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Highlights Impact and Implications

e Some HCC models of mice decreased the expres-
sion of Dyrk2 mRNA and protein.

e Dyrk2 gene transfer suppressed hepatocarcino-
genesis in vivo.

¢ DYRK2 overexpression induced degradation of Myc
and Hras.

e DYRK2 and MYC in HCC clinical specimens deter-
mine the prognosis for patient survival.

¢ This study showed that DYRK2 gene transfer may be
a future novel therapeutic strategy for HCC.
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Hepatocellular carcinoma (HCC) is one of the most common
cancers, with a poor prognosis. Hence, identifying molecules
that can become promising targets for therapies is essential
to improve mortality. No studies have clarified the associa-
tion between DYRK2 and carcinogenesis, although DYRK?2 is
involved in tumour growth in various cancer cells. This is the
first study to show that Dyrk2 expression decreases during
hepatocarcinogenesis and that Dyrk2 gene transfer is an
attractive approach with tumour suppressive activity against
HCC by suppressing Myc-mediated de-differentiation and
metabolic reprogramming that favours proliferative and
malignant potential via Myc and Hras degradation.
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Background & Aims: Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide, and has a poor
prognosis. However, the molecular mechanisms underlying hepatocarcinogenesis and progression remain unknown. In vitro
gain- and loss-of-function analyses in cell lines and xenografts revealed that dual-specificity tyrosine-regulated kinase 2
(DYRK2) influences tumour growth in HCC.

Methods: To investigate the role of Dyrk2 during hepatocarcinogenesis, we developed liver-specific Dyrk2 conditional
knockout mice and an in vivo gene delivery system with a hydrodynamic tail vein injection and the Sleeping Beauty trans-
poson. The antitumour effects of Dyrk2 gene transfer were investigated in a murine autologous carcinogenesis model.
Results: Dyrk2 expression was reduced in tumours, and that its downregulation was induced before hepatocarcinogenesis.
Dyrk2 gene transfer significantly suppressed carcinogenesis. It also suppresses Myc-induced de-differentiation and metabolic
reprogramming, which favours proliferative, and malignant potential by altering gene profiles. Dyrk2 overexpression caused
Myc and Hras degradation at the protein level rather than at the mRNA level, and this degradation mechanism was regulated
by the proteasome. Immunohistochemical analyses revealed a negative correlation between DYRK2 expression and MYC and
longer survival in patients with HCC with high-DYRK2 and low-MYC expressions.

Conclusions: Dyrk2 protects the liver from carcinogenesis by promoting Myc and Hras degradation. Our findings would pave
the way for a novel therapeutic approach using DYRK2 gene transfer.

Impact and Implications: Hepatocellular carcinoma (HCC) is one of the most common cancers, with a poor prognosis. Hence,
identifying molecules that can become promising targets for therapies is essential to improve mortality. No studies have
clarified the association between DYRK2 and carcinogenesis, although DYRK2 is involved in tumour growth in various cancer
cells. This is the first study to show that Dyrk2 expression decreases during hepatocarcinogenesis and that Dyrk2 gene
transfer is an attractive approach with tumour suppressive activity against HCC by suppressing Myc-mediated de-differen-
tiation and metabolic reprogramming that favours proliferative and malignant potential via Myc and Hras degradation.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction radiofrequency ablation, and liver transplantation have been

The liver is known as a ‘silent organ’, and some patients with
diseases such as hepatocellular carcinoma (HCC), have no sub-
jective symptoms. The main causes of HCC include genomic
alterations, toxin ingestion and metabolic stress caused by
hepatitis B and C virus, non-alcoholic steatohepatitis (NASH),
alcohol abuse, and aflatoxin B1 exposure.' Surgical resection,
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performed as curative therapies for early-stage HCC. However,
these treatments are not recommended for advanced-stage
HCC with multiple nodules, major vascular invasion, and/or
lymph node and distant metastases. The underlying liver of HCC
is frequently cirrhotic, which often recurs early after treatment
and causes multicentric carcinogenesis, which makes the
treatment difficult.>®> Multi-kinase inhibitors, vascular endo-
thelial growth factor (VEGF) inhibitors, and anti-programmed
death-ligand 1 (anti-PD-L1) antibodies have been recently
approved for clinical use in unresectable intermediated- and
advanced-stage HCC, but their efficacy has been limited.”™
Furthermore, many of these treatments are not indicated for
patients with HCC having decompensated cirrhosis and low
hepatic functional reserve.?> Thus, liver cancer, including HCC,
remains the fourth leading cause of cancer-related mortality
worldwide in 2020, with a poor prognosis.> Therefore,
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molecules that can become promising targets for future thera-
pies should be identified.

