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A B S T R A C T

Liver cancer is highly aggressive and globally exhibits a poor prognosis. Therefore, the identification of novel
molecules that can become targets for future therapies is urgently required. We have reported that dual-speci-
ficity tyrosine-regulated kinase 2 (DYRK2) functions as a tumor suppressor by regulating cell survival, differ-
entiation, proliferation and apoptosis. However, the research into its clinical application as a molecular target
has remained to be explored. Here we showed that DYRK2 knockdown enhanced tumor growth of liver cancer
cells. Conversely and more importantly, adenovirus-mediated overexpression of DYRK2 resulted in inhibition of
cell proliferation and tumor growth, and induction of apoptosis both in vitro and in vivo. Furthermore, we found
that liver cancer patients with low DYRK2 expression had a significantly shorter overall survival. Given the
findings that DYRK2 regulates proliferation and apoptosis of cancer cells, DYRK2 expression could be a pro-
mising predictive marker of the prognosis in liver cancer. Stabilized or forced expression of DYRK2 may become
thus a potential target for novel gene therapy against liver cancer.

1. Introduction

Liver cancer is the second frequent tumor worldwide and is asso-
ciated with a poor prognosis [1]. The pathogenesis of liver cancer is
frequently linked to genomic alterations influenced by chronic viral
infection, alcohol consumption, toxin ingestion and metabolic stress
[2–4]. For the treatment of liver cancer, surgical resection, radio-
frequency ablation (RFA) and liver transplantation for patients with
early-stage, and transcatheter arterial chemoembolization (TACE) for
those with intermediate-stage are currently available and have shown
some efficacy. However, patients with vascular invasion and distant
metastasis have a poor prognosis. Recently, tyrosine kinase inhibitors,
including sorafenib, lenvatinib and regorafenib, have been developed
and approved for clinical use against advanced cancer patients, but
their effects are limited [5–9]. It is therefore urgently required to de-
velop new therapeutic option against liver cancer.

Dual-specificity tyrosine-regulated kinase 2 (DYRK2) is a protein

kinase that phosphorylates its substrates at serine and threonine re-
sidues. Initially, DYRK2 was found to phosphorylate p53 at Ser46 to
regulate apoptotic cell death in response to DNA damage [10]. DYRK2
is ubiquitinated by E3 ligases such as MDM2 and SIAH2, for its con-
stitutive degradation and impaired DYRK2-mediated phosphorylation
of p53 at Ser46 [11,12]. In response to genotoxic stress, DYRK2 is
phosphorylated at Thr33 and Ser369 by ataxia-telangiectasia mutated
(ATM) to be stabilized by inhibiting MDM2-mediated degradation,
which induces the kinase activity toward p53 at Ser46 in the nucleus
[12]. Knockdown of DYRK2 increases cell proliferation and tumor
progression in vivo through the escape of c-Jun and c-Myc from ubi-
quitination-mediated degradation in breast cancer cells [13]. In addi-
tion, we have previously showed that DYRK2 plays an important role in
epithelial-mesenchymal transition (EMT) by degrading Snail and sta-
bilizing E-cadherin in breast cancer cells [14]; DYRK2 also regulates
chemosensitivity through snail degradation in ovarian serous adeno-
carcinoma [15]. It has also been reported that the expression of DYRK2
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protein is controlled by ubiquitination-mediated proteasomal de-
gradation and is downregulated in various human cancer tissues [16].
Recent genome-wide association studies have also shown that the so-
matic mutation of DYRK2 correlates with breast cancer risk [17]. These
findings collectively support the idea that DYRK2 functions in tumor
suppression against liver cancer. However, the mechanisms underlying
the effects of DYRK2 on the in vivo proliferative capacity, cell cycle
distribution, apoptosis, and tumorigenicity in liver cancer are largely
unclear. The present study aimed to explore the mechanisms underlying
the effects of DYRK2 in liver cancer.

2. Materials and methods

2.1. Cell culture

The human liver cancer cell lines HuH1, HLE, HLF, PLC/PRF5 and
SK-Hep1 were obtained from the JCRB Cell Bank or the ATCC. HuH7
was obtained from the RIKEN. Cells were cultured in Dulbecco's mod-
ified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (Nacalai Tesque). All cell lines were main-
tained at 37 °C in a 5% CO2 incubator.

