60 90 120 G1 S G2/M
DNA Content DNA Content
B
Scramble Si-DYRK2 * HCT116
607 e | Scrambl
500 G1: 57.6% 600 - G1: 46.2% R = SES\TR Kez
S:26.7% 500 ] S:34.4% 9
54001 G2/M: 15.7% 5 G2/M: 19.4% T4 S
(o]
§300- g 30
zZ = N.S.
Z200 > —
S = 15
©O100 8
30 60 90 120 0 30 60 90 120 G1 G2/M
DNA Content DNA Content
(o3 ) ' E
Si-DYRK2 SW480 Si-DYRK2 HCT116 SW480 HCT116
NC #1 #2 #3 #4 #5 NC #1 #2

E-Cadherin

Fibronectin

Vimentin

DYRK2

GAPDH

CErer) ,

Scr

Migration

Invation

Relative Number

Scr Si#1 Si#2

Il Migration
I Invasion

Scr Si#1 Si#2

Migration

Invation

Relative Number

Si#2 Scr Si#l Si#2

HCT116

(Fold)
o o o o = =
N N o oo o N

Si #1 Si #2

I Migration
Il Invasion

Scr Si#1 Si#2

Scr Si#1 Si#2

Fig 5. DYRK2 inhibits the proliferation, cell migration and invasion of colorectal cancer cells in vitro. A, B:
The effect of DYRK2 depletion on the cell cycle. Experiments were performed in triplicate. C: Western blot analysis
of E-cadherin, N-cadherin, Fibronectin and Vimentin expression in the indicated treatment of the CRC cell lines. D,
E: The cell's ability of wound gap closure was dramatically enhanced by knocking down DYRK2 both in HCT116
and SW480 cells. F, G: Migratory and invasive abilities of the indicated cell lines in vitro was measured by the
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Transwell assay as described in “Materials and methods”. Bars correspond to mean+ standard error, with a P value
calculated by using Student’s t-test. *P<0.05, **P<0.001.

doi:10.1371/journal.pone.0159954.g005

Correlation between DYRK2 expression and clinicopathologic features
of CRC

Clinical characteristics of CRC included 35 cases of clinical stage I (19.3%), 41 cases of clinical
stage IT (22.7%), 48 cases of clinical stage III (26.5%), and 57 cases of clinical stage IV (31.5%)
CRC. 87 of total 181 CRC cases (48.1%) highly expressed DYRK2; 94 cases (51.9%) had low
expression of DYRK2 (Table 3).

A strong correlation occurred between DYRK?2 expression (determined by using IHC stain-
ing), and clinicopathologic characteristics of these CRC patients, including tumor site (P = 0.023),
clinical stage (P = 0.006), Nodal (N) classification (P = 0.017), Metastasis (M) classification
(P =0.004), and mortality (P < 0.001) (Table 4). In contrast, DYRK2 expression did not correlate
with gender, age and tumor differentiations (Table 4). Representative IHC stained slides showed
the correlation of DYRK2 expression with clinical stages (Fig 4D).

Association between DYRK2 expression and patient survival

A clear positive correlation existed between DYRK2 expression and the overall survival of
patients. Lower DYRK?2 expression correlated with a shorter overall survival time (OS) (median
OS: 44.0 months) compared with higher DYRK2 expression (median OS: not reached up to
77.0 months) (Fig 6A, P < 0.001). The overall two-, three-, and five-year accumulative survival

Table 4. Correlation between DYRK2 expression and clinicopathological characteristics of CRC patients.