Dual-specificity tyrosine-(Y)-phosphorylation-regulated ki-
nase 2 (DYRK2) is a member of the evolutionarily conserved
DYRKs family that autophosphorylates its tyrosine and functions
as serine/threonine kinases for its substrate. Accumulating evi-
dence revealed the involvement of DYRK2 in organogenesis®’
and tumour growth in various cancers, including breast,®°
lung,'® stomach,'’ blood cancers,'? and colon.” We have previ-
ously reported that DYRK2 phosphorylates p53, cellular myelo-
cytomatosis oncogene product (c-Myc, MYC), c-Jun, and SNAIL,
leading to growth inhibition, apoptosis induction, and metastasis
suppression in human cancer cell lines.2>~'> Our previous gain-
and loss-of-function analyses in HCC cell lines in vitro and xe-
nografts revealed that DYRK2 affects tumour growth by regu-
lating cell proliferation and apoptosis, and low DYRK2 expression
is associated with the aggressiveness and poor prognosis in pa-
tients with HCC.'® However, previous reports, by us, and others,
regarding DYRK2 in cancers included experiments with culture
in vitro or xenograft models using cell lines or retrospective
studies analysing clinical and pathological data. Additionally,
changes in DYRK2 expression during precancerous stages or the
association between DYRK2 and carcinogenesis and have not
been clarified.

This study aimed to evaluate the role of Dyrk2 in hep-
atocarcinogenesis in a murine autologous carcinogenesis model
using newly developed liver-specific Dyrk2 knockout mice and
an in vivo gene delivery system.

Materials and methods

Animals

B6.Cg-Speer6-ps1 8Alb-crel2IMeny (Alh_cre, Dyrk2”*) were pur-
chased from Charles River Laboratories Japan (Yokohama, Japan).
C57BL/Dyrk2'™!¢ were generated to mate C57BL/Dyrk2™13
which have loxP sequences sandwiching Dyrk2 exon 3 and flip-
pase recognition target sites (FRTs) previously described® and
flippase (FLP) transgenic mice.”” Mice were maintained at
20-24 °C on a 12-h light-dark cycle. At autopsy, mice were
weighed and euthanised under deep anaesthesia with isoflurane.
Then, for use for the following experiments, the liver was
removed after recirculation with PBS. All animal experiment
protocols were reviewed and approved by the Institutional An-
imal Care and Use Committee of the Jikei University (No. 2018-
078) and conformed to the Guidelines for the Proper Conduct of
Animal Experiments of the Science Council of Japan (2006).

Human HCC specimens

This was a retrospective study on consecutive patients who were
diagnosed with HCC at The Jikei University School of Medicine
between 2009 and 2012. This study was conducted in accor-
dance with the Declaration of Helsinki and ethical guidelines
issued from administrative departments, and was approved by
the Local Ethics Committee of The Jikei University School of
Medicine (No. 29-038 [8654]) and carried out by the opt-out
consent process. DYRK2 expression data were derived from
immunohistochemical analysis of HCC specimens as described.'®
Of these 67 data, 64 HCC specimens were used to assess c-Myc
expression, excluding three specimens for which no specimens
were left for staining. Paraffin-embedded blocks (4 um) and the
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Discovery-ultra autostainer (Ventana Medical Systems, Tucson,
AZ, USA) were used for all immunohistochemical staining re-
actions. After deparaffinisation, antigen retrieval was performed
at 100 °C for 44 min in an autoclave with citrate buffer (pH 6.0),
after which 3% hydrogen peroxidase was used for blocking. The
sections were incubated with anti-c-Myc antibody (1:20; Abcam,
Cambridge, UK) at 37 °C for 64 min. Slides were mounted in
Permount (Vector Laboratories, Newark, NJ, USA), cover-slipped
and evaluated by pathologists using a light microscope BX50
(Olympus, Tokyo, Japan). MYC"&"-group was defined as more
than 5% of HCC cells being positive.