2.2. Plasmid transfection and virus transduction

The near-infrared fluorescent protein 720 (iRFP720) sequence was
amplified from piRFP720-N1 (Addgene) using the primer sequences
listed in Supplementary Table S3 as described previously [18]. The
amplified product was inserted into a FG12 lentiviral vector [19] and
the modified plasmid was transfected into 293T cells using poly-
ethyleneimine (PEI)-MAX (Polysciences Inc). The virus-containing su-
pernatant was applied to HuH1 cells with 10 μg/ml polybrene (Sigma-
Aldrich). A stable HuH1 cell line expressing iRFP720, named iRFP720-
HuH1, was established by sorting positive cells with a MoFlo XDP cell
sorter. To generate two different stable short hairpin RNA (shRNA)-
DYRK2 cell lines, shRNAs against non-specific effects, luciferase (shLuc)
or DYRK2 (Supplementary Table S4) were cloned into a pSUPER-puro-
vector and subsequences were inserted into a FG12 lentiviral vector.
The plasmid was introduced into 293T cells, as described above, and
the supernatant was applied to HuH1and PLC/PRF5 cells with 10 μg/ml
polybrene. The resulting stable cell lines were designated as iRFP720-
HuH1/shDYRK2 #1 and #5, and PLC/PRF5shDYRK2 #1 and #5.

2.3. Adenovirus vector and cell transfection

Since it was impossible to produce adenovirus directly expressing
DYRK2 from the EF1α promoter by uncertain reason, adenovirus vec-
tors (Adv) expressing Flag-DYRK2 were designed to depend upon Cre
expression. Flag-DYRK2 and Flag-DYRK2KR as described previously
[13,14] were inserted into the SwaI site of pAxEFLNLwi2, which was
the cosmid cassette for pAxEFNCre-dependent expression Adv con-
struction [20]. pAxEFLNLfDYRK2it2 and pAxEFLNLfDYRK2KRit2 had
neomycin-resistant genes flanked by two loxPs in front of these ex-
pression units as stuffers. Ad-DYRK2 and Ad-DYRK2KR were generated
as described previously [21]. Ax1w1, which bears no insert, was used as
a control (hereafter “Ad-1w1”) [22]. The Ad-Cre-carrying Cre expres-
sion unit under control of the EF1alpha promoter was previously de-
scribed [23]. Advs were titrated via the previously reported method
[24].

2.4. Quantitative real-time polymerase chain reaction (PCR) analyses

Total RNA was isolated using TRIsure (Nippon Genetics). cDNA was
synthesized from total RNA using RevatraAce reverse transcriptase
(Toyobo) and oligonucleotides or random primers. Quantitative real-
time PCR was performed using the primer sequences listed in
Supplementary Table S3 and PicoReal96 (Thermo Fisher Scientific).

2.5. Immunoblotting

Immunoblot analyses were carried out as previously described
[14,15] using antibodies against DYRK2 (Sigma-Aldrich), c-Myc, cyclin
D1, cyclin D2 and p53 (Santa Cruz Biotechnology), phospho-p53-Ser46
(Bio Academia) or tubulin (Sigma-Aldrich). The dilution method is all
1:1000.

2.6. Cell growth assay

A CCK-8 cell growth assay was performed in triplicate using the Cell
Counting Kit-8 assay (Dojindo Laboratory) according to the manu-
facturers’ instructions. In a colony formation assay, cells were plated
into 6-well culture plates and cultured for 8 days to allow colony for-
mation, as described previously [25].

2.7. Cell cycle analyses

Cells were harvested at the suitable time and fixed in 70% ethanol
overnight at −20 °C, after which they were incubated with 100 μg/ml
RNase and propidium iodide (40 μg/mL PI; Sigma-Aldrich) in FACS
buffer for 30min at 37 °C. The data were acquired from a MACS Quant
flow cytometer (Miltenyi Biotec) and analyzed using the FlowJo soft-
ware program (FlowJo LLC Ashland).

2.8. Apoptosis assay

Cells were washed with chilled PBS, resuspended in 100 μL of
Binding Buffer, and incubated with Annexin V-FITC (BD Transduction
Laboratories) and 7-AAD (eBioscience) for 15min at 4 °C in the dark,
according to the manufacturer's instructions. The cells were analyzed
using a MACS Quant flow cytometer.

2.9. Animal studies and in vivo imaging

Our animal experiment protocol was approved by the Institutional
Animal Care and Use Committee of Jikei University (No. 2015-069,
2017-038), and the studies were performed in accordance with the
Guidelines for the Proper Conduct of Animal Experiments of the Science
Council of Japan. For subcutaneous space injections, 6-week-old male
nude mice (BALB/cA Jcl-nu/nu; CLEA) were injected with 3×106 cells
of each of the cell lines stably expressing shRNA or luciferase. Four
weeks after implantation, the tumor was monitored using the IVIS
Lumina in vivo imaging system (Perkin Elmer). Tumor volumes were
calculated according to the following formula: V (mm3)= 0.5× (larger
diameter× smaller diameter2).