Characteristics DYRK2 Chi-square Test P-value
Low or none High
No. cases (%) No. cases (%)

Gender Female 32 (34.0) 27 (31.0) 0.751
Male 62 (66.0) 60 (69.0)

Age (years) <50 35 (37.2) 29 (33.3) 0.642
>50 59 (66.9) 58 (66.7)

Location colon 35 (46.9) 47 (45.6) 0.023
rectal 59 (53.1) 40 (54.4)

Clinical Stage | 12 (12.8) 23 (26.4) 0.006
I 17 (18.1) 24 (27.6)
1l 26 (27.6) 22 (25.3)
I\ 39 (41.5) 18 (20.7)

T classification T1+T2 18(19.1) 26 (29.9) 0.118
T3+T4 76 (80.9) 61 (70.1)

N classification No 36 (38.3) 49 (56.3) 0.017
Yes 58 (61.7) 38 (43.7)

M classification MO 55 (58.5) 69 (79.3) 0.004
M1 39 (41.5) 18(20.7)

Pathologic Differentiation Poor 22 (23.4) 16 (18.4) 0.365
Moderate 67 (71.3) 62 (71.3)
Well 5(5.3) 9(10.3)
Dead 56 (59.6) 21 (24.1)

doi:10.1371/journal.pone.0159954.1004
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Fig 6. Kaplan-Meier curves with univariate analyses (log-rank) for patients with low DYRK2 expression (dotted line) versus
high DYRK2 expression (bold line). A, Overall survival of patients (clinical stages I-1V) with either low or high DYRK2 expression.
B, Overall survival of patients (clinical stages I-11) with either low or high DYRK2 expression. C-D, Overall survival of patients (clinical

stages Il (C) and IV (D)) with either low or high DYRK2 expression.

doi:10.1371/journal.pone.0159954.g006

rates of patients with higher DYRK2 expression were 81.4%, 77.4%, and 75.4%, respectively.
For patients with lower DYRK2 expression, the rates were 77.4%, 65.6%, and 44.3%, respec-
tively (Fig 6A). Furthermore, a significant correlation of DYRK2 expression with the OS was
found in the advanced clinical stages (stage III and IV) (Fig 6D, P = 0.039 (stage III); P = 0.004
(stage IV)). Moreover, Cox regression revealed that DYRK2 expression was an independent
prognostic factor for CRC patients, as well as N classification, M classification and pathologic

differentiation (Table 5).

Discussion

In recent years, the incidences of CRC have rapidly increased and become the second leading
cause of cancer death in China [27]. Although the clinical treatment of CRC has made great
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Table 5. Univariate and multivariate analysis of various prognostic parameters in patients with CRC Cox-regression analysis.

Variables Univariate analysis Multivariate analysis
No. P value Hazard Ratio 95% CI P value
DYRK2
low expression 94 <0.001 0.336 0.200-0.564 <0.001
high expression 87
T classification
T1 14 <0.001 1.043 0.750-1.452 0.801
T2 30
T3 86
T4 51
N classification
NO 85 <0.001 1.609 1.174-2.204 0.003
N1 55
N2 41
M classification
MO 124 <0.001 8.276 4.600-14.888 <0.001
M1 57
Differentiation
Poor 38 0.559 0.63 0.418-0.952 0.028
Moderate 129
Well 14

doi:10.1371/journal.pone.0159954.1005

progress, the clinical outcome of advanced CRC is still poor [28]. TNM classification remains
the “gold-standard” prognostic measure of this disease [29]. Sadly, disease-free and overall sur-
vival data still vary even on the same TNM stage. Apparently, better prognostic indexes are
urgently needed to guide therapy and benefit patients.