Plasmids

Sleeping Beauty transposase-, myristoylated Akt-, Myc-, and
Hras®!?V-expressing cassette vectors (pT2-cLuc/SB13-PGK, pT3-
EFla-myr-AKT-HA, pT3-EF1a-MYC, and pT3-EFl1a-FLAG-
HRASS'2Y), in which the two loxP sites in the original plasmid
were removed, were described previously'®'° Dyrk2, Dyrk2X247®
and human influenza hemagglutinin (HA)-expressing cassette
vector (pT3-EF1a-mDYRK2-HA, pT3-EF1a-mDYRK2X24’R_-HA, and
pT3-EF1a-HA) were generated from pT3-EF1a-myr-AKT-HA and
pcDNA3-HAC-mDYRK2, pcDNA3-HAC-mDYRK2¥?47R or HA se-
quences to use NEBuilder HiFi DNA Assembly (New England
BioLabs Japan Inc., Tokyo, Japan). These plasmids were dupli-
cated by ECOS™ Competent E. coli DH50 (Nippon Gene Co. Ltd.,
Tokyo, Japan) and extracted to use EndoFree Plasmid Maxi Kit
(QIAGEN, Hilden, Germany). pFLAG-MYC, pEGFP-Empty, pEGFP-
hDYRK2, and pEGFP-hDYRK2KR were generated and used in a
previous report.””

The murine hepatocarcinogenesis models

For the model of hepatocarcinogenesis by introducing oncogenes
into hepatocytes in vivo, the Sleeping Beauty transposon system
and hydrodynamic tail vein injection (HTVi) were performed
according to previous reports.'®%?! Ringer’s solution (Otsuka
Pharmaceutical Factory, Tokushima, Japan) was mixed with four
basic plasmids and rapidly injected within 8 s via the lateral tail
vein of male mice at 8-12 weeks old. To express Dyrk2, Dyrk2KR,
or HA, the either of pT3-EFla-mDYRK2-HA, pT3-EFla-
mDYRK2X?47R_HA, or pT3-EF1a-HA was also mixed at the same
time. The volume of the solution was 10% body weight (max
2.5 ml), and the molars of pT2-cLuc/SB13-PGK and the other
mixed plasmids were 0.74 and 1.12 pmol/ml, respectively. The
mice were housed under observation for 2 weeks.

For the NASH-related carcinogenesis model, mice were
intraperitoneally injected with diethylnitrosamine (DEN) at 3-5
weeks old; 24 h later, the mice had been fed either a choline-
deficient 1-amino acid-defined high-fat diet (CDAHFD)
(A06071302, Research Diets Inc., New Brunswick, USA) or a
choline-deficiency high-fat diet (HFCD) (HFD-60 without choline
bitartrate, Oriental Yeast Co., Ltd. Tokyo, Japan) for 24
weeks, 92224

Cell cultures and transfections

The human liver cancer cell lines HuH7 and PLC/PRF/5, were
obtained from RIKEN and JCRB Cell Bank, respectively. Cells
were cultured in DMEM (Nacalai Tesque Inc., Kyoto, Japan) with
10% foetal bovine serum (Biowest, Nuaillé, France) and main-
tained at 37 °C in a humidified atmosphere of 5% CO,. All
transfection assays were performed with Lipofectamine 3000
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Fig. 1. Introducing Sleeping Beauty transposase and oncogenes, myristoylated Akt, Hras®'?V and Myc into Dyrk2** or Dyrk24" rapidly induced liver
tumours and reduced Dyrk2 expression. (A) Schematic representation of the protocol. (B) Gross appearances of livers in Dyrk2** and Dyrk24"¢ at 1 and 2 weeks
after the introduction of Sleeping Beauty transposase and oncogenes (scale bar, 1 cm) and (C) the percentages of liver-to-body weight and tumour weights
(unpaired t test, no significance). (D) gRT-PCR analysis of Dyrk2 mRNA expression in Akt/Myc/Hras-induced tumours of Dyrk2** and Dyrk24"¢? at 1 and 2 weeks
compared with that of Dyrk2”* injected with Ringer’s solution without plasmids as control (Welch’s ¢ test, n.s.; no significance, **p <0.01, ***p <0.001, ****p
<0.0001). Data are expressed as mean = SEM. (E) Western immunoblotting of Dyrk2. Gapdh was used as an internal control. Dyrk2, dual-specificity tyrosine-(Y)-
phosphorylation-regulated kinase 2; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Hras, harvey rat sarcoma viral oncogene homologue; HTVi, hydro-

dynamics tail vein injection; Myc, myelocytomatosis oncogene.