2.10. Mouse xenografts and in vivo treatment with adenovirus

Mice were subcutaneously injected on one side with iRFP720-HuH1
cells (2× 106 cells per mouse). Two weeks after injection, mice with
too big or too small tumors were excluded, and the rest of the mice were
randomly divided into three equal groups: Ad-DYRK2, Ad-DYRK2KR
and empty viruses as control. In each group, the mice received multisite
intratumor injections of the corresponding recombinant virus at
1× 109 plaque-forming units (pfu)/mouse through single injections.
The tumor growth was evaluated based on the tumor size. Tumor
samples were immunostained with hematoxylin and eosin (H&E), anti-
ki67, anti-caspase-3 or terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL).

2.11. Immunostaining

For immunostaining, excised xenografts were fixed with 4% paraf-
ormaldehyde and frozen. Frozen sections (7 μm thick) were stained
using rabbit IgG against human Ki67 (dilution 1:250; Abcam) and
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cleaved Caspase-3 (dilution 1:300, Cell Signaling Technology) over-
night at 4 °C. For TUNEL staining, frozen sections were reacted using an
in situ Apoptosis Detection Kit (Takara). The sections were observed
under a BZ-9000 fluorescence microscope (Keyence). The number of
stained cells was determined by counting the cells in five places with a
field of view for 400 times.

2.12. Patient data

Sixty-seven primary liver cancer samples from surgically-treated
patients obtained from the Jikei University Hospital between 2009 and
2012 were analyzed. The Jikei University School of Medicine Ethics
Review Committee approved the study protocol (No.29-038). Informed
consent has been obtained via disclosing information, along with spe-
cification that coded or anonymous leftover material is used for re-
search and patients have been offered the option to opt out.
Immunostaining samples were histologically diagnosed with liver
cancer by H&E staining. All samples were treated under the guidelines
and used for immunohistochemical (IHC) staining reactions with anti-
body to DYRK2 (1:200; Sigma). For the DYRK2 expression, the cyto-
plasmic staining intensity was scored semiquantitatively using an
overall intensity score with four categories: IHC score 0, negative
staining; 1, weak staining; 2, moderate staining; and 3, strong staining
(Supplementary Fig. S5). According to above classification, the samples
were then divided into two groups: a high-expression group (including
the moderate and strong categories) and a low-expression group (in-
cluding the negative and weak categories).

2.13. Statistical analyses

Data are presented as the mean ± standard deviation (SD). Group
comparisons were performed using the parametric Student's t-test.
Differences with p < 0.05 were considered significant. The overall
survival time was censored at the time of the last follow-up or death.
The calculation of the overall survival was initiated on the date of
surgery. Statistical analyses were performed using the Stata software
program, release 14 (Stata Corp. LP). The relationship between the
clinicopathological factors and staining findings were analyzed by the
Chi-squared test or Fisher's exact test. Furthermore, to analyze the pa-
tients' survival among different DYRK2 profiles, we divided the patients
into two groups and investigated the clinical stage. The survival was
analyzed using the Kaplan–Meier method and evaluated by the log–-
rank test. P-values< 0.05 were considered statistically significant.

3. Results

3.1. Downregulation of DYRK2 enhances proliferation and cell cycle in liver
cancer cells

Liver cancer cell lines can be classified as epithelial- and mesench-
ymal-types, in which the latter is much more aggressive with poorly
differentiated phenotype than the former [26]. We have shown that
DYRK2 regulates Snail degradation in a kinase-dependent manner and
that the decreased expression of DYRK2 in breast cancer promotes in-
vasion and distant metastasis via EMT [14]. There is accumulating
evidence that the DYRK2 expression is inversely correlated with cancer
malignancy and the prognosis [14,16,27,28].