Protein phosphorylation is a key post-translational modification. In eukaryotes, protein
kinases are pivotal enzymes regulating a broad spectrum basic cellular processes by providing a
phosphate to substrates [30]. The dual-specificity tyrosine-regulated kinases (DYRKs) belong
to the CMGC protein kinases super family and were found to be pleiotropic regulators of cellu-
lar functions [3, 31]. DYRK2 behaves as a tumor suppressor in many human cancers. It
empowers p53 to induce apoptosis in response to DNA damage via the phosphorylation of Ser
46. Silencing DYRK?2 function attenuates (adriamycin) -induced apoptosis [10]. Paradoxically,
DYRK?2 can induce cell apoptosis in a p53-independent manner [10]. Studies of Taira et.al sug-
gested that DYRK?2 regulated tumor progression in vivo an in vitro through the modulation of
¢-Jun and c-Myc. The knockdown of DYRK?2 shortened the G1 phase and accelerated cell pro-
liferation due to the escape of c-Jun and c-Myc from ubiquitination-mediated degradation
[32]. Besides, the knockdown of DYRK2 promoted Epithelial-mesenchymal transition (EMT)
and cancer invasion in human breast cancer cells [33]. In our study, we examined the effect of
DYRK?2 invasion on CRC and revealed that the same phenomena. While DYRK2 was depleted,
the invasion ability of the CRC cell line SW480 and HCT116 were upgraded (Fig 5A, 5B and
5C). Furthermore, DYRK2 on CRC cells’ migration ability of wound healing was dramatically
enhanced after the depletion of endogenous DYRK2 in HCT116 and SW480 cells (Fig 5D and
5E). Taken together, these data confirmed that DYRK?2 inhibited cell invasion and migration in
both HCT116 and SW480 cells and functioned as a tumor suppressor in CRC cells. Moreover,
patients with DYRK2-positive tumors in recurrent non-small cell lung cancer has substantially
benefited from chemotherapy as compared with those with DYRK2-negative tumors [14]. This
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is consistent with our results that showed a relative favorable survival in patients with higher
expression of DYRK?2 in clinical stage IV CRC (Fig 6D).

Our current study presented the first piece of evidence that DYRK2 was down regulated in
colon cancer at both transcriptional and translational levels. Real-time PCR by using 16 pairs
of human colorectal cancer tissues showed the down-expression of DYRK2 mRNA compared
with matching adjacent non-tumorous tissues (Fig 3, P < 0.001, paired t test). Accordingly,
IHC analysis showed down expression of DYRK2 protein in 99 CRC tissues compared with
matching adjacent non-tumorous tissues (Fig 4B, P < 0.001, Wilcoxon signed rank test).
Lower protein levels of DYRK2 significantly correlated with tumor location in rectum,
advanced tumor stage and unfavorable prognosis in clinical stage III and IV CRC patients.
Notably, the prognostic value of tumor site in CRC remains controversial. Some studies
revealed that survival of rectal cancer was worse than colon cancer [34], while others found the
opposite [35]. Leicester et al reported that CRC and normal childhood colorectal samples have
similar behavior in increased proliferation and decreased apoptosis with a significantly lower
expression of DYRK2 compared to healthy colonic mucosa from adults [36]. In our study, all
samples are from adult patients. Interestingly, our current study observed more cases of
decreased expression of DYRK2 in rectal cancer than in colon cancer (Table 4, P = 0.023).
Remarkably, multivariate analysis implied DYRK?2 as an independent prognostic factor of sur-
vival in CRC patients.

Conclusions

In conclusion, our study revealed that the dual-specificity tyrosine-phosphorylation-regulated
kinase DYRK2 behaves as a tumor suppressor in the CRC Function tests confirmed that
DYRK?2 inhibited cell proliferation, invasion and migration in both HCT116 and SW480 cells
and functioned as a tumor suppressor in CRC cells. The assessment of DYRK2 expression by
IHC at diagnosis may help guide therapeutic decisions. DYRK2 expression was highly associ-
ated with clinical stages, N classification and an M classification of CRC. Patients with reduced
DYRK?2 expression had a shorter OS, and acted as an independent prognostic factor.

Supporting Information
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(DOCX)

Acknowledgments

This study was supported by grants from the Natural Science Foundation of China
(81572484, 81420108026, 81272956 to D.Y.); Guangdong Science and Technology Depart-
ment (2014A050503026 to D.Y., 2015B050501004, S2012030006287); Guangzhou Bureau of
Science and Information Technology (201400000004-2 to D.Y.; [2013]163). Natural Science
Foundation of China (81301732 to K.S.H, 81402199 to W.J.W); Guangdong Natural Science
Foundation (Grant No. S2013040016404, to K.S.H), Sun Yat-sen University Training Project
(13ykpy25 to K.S.H). We thank the members of the laboratory for their helpful comments on
the manuscript. We appreciate professor Rui-Hua Xu from Sun-yat Sen University Cancer
Center for supplying the tumor specimens and patient data for the IHC study.