transfection reagent (Invitrogen, Massachusetts, USA), accord-
ing to the manufacturer’s instructions. After transfection, cells
were treated with 10 pM MG132 (Sigma-Aldrich, St Louis, USA)
or DMSO for 4 h to inhibit the effects of proteases (for Western
blots).

Quantitative real-time reverse transcriptase-polymerase
chain reaction

Liver tissues were stored in RNAlater™ Stabilization Solution
(ThermofFisher, entrusted to Cell Innovator Co., Fukuoka, Japan)
until analysis. Total RNA in cells or tissue was extracted using
Sepasol-RNA I Super G (Nacalai Tesque Inc., Kyoto, Japan) and

RNeasy kit (QIAGEN, Hilden, Germany). cDNA was synthesised
using PrimeScript 1st strand ¢cDNA Synthesis Kit (Takara Bio
Inc., Shiga, Japan). qRT-PCR was performed using the AACt
method with KAPA SYBR FAST Master Mix (Nippon genetics Co.,
Tokyo, Japan). The mRNA expressions were normalised against
Gapdh. The sequences of the specific primers are listed in
Table S2.

Western immunoblotting

Cells and tissues were lysed by radioimmunoprecipitation (RIPA)
buffer without sodium deoxycholate (50 mM Tris—-HCI pH 7.6,
150 mM NaCl, 1% NP-40) with various inhibitors (1 mM Nas3VOy,,
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1 mM AEBSF, 1 mM DTT, 10 pg/ml aprotinin, 1 pg/ml leupeptin,
10 mM NaF, 1 pg/ml pepstatin A) and cOmplete Protease Inhib-
itor Cocktail (Roche, Basel, Switzerland). Protein concentrations
in the supernatants were detected by the DC™ protein assay kit
(Bio-Rad Laboratories, Hercules, USA). The equal amounts of
proteins were separated by SDS-PAGE. Proteins were detected by
the following antibodies diluted by CanGetSignal Solution 1
(Takara Bio Inc.); anti-GAPDH (Bethyl Laboratories, Montgomery,
TX, USA), anti-DYRK2 (Sigma-Aldrich), anti-phospho-Akt
(Serd73) (Cell Signaling Technology, Danvers, MA, USA), anti-
Myc, anti-Myc-Ser62 (Abcam), anti-FLAG (Sigma-Aldrich), anti-
Hras, anti-cyclin E, anti-cyclin D1, and anti-cyclin D2 (Santa
Cruz Biotechnology, Dallas, TX, USA). Membranes were devel-
oped by ImmunoStar LD (Fujiflm Wako Pure Chemical Co.,
Osaka, Tokyo) and imaged using FUSION SOLO 4 M, and analysed
using Fusion Capt Advance software (M&S Instruments Inc.,
Osaka, Tokyo).

Microarray

For microarray analyses, extracted RNA samples with an RNA
integrity number >9.0 were used by Cariom™ D Assay, mouse
(ThermoFisher, entrusted to Cell Innovator Co., Fukuoka, Japan).
To create the heat map, the number of signals for each gene was
converted to a logarithm with a base of 2. The results are avail-
able in the Gene Expression Omnibus database under accession
no. GSE214053.

Statistical analysis
Experimental results were shown as mean and SEM. Group
comparisons were performed using the non-paired t test,
Welch’s t test, Mann-Whitney U test, Kruskal-Wallis test,
Fisher’s exact test and X test, as appropriate. Cumulative sur-
vival rates for each variable were calculated using the Kaplan-
Meier method and were compared between groups using the
log-rank test. A p-value of <0.05 was considered statistically
significant. Statistical analyses were performed using GraphPad
Prism 9.4.0 (GraphPad Software, San Diego, CA, USA).