We evaluated the expression levels of DYRK2 in epithelial (HuH1,
HuH7, Hep3B, PLC/PRF5) and mesenchymal liver cancer cells (SK-
Hep1, HLE, HLF). DYRK2 expression in epithelial cancer cells was
markedly higher than that in mesenchymal cancer cells (Fig. 1A),
suggesting that DYRK2 expression is low in liver cancer cells with
highly aggressive potentials. To evaluate the association between the
DYRK2 expression and the proliferation, we stably knocked down
DYRK2 in HuH1 and PLC/PRF5 cells (shRNA-DYRK2 cells) (Fig. 1B,
Supplementary Fig. S1A). We have previously reported that c-Myc was

suppressed by DYRK2 in a kinase activity-dependent manner in breast
cancer cells, indicating its role for suppressing proliferation and G1-S
phase transition in the cell cycle [13]. Similarly, knockdown of DYRK2
led to the accumulation of c-Myc, Cyclin D1 and Cyclin D2 in HuH1 and
PLC/PRF5 (Fig. 1B, Supplementary Fig. S1A). In concert with this
finding, the proliferation was increased in cells with DYRK2 knockdown
compared to those with control shRNA (Fig. 1C and D, Supplementary
Fig. S1B). Cell cycle analyses using the flow cytometry showed that
DYRK2 knockdown cells reduced the G1 population and increased the
S-phase cell fractions compared with control cells (Fig. 1E,
Supplementary Fig. S1C). These results indicate that knockdown of
DYRK2 accelerates cell proliferation in liver cancer cells.

3.2. Downregulation of DYRK2 enhances tumor growth in vivo

To investigate the role of DYRK2 in tumor growth of liver cancer
cells in vivo, we explored the effects of DYRK2 knockdown in a liver
cancer xenograft model. HuH1 and PLC/PRF5 cells transduced with
shLuc or shDYRK2 were inoculated into the subcutaneous space of male
nude mice. At 4 weeks after inoculation, tumors derived from DYRK2-
knockdown liver cancer cells were significantly larger than those from
control cells (Fig. 2A–C, Supplementary Figs. S2A and B). The tumor
weights were remarkably higher than those with control cells (Fig. 2D,
Supplementary Fig. S2C). These results suggest that down-regulating
DYRK2 expression enhanced tumor growth of liver cancer cells in vivo.

3.3. Infection of Ad-DYRK2 in liver cancer cells inhibits growth and induces
apoptosis in vitro

The expression of DYRK2 in normal human hepatocytes was
markedly higher than that in liver cancer cell lines (Supplementary Fig.
S3A). This finding led us to have an idea that overexpression of DYRK2
in cancer cells could exert an anti-tumor effect. Therefore, we decided
to conduct an experiment by the overexpression of DYRK2 using ade-
novirus (Ad-DYRK2). HuH1 cells were infected with Ad-DYRK2 or Ad-
empty vector (Adv) as a control at MOIs of 50, 100, and 200. The cell
proliferation ability of Ad-DYRK2 was markedly decreased in a dose-
dependent manner compared with control cells (Supplementary Figs.
S3B–D), and 100 MOI was determined as the optimal dose without the
cell toxicity.

To evaluate the effect of DYRK2 on cell proliferation and apoptosis
in liver cancer, we generated HuH1 cells or PLC/PRF5 cells that tran-
siently expressed DYRK2 (Ad-DYRK2), kinase-dead DYRK2 mutant
(K178R) of Ad-DYRK2 (Ad-DYRK2-KR) or Adv control [13,14]. As ex-
pected, overexpression of DYRK2 reduced the levels of c-Myc, Cyclin D1
and Cyclin D2 (Fig. 3A). Next, the cell proliferation in Adv, Ad-DYRK2
or Ad-DYRK2-KR transduced cells was evaluated by CCK-8 assay. A
significant inhibition of tumor growth in Ad-DYRK2 cells but not Ad-
DYRK2-KR cells was observed (Fig. 3B). Comparable result was ob-
tained with the colony formation assay (Supplementary Fig. S3E). We
further investigated the effect of augmented DYRK2 on the cell cycle
progression. Overexpression of DYRK2 was associated with increase of
the G1 population and decrease of the S-phase and G2 populations
compared with control or Ad-DYRK2-KR cells (Fig. 3C). These findings
collectively indicate that overexpression of DYRK2 inhibits cell pro-
liferation and cell cycle progression in a kinase activity-dependent
manner.

We previously demonstrated that DYRK2 induces p53AIP1 expres-
sion and apoptosis in a p53-Ser46 phosphorylation-dependent manner
[10]. Indeed, overexpression of DYRK2 induced Ser46 phosphorylation
in liver cancer cells (Fig. 3D). To confirm the involvement of forced-
expression of DYRK2 on apoptosis, we assessed the apoptotic rate using
a flow cytometric analysis. The number of Anexin-V+/7-AAD+, An-
exin-V+/7-ADD- cells was increased in Ad-DYRK2 cells but not Ad-
DYRK2-KR cells (Fig. 3E). These data indicate that overexpression of
DYRK2 elicits early to end stage apoptosis in a kinase-dependent
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manner.