Author Contributions

Conceived and designed the experiments: DY HPK.

PLOS ONE | DOI:10.1371/journal.pone.0159954 August 17,2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159954.s001

@’PLOS ‘ ONE

Low Expression of DYRK2 in Colorectal Cancer

Performed the experiments: HYY KSH.

Analyzed the data: WJW YL.

Contributed reagents/materials/analysis tools: HT ZHC KSH.

Wrote the paper: HYY KSH WJW.

References

1.

10.

11.

12.

13.

14.

15.

16.

Tejedor F, Zhu XR, Kaltenbach E, Ackermann A, Baumann A, Canal |, et al. minibrain: a new protein
kinase family involved in postembryonic neurogenesis in Drosophila. Neuron. 1995 Feb; 14(2):287-
301. PMID: 7857639.

Becker W, Weber Y, Wetzel K, Eirmbter K, Tejedor FJ, Joost HG. Sequence characteristics, subcel-
lular localization, and substrate specificity of DYRK-related kinases, a novel family of dual specificity
protein kinases. The Journal of biological chemistry. 1998 Oct 2; 273(40):25893-902. PMID:
9748265.

Aranda S, Laguna A, de la Luna S. DYRK family of protein kinases: evolutionary relationships, bio-
chemical properties, and functional roles. FASEB journal: official publication of the Federation of Ameri-
can Societies for Experimental Biology. 2011 Feb; 25(2):449-62. PMID: 21048044.

Seifert A, Allan LA, Clarke PR. DYRK1A phosphorylates caspase 9 at an inhibitory site and is potently
inhibited in human cells by harmine. The FEBS journal. 2008 Dec; 275(24):6268—80. PMID: 19016842.
doi: 10.1111/j.1742-4658.2008.06751.x

Laguna A, Aranda S, Barallobre MJ, Barhoum R, Fernandez E, Fotaki V, et al. The protein kinase
DYRK1A regulates caspase-9-mediated apoptosis during retina development. Developmental cell.
2008 Dec; 15(6):841-53. PMID: 19081073. doi: 10.1016/j.devcel.2008.10.014

Guo X, Williams JG, Schug TT, Li X. DYRK1A and DYRK3 promote cell survival through phosphoryla-
tion and activation of SIRT1. The Journal of biological chemistry. 2010 Apr 23; 285(17):13223-32.
PMID: 20167603. Pubmed Central PMCID: 2857074. doi: 10.1074/jbc.M110.102574

Zou Y, Ewton DZ, Deng X, Mercer SE, Friedman E. Mirk/dyrk1B kinase destabilizes cyclin D1 by phos-
phorylation at threonine 288. The Journal of biological chemistry. 2004 Jun 25; 279(26):27790-8.
PMID: 15075324.

Park J,Oh Y, Yoo L, Jung MS, Song WJ, Lee SH, et al. Dyrk1A phosphorylates p53 and inhibits prolifer-
ation of embryonic neuronal cells. The Journal of biological chemistry. 2010 Oct 8; 285(41):31895-906.
PMID: 20696760. Pubmed Central PMCID: 2951261. doi: 10.1074/jbc.M110.147520

Yabut O, Domogauer J, D'Arcangelo G. Dyrk1A overexpression inhibits proliferation and induces pre-
mature neuronal differentiation of neural progenitor cells. The Journal of neuroscience: the official jour-
nal of the Society for Neuroscience. 2010 Mar 17; 30(11):4004—14. PMID: 20237271. Pubmed Central
PMCID: 3842457.

Taira N, Nihira K, Yamaguchi T, Miki Y, Yoshida K. DYRK2 is targeted to the nucleus and controls p53
via Ser46 phosphorylation in the apoptotic response to DNA damage. Molecular cell. 2007 Mar 9; 25
(5):725-38. PMID: 17349958.

Sitz JH, Tigges M, Baumgartel K, Khaspekov LG, Lutz B. Dyrk1A potentiates steroid hormone-induced
transcription via the chromatin remodeling factor Arip4. Molecular and cellular biology. 2004 Jul; 24
(13):5821-34. PMID: 15199138. Pubmed Central PMCID: 480880.