Other materials and methods can be found in the Supple-
mentary information.

Results

Generation of liver-specific Dyrk2 knockout mice

We have previously reported that systemic Dyrk2 knockout mice
were lethal after birth as a result of fatal congenital malforma-
tions with lung hypoplasia.” Thus, the precise functions of Dyrk2
in the liver have not been elucidated as systemic Dyrk2 knockout
mice are lethal and exhibit no liver malformations. To explore
the functions of Dyrk2 in the liver, we generated the liver-
specific Dyrk2 conditional knockout mice (Dyrk24"¢P). Dyrk2
flox mice, which have two loxP sequences sandwiching Dyrk2
exon 3 as previously used,® were mated with Alb-Cre mice
(Dyrk2**) (Fig. S1).

Dyrk24eP foetuses were born healthy and not lethal. Their
survival was comparable to that of Dyrk2**, and they did not
spontaneously develop liver cancer by 1.5 years of age (Kamioka,
Oikawa and Yoshida, unpublished data). Hence, Dyrk2 deficiency
has no direct effect on liver organogenesis and cancer develop-
ment, and additional hits are needed for hepatocarcinogenesis in
Dyrk24hep,
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Dyrk2 expression was reduced in hepatocarcinogenesis
models

We hypothesised that liver-specific Dyrk2 deficiency may affect
hepatocarcinogenesis, considering the previous findings that
Dyrk2 acts as a tumour suppressor in several cancers, including
liver cancers, and therefore a low DYRK2 expression in patients
with HCC is associated with a poor prognosis,'® Hence, a murine
model of hepatocarcinogenesis, with a hydrodynamic tail vein
injection (HTVi), and the Sleeping Beauty transposon were used,
which does not require a special diet and induces stable onco-
genes expression in hepatocytes in vivo, leading to HCC devel-
opment after 2 weeks'®?° (Fig. 1A). Plasmids consisting of the
Sleeping Beauty transposase-expressing gene and three onco-
genes, myristoylated Akt, Myc, and Hras®!?V,'82> were intrave-
nously injected into Dyrk2** and Dyrk24"¢P, The liver relative to
the body weight ratio and tumour weight in Dyrk24"P were not
significantly different from those of Dyrk2** (18.2 + 3.1 vs. 12.8 +
3.1 % p = 0.242; 4079 £ 976.4 vs. 2831 £ 1182.0 mg, p = 0.484,
respectively), although both Dyrk2** and Dyrk24¢" developed
and progressed to HCC 2 weeks after HTVi (Fig. 1B and C).
Quantitative real-time PCR (qRT-PCR) after the development of
HCC was used to verify Dyrk2 expression. Surprisingly, Dyrk2
mRNA expression was progressively decreased by half at 1 week
and one-third at 2 weeks in Dyrk2*”* tumours introduced with
Sleeping Beauty transposase and three oncogenes against those
injected with the Ringer’s solution alone as controls, but not as
much as in Dyrk24"P (p = 0.002; Fig. 1D). Western blotting
detected no protein Dyrk2 levels in HCC of both mice (Fig. 1E).

Next, we used another murine model induced by DEN and
CDAHFD (lacks choline, and is supplemented with 0.1 weight by
weight % methionine). Dyrk24"P was intraperitoneally injected
with DEN at 4 weeks old and then fed with CDAHFD for 24
weeks?>?? (Fig. S2A). Although the mice developed liver cancer,
the ratio of liver relative to the body weight, the liver weight, and
the tumour weight in Dyrk24"®? was not significantly different
from those of Dyrk2** (9.5 + 0.5 % vs. 9.1 +0.3 %, p = 0.655; 2097.0
+ 102.8 mg vs. 2050.0 + 81.6 mg, P = 0.869; 692.6 = 136.1 mg vs.
663.1 £ 93.0 mg, p = 0.943, respectively) (Fig. S2A and C). A sig-
nificant difference was found in Dyrk2 mRNA expression be-
tween Dyrk2"* and Dyrk24"¢P 24 weeks after DEN administration
and CDAHFD feeding, but Dyrk2 mRNA levels were significantly
reduced compared with Dyrk2”* fed a normal chow diet (NCD).
Dyrk2 protein was not detected, similar to the other above-
mentioned murine model (Fig. S2D and E).