3.4. Anti-tumor effect induced by Ad-DYRK2 in a xenograft model

To extend these findings in vivo, we examined the oncolytic poten-
tial of Ad-DYRK2 in HuH1 cells using xenograft tumors. HuH1 cells
were transplanted subcutaneously into nude mice, which were divided
into 3 groups when tumor volumes reached approximately 150mm3.
Adv, Ad-DYRK2 or Ad-DYRK2-KR cells (1× 109 pfu) were then in-
oculated into the tumor. A whole-body imaging was performed by in
vivo imaging system (IVIS) before and after injection of adenovirus
(Fig. 4A), and the tumor size was monitored at the same time (Fig. 4B
and C). At 3 weeks after injection, the tumor formation derived from
Ad-DYRK2 cells was significantly smaller than that in the Adv or Ad-
DYRK2-KR groups (Fig. 4B–D). Consistently, the tumor weights derived
from Ad-DYRK2 cells were lower than those in other groups (Fig. 4D).
These findings indicate that the infection of Ad-DYRK2 exerts anti-
tumor effect in vivo. Immunohistochemical analyses showed that de-
creased expression of ki67 and increased expression of caspase-3 and
TUNEL were observed in Ad-DYRK2 xenograft compared with the Adv
or Ad-DYRK2-KR groups (Fig. 4E), supporting the conclusion that Ad-
DYRK2 inhibited tumor growth and induced apoptosis in a kinase ac-
tivity-dependent manner.

3.5. Expression of DYRK2 as a predictor of the outcome in liver cancer

We examined the DYRK2 expression in human liver cancer speci-
mens and whether the levels were associated with over survival. Sixty-
seven hepatocellular carcinoma (HCC) patients who underwent liver
resection were enrolled in this study. We investigated the expression of
DYRK2 in the tumor tissues and non-tumor tissues by im-
munohistochemical analyses. The expression of DYRK2 was down-
regulated in the tumor tissues compared with the non-tumor tissues
(Fig. 5A, Supplementary Table 5). In order to assess the correlations
between DYRK2 expression and clinicopathologic parameters, the Chi-
squared test was performed using our follow-up database
(Supplementary Table 1). According to the classification as described in
material and methods, the 67 patient tissues were divided into two
groups with tumor regions and non-tumor regions. For non-tumor re-
gions, there were 58 (86.6%) with high DYRK2 expression and 9
(13.4%) with low DYRK2 (p < 0.001). This finding demonstrated that
DYRK2 expression is significantly high in non-tumor regions. By sharp
contrast, for tumor regions, there were 28 (41.8%) with high DYRK2
expression and 39 (58.2%) with low DYRK2, suggesting that DYRK2
expression is substantially low in tumor-regions compared with that in
non-tumor regions. More importantly, comparison of DYRK2 expression
between tumor regions and non-tumor regions in each patient tissue
(n= 67) demonstrated that DYRK2 expression in tumor regions was

Fig. 1. Stable knockdown of DYRK2 enhanced
cell proliferation activity in HuH1 human liver
cancer cells. (A) Representative quantitative RT-
PCR showed that the DYRK2 mRNA expression
in epithelial cell lines (HuH1, HuH7, Hep3B,
PLC/PRF5) was higher than that in mesench-
ymal cell lines (SK-Hep1, HLE, HLF)
(*p < 0.01). (B) HuH1 cells were stably in-
fected with lentivirus encoding shDYRK2#1,
shDYRK2#5 or shLuc as control. The expression
of DYRK2, c-Myc, Cyclin D1 and Cyclin D2 was
analyzed by Western blotting. (C) Association
between DYRK2 expression and cell prolifera-
tion of liver cancer. Cell growth was measured
by the CCK-8 assay. Data are presented as the
mean ± SD (n = 3; *p < 0.05). (D) Cell
growth was measured by the colony formation
assay. (E) Cells were stained with propidium
iodide, and the cell cycle was analyzed using
flow cytometry (*p < 0.01).
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significantly lower than that in non-tumor regions (Supplementary
Table 5). Liver cirrhosis was independently identified as a factor asso-
ciated with DYRK2 expression (p=0.024). In the multivariate analysis,
DYRK2 expression was also retained as a significant and independent
variable associated with overall survival. (p=0.01; Supplementary
Table 2). Indeed, a significant shorter survival was observed in HCC
patients with low DYRK2 expression (p=0.0049; Fig. 5B). These re-
sults support our hypothesis that the expression of DYRK2 could be a
predictor of the outcome among patients with liver cancer.