Park J, Song WJ, Chung KC. Function and regulation of Dyrk1A: towards understanding Down syn-
drome. Cellular and molecular life sciences: CMLS. 2009 Oct; 66(20):3235-40. PMID: 19685005. doi:
10.1007/s00018-009-0123-2

Friedman E. Mirk/Dyrk1B in cancer. Journal of cellular biochemistry. 2007 Oct 1; 102(2):274—9. PMID:
17583556.

Yamashita S, Chujo M, Moroga T, Anami K, Tokuishi K, Miyawaki M, et al. DYRK2 expression may be
a predictive marker for chemotherapy in non-small cell lung cancer. Anticancer research. 2009 Jul; 29
(7):2753—-7. PMID: 19596956.

Yamashita S, Chujo M, Tokuishi K, Anami K, Miyawaki M, Yamamoto S, et al. Expression of dual-specific-
ity tyrosine-(Y)-phosphorylation-regulated kinase 2 (DYRK2) can be a favorable prognostic marker in pul-
monary adenocarcinoma. The Journal of thoracic and cardiovascular surgery. 2009 Dec; 138(6):1303-8.

PMID: 19818968. doi: 10.1016/j.jtcvs.2009.08.003

Miller CT, Moy JR, Lin L, Schipper M, Normolle D, Brenner DE, et al. Gene amplification in esoph-
ageal adenocarcinomas and Barrett's with high-grade dysplasia. Clinical cancer research: an official

PLOS ONE | DOI:10.1371/journal.pone.0159954 August 17,2016 16/18


http://www.ncbi.nlm.nih.gov/pubmed/7857639
http://www.ncbi.nlm.nih.gov/pubmed/9748265
http://www.ncbi.nlm.nih.gov/pubmed/21048044
http://www.ncbi.nlm.nih.gov/pubmed/19016842
http://dx.doi.org/10.1111/j.1742-4658.2008.06751.x
http://www.ncbi.nlm.nih.gov/pubmed/19081073
http://dx.doi.org/10.1016/j.devcel.2008.10.014
http://www.ncbi.nlm.nih.gov/pubmed/20167603
http://dx.doi.org/10.1074/jbc.M110.102574
http://www.ncbi.nlm.nih.gov/pubmed/15075324
http://www.ncbi.nlm.nih.gov/pubmed/20696760
http://dx.doi.org/10.1074/jbc.M110.147520
http://www.ncbi.nlm.nih.gov/pubmed/20237271
http://www.ncbi.nlm.nih.gov/pubmed/17349958
http://www.ncbi.nlm.nih.gov/pubmed/15199138
http://www.ncbi.nlm.nih.gov/pubmed/19685005
http://dx.doi.org/10.1007/s00018-009-0123-2
http://www.ncbi.nlm.nih.gov/pubmed/17583556
http://www.ncbi.nlm.nih.gov/pubmed/19596956
http://www.ncbi.nlm.nih.gov/pubmed/19818968
http://dx.doi.org/10.1016/j.jtcvs.2009.08.003

@’PLOS ‘ ONE

Low Expression of DYRK2 in Colorectal Cancer

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

journal of the American Association for Cancer Research. 2003 Oct 15; 9(13):4819-25. PMID:
14581353.

Miller CT, Aggarwal S, Lin TK, Dagenais SL, Contreras JI, Orringer MB, et al. Amplification and overex-
pression of the dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 2 (DYRK2) gene in
esophageal and lung adenocarcinomas. Cancer research. 2003 Jul 15; 63(14):4136—43. PMID:
12874018.

Koon N, Schneider-Stock R, Sarlomo-Rikala M, Lasota J, Smolkin M, Petroni G, et al. Molecular targets
for tumour progression in gastrointestinal stromal tumours. Gut. 2004 Feb; 53(2):235—40. PMID:
14724156. Pubmed Central PMCID: 1774925.