These findings led us to explore special feeds could affect
Dyrk2 expression. We compared Dyrk2 mRNA and protein ex-
pressions in livers of Dyrk2*”* induced with DEN and fed either
an NCD, a CDAHFD, or a HFCD (rich in methionine compared
with CDAHFD) (Fig. S2F). Liver cancer only observed in the DEN +
CDAHFD group and not in the HFCD or NCD groups (Fig. S2G).
DYRK2 mRNA was reduced only in CDAHFD-fed mice and was not
detected at the protein level, whereas its expression was not
affected in HFCD-fed mice that did not develop liver cancer
(Fig. S2H and I). Importantly, Dyrk2 expression was reduced at
the early stage of the fatty liver after only 2 weeks of CDAHFD
feeding without DEN and was not restored after sequential
switching to NCD (Fig. S2J-L). Thus, even a short-term CDAHFD
feeding can induce an irreversible decrease in Dyrk2 before
hepatocarcinogenesis.

Therefore, Dyrk2 expression was reduced by DEN + CDAHFD
and HTVi transduction of the proto-oncogene, but not by DEN +
HFCD, in a mouse model of hepatocarcinogenesis.
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Fig. 2. Dyrk2 gene transfer suppressed carcinogenesis in Akt/Myc/Hras-induced tumours of Dyrk24"¢, Dyrk24"*? were introduced with either HA, Dyrk2, or
Dyrk2KR in addition to Sleeping Beauty transposase and oncogenes (n = 9, 10, and 8, respectively). (A) Schematic representation of the protocol. (B) Gross
appearances of livers in Dyrk24"P introduced HA, Dyrk2, and Dyrk2KR (scale bar, 1 cm). (C) The percentages of liver-to-body weight, whole liver weights, and
tumour weights. (D) qRT-PCR analysis of relative Dyrk2, Akt1, Myc, and Hras mRNA expressions in Akt/Myc/Hras-induced tumours of Dyrk24"¢P with expressing
HA, or Dyrk2, or Dyrk2KR compared with those of Dyrk2** injected with Ringer’s solution without plasmids. (E) Western immunoblotting of proteins in tumours
(arrowhead; target protein) and (F) Quantitative analysis of relative protein levels of Myc and Hras in all mice. Data are expressed as mean + SEM (Kruskal-Wallis
test, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001). Dyrk2, dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 2; Gapdh, glyceraldehyde 3-phosphate
dehydrogenase; Hras, harvey rat sarcoma viral oncogene homologue; HTVi, hydrodynamics tail vein injection; Myc, myelocytomatosis oncogene.

Dyrk2 suppressed carcinogenesis in the hepatocarcinogenic
model

Next, an in vivo Dyrk2 over-expression study was conducted with
Dyrk2 gene transfer in the murine hepatocarcinogenesis model
with a combination of the Sleeping Beauty transposon system
and HTVi. We constructed plasmids expressing Dyrk2-HA,
Dyrk2*?7#R_HA (murine kinase-dead Dyrk2 mutant; Dyrk2KR),