4. Discussion

In this study, we showed that DYRK2 suppresses proliferation and
promotes apoptosis in liver cancer cells. We have previously reported
that DYRK2 silencing increased the cell proliferation in several human
cancer cells (breast, ovarian and colorectal cancer) with impeding by
code privation of c-Myc or c-Jun, and that DYRK2 induced p53AIP1
expression and apoptosis in a Ser46 phosphorylation-dependent
manner [10,13]. However, the precise functional roles of DYRK2 in

Fig. 2. DYRK2 knockdown increased cell growth in vivo. (A) IVIS luminescence images of the tumor in mice at four weeks after inoculation with iRFP720-labeled
HuH1 cells. The color scale range is from 1×108 to 2× 109 p/s/cm2/sr. (B) Representative pictures of tumors taken four weeks after inoculation. (C) Tumor growth
curves are plotted for shDYRK2 #5 and shLuc cells. Data are presented as the mean ± SD (shLuc n = 5, shDYRK2 n= 5; *P < 0.05). (D) The weight of the tumor at
four weeks is shown. Data are presented as the mean ± SD (n = 5; *P < 0.05). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. Overexpression of DYRK2 inhibited cell proliferation activity in HuH1 liver cancer cells. (A) HuH1 cells were infected with adenovirus encoding DYRK2 (Ad-
DYRK2), kinase-dead mutant (K178R) of DYRK2 (Ad-DYRK2-KR) or empty vector (Adv) as control. The expression of DYRK2, c-Myc, Cyclin D1, and cyclin D2 was
analyzed by Western blotting. (B) Association between the DYRK2 expression and cell proliferation of liver cancer. Cell growth was measured by the CCK-8 assay.
Data are presented as the mean ± SD (n = 3; *p < 0.01). (C) Cells were stained with propidium iodide, and the cell cycle was analyzed using flow cytometry
(*p < 0.05, **p < 0.01). (D) The expression of phospho-p53 (Ser46) and p53 was analyzed by Western blotting. (E) The ratio of apoptotic HuH1 cells expressing
Ad-DYRK2, Ad-DYRK2-KR or Adv was analyzed by Annexin V-FITC/PI double staining. Data are presented as the mean ± SD from three independent experiments
(*p < 0.05).
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Fig. 4. Ad-DYRK2 inhibited growth and induced apoptosis in HuH1 xenograft tumors. (A) Timeline of the procedure for animal studies. Cells were injected into the
subcutaneous space of male nude mice. After two weeks, mice were received multisite intratumor injections with adenovirus encoding DYRK2, DYRK2-KR or empty
vector. Tumors were imaged by computed tomography, and near-infrared fluorescent protein (iRFP)-positive cells were examined by an in vivo imaging system
(n = 5/group). (B) Representative pictures of tumors taken 21 days after adenovirus inoculation. (C) Tumor growth curves were plotted, and xenograft tumor
volumes of the recombinant virus groups were compared to the control group. Data are presented as the mean ± SD (Adv n = 5, Ad-DYRK2 n = 5, Ad-DYRK2 -KR
n = 5; *p < 0.001). (D) The weight of tumors at 21 days is shown. Data are presented as the mean ± SD (n = 5; *p < 0.05). (E) Enucleated tumors were subjected
to staining with H&E, anti-Ki67, anti-caspase 3 or TUNEL. Scale bar: 50 μm (n = 3 mice per group; *p < 0.05, **p < 0.01).
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liver cancer remain obscure. Hence, the present study highlighted the
effects of DYRK2 on tumor growth and apoptosis in liver cancer cells.
We found that low levels of DYRK2 correlated with cell proliferation,
and that DYRK2 over-expressing cells resulted in inhibition of viability,
increased the induction of apoptosis, and reduced tumor growth. These
findings led us to conduct in vivo experiments of tumor formation by
forced expression of DYRK2 in anticipation of exploring the potential as
one of future therapeutic options.