D'Eredita G, Serio G, Neri V, Polizzi RA, Barberio G, Losacco T. A survival regression analysis of prog-
nostic factors in colorectal cancer. The Australian and New Zealand journal of surgery. 1996 Jul; 66
(7):445-51. PMID: 8678873.

Gaedcke J, Grade M, Jung K, Camps J, Jo P, Emons G, et al. Mutated KRAS results in overexpression
of DUSP4, a MAP-kinase phosphatase, and SMYD3, a histone methyltransferase, in rectal carcino-
mas. Genes, chromosomes & cancer. 2010 Nov; 49(11):1024—-34. PMID: 20725992. Pubmed Central
PMCID: 3535184.

Skrzypczak M, Goryca K, Rubel T, Paziewska A, Mikula M, Jarosz D, et al. Modeling oncogenic signal-
ing in colon tumors by multidirectional analyses of microarray data directed for maximization of analyti-
cal reliability. PloS one. 2010; 5(10). PMID: 20957034. Pubmed Central PMCID: 2948500.

Kaiser S, Park YK, Franklin JL, Halberg RB, Yu M, Jessen WJ, et al. Transcriptional recapitulation and
subversion of embryonic colon development by mouse colon tumor models and human colon cancer.
Genome biology. 2007; 8(7):R131. PMID: 17615082. Pubmed Central PMCID: 2323222.

Cancer Genome Atlas N. Comprehensive molecular characterization of human colon and rectal cancer.
Nature. 2012 Jul 19; 487(7407):330—7. PMID: 22810696. Pubmed Central PMCID: 3401966. doi: 10.
1038/nature11252

Ki DH, Jeung HC, Park CH, Kang SH, Lee GY, Lee WS, et al. Whole genome analysis for liver metasta-
sis gene signatures in colorectal cancer. International journal of cancer. 2007 Nov 1; 121(9):2005-12.
PMID: 17640062.

Zeng ZL, Wu WJ, Yang J, Tang ZJ, Chen DL, Qiu MZ, et al. Prognostic relevance of melanoma antigen
D1 expression in colorectal carcinoma. Journal of translational medicine. 2012; 10:181. PMID:
22935435. Pubmed Central PMCID: 3494540. doi: 10.1186/1479-5876-10-181

Teng KY, Qiu MZ, Li ZH, Luo HY, Zeng ZL, Luo RZ, et al. DNA polymerase eta protein expression pre-
dicts treatment response and survival of metastatic gastric adenocarcinoma patients treated with oxali-
platin-based chemotherapy. Journal of translational medicine. 2010; 8:126. PMID: 21110884. Pubmed
Central PMCID: 3003639. doi: 10.1186/1479-5876-8-126

Kekelidze M, D'Errico L, Pansini M, Tyndall A, Hohmann J. Colorectal cancer: current imaging methods
and future perspectives for the diagnosis, staging and therapeutic response evaluation. World journal
of gastroenterology. 2013 Dec 14; 19(46):8502—14. PMID: 24379567. Pubmed Central PMCID:
3870495. doi: 10.3748/wjg.v19.i46.8502

Pino MS, Chung DC. The chromosomal instability pathway in colon cancer. Gastroenterology. 2010
Jun; 138(6):2059-72. PMID: 20420946. Pubmed Central PMCID: 4243705. doi: 10.1053/j.gastro.2009.
12.065

Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase complement of the
human genome. Science. 2002 Dec 6; 298(5600):1912—-34. PMID: 12471243.

Hanks SK, Hunter T. Protein kinases 6. The eukaryotic protein kinase superfamily: kinase (catalytic)
domain structure and classification. FASEB journal: official publication of the Federation of American
Societies for Experimental Biology. 1995 May; 9(8):576—-96. PMID: 7768349.

Pelengaris S, Khan M, Evan G. c-MYC: more than just a matter of life and death. Nature reviews Can-
cer. 2002 Oct; 2(10):764-76. PMID: 12360279.