and HA-tag with transposase ITRs to transpose, and one of which
was introduced into Dyrk24"¢ in addition to Sleeping Beauty
transposase and three oncogenes, with HTVi (Fig. 2A). Numerous
tumours replaced the whole liver in Dyrk24" introduced with
Sleeping Beauty transposase, three oncogenes, and HA-tag (Akt/
Myc/Hras+HA). Notably, the introduction of Sleeping Beauty
transposase, three oncogenes, and Dyrk2-HA (Akt/Myc/
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Fig. 3. Dyrk2-overexpression led to the degradation of protein levels of Myc and Hras. (A) Immunohistochemistry for phosphorylated Akt at Ser473 (pAkt-
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of Myc-positive cells in the tumour area. (C) Quantitative analysis of the percentages of Ki-67-positive cells in the tumour area. (D) Western immunoblotting of
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tyrosine-(Y)-phosphorylation-regulated kinase 2; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Hras, harvey rat sarcoma viral oncogene homologue; Myc,
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in tumours (scale bar, 50 pm). Tumours introduced with Akt/Myc/Hras+Dyrk2 were well to moderately differentiated HCC with lipid accumulation (arrowheads),
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accumulation. (B) Microarray analysis of Akt/Myc/Hras+HA- and Akt/Myc/Hras+Dyrk2-expressing tumours in Dyrk24"P (n = 3 in each group). DAVID analysis of
upregulated signalling pathways. The pathways related to lipid metabolism are shown in blue. (C) The heat maps of genes related to glycolysis and lipid
metabolism. (D) mRNA expression of Scl2al, Hk2, Srebf1, and Scd1 in the livers not introduced with plasmids or tumours introduced with Akt/Myc/Hras+HA, Akt/
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Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Hras, harvey rat sarcoma viral oncogene homologue.
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Hras+Dyrk2) by HTVi significantly suppressed tumorigenesis
after 2 weeks, but not Sleeping Beauty transposase, three on-
cogenes, and Dyrk2KR (Akt/Myc/Hras+Dyrk2KR) (Fig. 2B and C).
Additionally, this suppressed tumour formation by Dyrk2 gene
transfer in vivo was observed when Dyrk2** was used in this
model (Fig. S3). Intratumoural mRNA and protein expressions of
Dyrk2, Akt, Myc, and Hras were confirmed using qRT-PCR and
Western blots (Fig. 2D and E). Increased Dyrk2 expression in
Dyrk24heP liver tumours introduced with Akt/Myc/Hras+Dyrk2 or
Dyrk2KR by HTVi was observed not only at mRNA but also at
protein levels (Fig. 2E, arrows indicated long-, and short-variants
Dyrk2 protein in the long and short Western blot exposures,
respectively). HTVi-mediated proto-oncogene introduction
upregulated mRNA expressions of Akt1, Myc, and Hras in this
murine hepatocarcinogenesis model. Interestingly, Western blot
analyses revealed that Akt/Myc/Hras+Dyrk2 introduction
reduced Myc and Hras protein levels, but with no corresponding
protein degradation with Dyrk2KR introduction (Fig. 2E and F).
Akt phosphorylated at Serd473 was not affected in Dyrk2-
overexpressing tumours. This finding was further supported by
immunohistochemical analyses (Figs. 2B and 3A).

We have previously reported that DYRK2 forced expression
inhibits proliferation and tumour growth of HCC cell lines in vitro
and xenografts in vivo via the delayed G1 phase of the cell cycle
along with decreased cyclins D1 and D2 expressions.® Consis-
tent with previous findings, tumour suppression was observed in
Akt/Myc/Hras+Dyrk2-induced  tumours accompanied by
decreased cyclins (D1, D2, and E) and Ki67-positive cells (Fig. 3A,
C, and D). These results suggest that Dyrk2 gene transfer leads to
tumorigenesis and tumour growth suppression through delayed
G1-S transition and Myc and Hras protein degradation in
hepatocarcinogenesis.

Dyrk2 reduced malignant potential by inhibiting de-
differentiation and metabolic reprogramming

Given that Dyrk2 gene transfer suppressed the tumorigenesis in
a murine hepatocarcinogenesis model, we hypothesised that
Dyrk2 could affect the histological grade of liver tumours. All
tumours showed histological features of moderately to poorly
differentiated HCC with severe nuclear atypia, prominent
nucleoli, frequent mitoses, neutrophilic and lymphocytic infil-
tration, and abundant apoptotic tumour cells induced by proto-
oncogenes, myrAkt, Myc, and Hras¢'?V, as previously re-
ported.'® Notably, well to moderately differentiated HCC histo-
logically observed, including mild nuclear atypia, inconspicuous
nucleoli cytoplasmic, and intracellular lipid accumulation, in
tumours of Dyrk24"P introduced with Akt/Myc/Hras+Dyrk2
(Fig. 4A).

Next, we performed a microarray analysis in tumours induced
with Akt/Myc/Hras+HA or Akt/Myc/Hras+Dyrk2, each from three
different mice. Microarray analysis revealed that the genes and
the pathways in glycolysis and lipid metabolism were most
significantly altered in Akt/Myc/Hras+Dyrk2 overexpressing tu-
mours relative to those induced with Akt/Myc/Hras+HA control
(Fig. 4B and C). Akt/Myc/Hras+Dyrk2 tumours have unique mo-
lecular features of low expression of glycolysis-related genes,
including Sic2al and Hk2, and high expression of lipid
metabolism-related genes, such as Srebfl and Scdl (Fig. 4D),
consistent with previous reports of the association between
MYC with glycolysis®® and lipid metabolism'®?® via Hifla.