Adenovirus vectors are widely used in human gene therapy for their
efficient and high rate of gene transfer into cells [29–34]. Adenoviruses
do not integrate their genes into the genome of the host cells, making
these vectors safe and suitable for gene therapy [35]. Of note, we have
constructed adenoviruses using the EF1a promoter according to the
article by Nakai et al. demonstrating that this promoter induce little if
any inflammation or toxicity in the liver [36]. Accumulating evidence

has shown that DYRK2 exerts experimental anti-tumor effects on sev-
eral types of tumors [14,16,27,28]. However, there is no report re-
garding approaches of therapeutic DYRK2-gene transfer. In the current
study, we have demonstrated for the first time that adenovirus-medi-
ated overexpression of DYRK2 exerts an anti-tumor effect in the liver
cancer xenograft model. In this context, previous reports have described
that tumor enlargement even when adenovirus was administered mul-
tiple times with a single gene into the xenograft, and the inhibition of
tumor growth was only observed in combination with other genes
[35,37]. With respect to anti-tumor effects, Ad-DYRK2 showed mark-
edly decreased tumor growth in nude mice with xenograft tumors
without the combined administration of anti-cancer drugs. Importantly,
a single administration of Ad-DYRK2 exhibited dramatic anti-tumor
effects without multiple dosing. These results provide evidence that the
gene transfer of DYRK2 exerts a promising anti-tumor effect and may be

Fig. 5. An immunohistochemical (IHC) analysis of the DYRK2 expression in liver cancer predicted the clinical outcome. (A) An immunohistochemical analysis of the
DYRK2 expression in liver cancer and adjacent non-cancerous tissues. (upper) Scale bar: 100 μm; (lower) scale bar: 50 μm. (B) Kaplan–Meier estimates of the overall
survival are presented. The groups with high and low expression of DYRK2 were compared. The P values were calculated using the log-rank test.
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useful as a therapeutic option against liver cancer. Our group and
others previously demonstrated that reduced expression of DYRK2 in-
duced chemo-resistance [15,27], suggesting that the combination of
Ad-DYRK2 with chemo-drug may induce synergizing effects. We are
now planning to conduct experiments in other cancers to assess po-
tential anti-tumor effects by the DRYK2-gene transfer.

Accumulating studies have demonstrated that DYRK2 is down-
regulated in various cancer tissues such as breast, lung, colon, prostate,
and that low DYRK2 expression is clearly associated with a poor
prognosis [14,16,27,28]. The present study confirmed that the levels of
DYRK2 correlated with the prognosis in liver cancer patients. Our
findings suggest that DYRK2 could be a predictive surrogate indicator
of aggressiveness and poor survival in patients with liver cancer.

In conclusion, our findings provide the first evidence that the ade-
novirus-mediated overexpression of DYRK2 inhibits liver cancer pro-
gression. The expression of DYRK2 could be a useful predictive marker
for the prognosis. The stabilized or forced expression of DYRK2 may
become a potential target for novel gene therapy against liver cancer.
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Forced expression of DYRK2 exerts anti-tumor effects via apoptotic 

induction in liver cancer cells 

 

Supplementary Figure 1. Stable knockdown of DYRK2 in PLC/PRF5 cells increased 

proliferation in vitro. (A) PLC/PRF5 cells were transfected with shDYRK2#1, shDYRK2#5 

or shLuc as control. The expression of DYRK2, c-Myc, Cyclin D1, and Cyclin D2 was 

analyzed by Western blotting. (B) Cell growth was measured by a CCK-8 assay. Data are 

presented as the mean ± SD (n = 3; *p<0.01). (C) Cells were stained with propidium iodide, 

and the cell cycle was analyzed using flow cytometry (*p<0.05, **p<0.01). 

 

Supplementary Figure 2. DYRK2 knockdown increased cell growth in vivo in PLC/PRF5 

cells. (A) Representative pictures of tumors were taken four weeks after inoculation. (B) Tumor 

growth curves are plotted for shDYRK2 #5 and shLuc cells. Data are presented as the mean ± 

SD (n = 5; *p<0.01). (C) The weight of the tumor at four weeks is shown. Data are expressed 

as the mean ± SD (n = 5; *p<0.01). 

 

Supplementary Figure 3. The adenovirus-mediated overexpression of DYRK2 in HuH1 



cells.  (A) The expression of DYRK2 was higher in normal human hepatocytes than that in 

liver cancers. (B) A schematic representation of adenoviruses encoding DYRK2 (Ad-DYRK2), 

kinase-dead mutant (K178R) of DYRK2 (Ad-DYRK2-KR) or an empty vector as control 

(Adv). (C) Analysis of DYRK2 expression with different MOIs by western blotting. (D) Cell 

growth was measured by the CCK-8 assay. Data are presented as the mean ± SD (n = 3; 

*p<0.05, **p<0.01). (E) Cell growth was measured by the colony formation assay. 

 

Supplementary Figure 4. The adenovirus-mediated overexpression of DYRK2 in 

PLC/PRF5 cells. (A) PLC/PRF5 cells were infected with Ad-DYRK2, Ad-DYRK2-KR, or 

Adv. The expression of DYRK2 was analyzed by Western blotting. (B) Cell growth was 

measured by a CCK-8 assay. Data are presented as the mean ± SD (n = 3; *p<0.01). (C) Cells 

were stained with propidium iodide, and the cell cycle was analyzed using flow cytometry 

(*p<0.05, **p<0.01). 