Taira N, Mimoto R, Kurata M, Yamaguchi T, Kitagawa M, Miki Y, et al. DYRK2 priming phosphorylation
of c-Jun and c-Myc modulates cell cycle progression in human cancer cells. The Journal of clinical
investigation. 2012 Mar; 122(3):859-72. PMID: 22307329. Pubmed Central PMCID: 3287383. doi: 10.
1172/JC160818

Mimoto R, Taira N, Takahashi H, Yamaguchi T, Okabe M, Uchida K, et al. DYRK2 controls the epithe-
lial-mesenchymal transition in breast cancer by degrading Snail. Cancer letters. 2013 Oct 10; 339
(2):214-25. PMID: 23791882. doi: 10.1016/j.canlet.2013.06.005

Siegel R, Ward E, Brawley O, Jemal A. Cancer statistics, 2011: the impact of eliminating socioeco-
nomic and racial disparities on premature cancer deaths. CA: a cancer journal for clinicians. 2011 Jul-
Aug; 61(4):212-36. PMID: 21685461.

PLOS ONE | DOI:10.1371/journal.pone.0159954 August 17,2016 17/18


http://www.ncbi.nlm.nih.gov/pubmed/14581353
http://www.ncbi.nlm.nih.gov/pubmed/12874018
http://www.ncbi.nlm.nih.gov/pubmed/14724156
http://www.ncbi.nlm.nih.gov/pubmed/8678873
http://www.ncbi.nlm.nih.gov/pubmed/20725992
http://www.ncbi.nlm.nih.gov/pubmed/20957034
http://www.ncbi.nlm.nih.gov/pubmed/17615082
http://www.ncbi.nlm.nih.gov/pubmed/22810696
http://dx.doi.org/10.1038/nature11252
http://dx.doi.org/10.1038/nature11252
http://www.ncbi.nlm.nih.gov/pubmed/17640062
http://www.ncbi.nlm.nih.gov/pubmed/22935435
http://dx.doi.org/10.1186/1479-5876-10-181
http://www.ncbi.nlm.nih.gov/pubmed/21110884
http://dx.doi.org/10.1186/1479-5876-8-126
http://www.ncbi.nlm.nih.gov/pubmed/24379567
http://dx.doi.org/10.3748/wjg.v19.i46.8502
http://www.ncbi.nlm.nih.gov/pubmed/20420946
http://dx.doi.org/10.1053/j.gastro.2009.12.065
http://dx.doi.org/10.1053/j.gastro.2009.12.065
http://www.ncbi.nlm.nih.gov/pubmed/12471243
http://www.ncbi.nlm.nih.gov/pubmed/7768349
http://www.ncbi.nlm.nih.gov/pubmed/12360279
http://www.ncbi.nlm.nih.gov/pubmed/22307329
http://dx.doi.org/10.1172/JCI60818
http://dx.doi.org/10.1172/JCI60818
http://www.ncbi.nlm.nih.gov/pubmed/23791882
http://dx.doi.org/10.1016/j.canlet.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21685461

el e
@ ' PLOS ‘ ONE Low Expression of DYRK2 in Colorectal Cancer

35. Lagautriere F, Valvano L, Chaazl M, Benchimol D, Bernard JL, Bourgeon A, et al. [Prognostic factors in
colorectal adenocarcinoma]. Annali italiani di chirurgia. 1998 Jul-Aug; 69(4):491-6; discussion 6-7.
PMID: 9835125. Fattori prognostici dell'adenocarcinoma colorettale.

36. LeiszterK, Galamb O, Sipos F, Krenacs T, Veres G, Wichmann B, et al. Sporadic colorectal cancer
development shows rejuvenescence regarding epithelial proliferation and apoptosis. PloS one. 2013; 8
(10):e74140. PMID: 24098334. Pubmed Central PMCID: 3789736. doi: 10.1371/journal.pone.0074140

PLOS ONE | DOI:10.1371/journal.pone.0159954 August 17,2016 18/18


http://www.ncbi.nlm.nih.gov/pubmed/9835125
http://www.ncbi.nlm.nih.gov/pubmed/24098334
http://dx.doi.org/10.1371/journal.pone.0074140