 

Supplementary Figure 5. The expression levels of DYRK2 in liver cancer tissues. (A) 

Representative example of DYRK2 immunohistochemistry in liver tumors. Negative (IHC 

score 0); weak (IHC score 1); moderate (IHC score 2); strong (IHC score 3). Cytoplasmic 



staining of DYRK2 was divided into two groups: a low-expression group (including negative 

and weak categories, score 0 or 1), and a high-expression group (including moderate and strong 

categories, score 2 or 3). Scale bars represent 50 μm.  
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Supplementary Table 1. The correlation between DYRK2 and the pathological 

characteristics of liver cancer.  

 

  

 
All 

(n=67) 

DYRK2-High 

HCC 

 (n=28) 

DYRK2-Low 

HCC 

 (n=39) 

p-value 

Mean age (years) 

£64 

>64 

 

30 

37 

 

12 

16 

 

18 

21 

 

0.79 

 

Gender 

Male 

Female 

 

55 

12 

 

23 

5 

 

32 

7 

0.99 

 

Tumor size (cm) 

£5 

>5 

 

51 

16 

 

21 

7 

 

30 

9 

0.86 

 

Liver cirrhosis  

Absent  

Present  

 

37 

30 

 

20 

8 

 

17 

22 

0.024 

 

Tumor number 

 1 

 ≥2 

 

52 

15 

 

22 

6 

 

30 

9 

0.87 

 

Vascular invasion  

 Absent  

 Present  

 

51 

16 

 

22 

6 

 

29 

10 

0.69 

 

Tumor 

differentiation 

Well- 

Moderately/Poorly 

 

17 

50 

 

6 

22 

 

11 

28 

0.53 

 

TNM stage 

I, II 

 III, IV 

 

45 

22 

 

20 

8 

 

25 

14 

0.53 

 

 



 

 

Supplementary Table 2. Factors associated with the overall survival in a multivariable 

analysis. 

 

 Hazard ratio 95% CI p-value 

Mean age (years) 

£64 

>64 

 

2.74 

 

1.07- 6.96 

 

0.035 

Gender 

Male 

Female 

0.21 0.02 -1.78 0.15 

Tumor size (cm) 

£5 

>5 

2.42 

 

1.02-5.73 0.045 

Liver cirrhosis  

Absent  

Present  

0.65 

 

0.25-1.66 0.37 

Tumor number 

 1 

 ≥2 

1.81 

 

0.60-5.44 0.29 

Vascular invasion  

 Absent  

 Present  

2.17 

 

0.61-7.80 0.23 

Tumor 

differentiation 

Well- 

Moderately/Poorly 

0.58 0.21-1.60 0.29 

TNM stage 

I, II 

 III, IV 

1.92 0.50-7.34 0.34 

DYRK2    

High 

Low 

0.24 0.08-0.71 0.01 



 

 

Supplementary Table 3. Primer sequences. 

 

Primer for subcloning 

piRFP720-N1 Forward 

Reverse 

GGGGGATCCGCCACCATGGCGGAAGGATCCGTCGC 

GGGGAATTCTCACTCTTCCTACACGCCGAT 

 

Primers for quantitative real-time polymerase chain reaction 

DYRK2 Forward 

Reverse 

TCAAGGCTGAGAACGGGAAG 

ATGGTGGTGAAGACGCCAGT 

GAPDH Forward 

Reverse 

GGGGAGAAAACGTCAGTGAA 

TCTGCGCCAAATTAGTCCTC 



 

 

Supplementary Table 4. Sequences of shRNA. 

 

shRNA 

DYRK2#1 

5’-GATCCCCTCACGTGGCTTACAGGTATTTCAAGAGAATACCT

GTAAGCCACGTGATTTTTA-3’ 

shRNA 

DYRK2#5 

5’-GATCCCCACTCACAGCCTTCGAACACTTCAAGAGAGTGTTC

GAAGGCTGTGAGTTTTTTGGAAA-3’ 

 



 

 

Supplementary Table 5. Comparison of DYRK2 expression between tumor regions 

and non-tumor regions in each patient tissue (n = 67). 

 

  

 DYRK2 

 High Low p-value Equal 

Tumor regions 

compared to 

non-tumor regions 

 

4 

 

52 

 

<0.001 

 

12 
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