Research article

Furthermore, Dyrk2 introduction suppressed the mRNA expres-
sion of alpha-foetoprotein (Afp), prominin-1 (Prom1, also known
as (di33), delta-like 1 (DIk1), h19 imprinted maternally
expressed transcript (H19), glypican-3 (Gpc3), Cd24a, tumour
associated calcium signal transducer 2 (Tacstd2, also known as
Trop2), and secretory leukocyte peptidase inhibitor (Slpi), which
are expressed in hepatic stem/progenitor cells and/or foetal liver,
as well as liver cancer stem cells, whereas the mRNA expression
of hepatocyte nuclear factor 4 alpha (Hnf4a), CCAAT enhancer
binding protein alpha (Cebpa), forkhead box a2 (Foxa2), apoli-
poprotein c1 (Apocl), glucose-6-phosphatase catalytic (G6pc),
uridine 5’-diphosphate glucuronosyltransferase family 2 mem-
ber bl17 (Ugt2bl), uridine 5'-diphosphate-glucose 6-
dehydrogenase (Ugdh), and cytochrome p450 family 2 subfam-
ily a member 4 (Cyp2a4), which are previously identified as
hepatocytic maturation markers,?’>2 was increased (Fig. 4E).
Notably, aquaporin 9 (Agp9), which has been linked to tumour
suppressive activity by suppressing the stemness of liver cancer
stem cells and the deceased expression associated with poorly
differentiated HCC and poor prognosis,*> is highly expressed in
Dyrk2-overexpressing tumours, but lowly expressed in control
tumours (Akt/Myc/Hras-HA). Hsp1al (also known as Hsp70) was
previously identified as one of the molecules highly expressed in
well differentiated HCC,>* and Dyrk2 overexpression increased
Hsplal expression. Additionally, mRNA expression of s100 cal-
cium binding protein a9 (5100a9), and s100 calcium binding
protein a8 (S100a8), which encode calprotectin, known as a
heterodimeric protumorigenic protein, was decreased in Dyrk2-
overexpressing tumours. Moreover, Dyrk2 gene transfer inhibi-
ted mRNA expression of the G1-S phase in cell cycle-related
genes, such as cyclin d1 (Ccnd1), cyclin d2 (Ccnd2), cyclin el
(Ccnel), cyclin e2 (Ccne2), cyclin dependent kinase 4 (Cdk4), and
cyclin dependent kinase 6 (Cdk6) (Fig. S4). These gene signatures
support the abovementioned histological findings. Taken
together, these findings suggest that Dyrk2 forced expression
suppresses carcinogenesis by degrading Myc and Hras, inhibiting
de-differentiation with the acquisition of stemness and glycolytic
and lipid metabolism reprogramming in favour of cancer
development and progression, inducing cell differentiation to
less aggressive phenotypes, and reducing proliferative, and ma-
lignant potential.

DYKR2 downregulated MYC and HRAS expression in a kinase
activity-dependent manner

Our in vitro culture and in vivo xenograft studies of human HCC
cell lines previously demonstrated the inhibitory effect of DYRK2
on cell growth using gain- and loss-of-function analyses.'®
Sphere formation assays, migration assays, and seahorse anal-
ysis were performed in HCC cell lines Huh7 and PLC/PRF/5 to
confirm our concept obtained in a murine hepatocarcinogenesis
model that DYRK2 regulates malignant potential by controlling
stemness acquisition and metabolic reprogramming in favour of
tumour cell growth and functional analyses by DYRK2 forced
expression. HCC cells were co-transfected with pFLAG-MYC and
either pEGFP, pEGFP-DYRK2, or pEGFP-DYRK2X*3**R (human
kinase-dead DYRK2 mutant). The number of spheres derived
from DYRK2-overexpressing HCC cells was significantly
decreased compared to those of controls and DYRK2 mutants
lacking the active kinase (Fig. 5A). Furthermore, HCC cells with
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Fig. 5. DYRK2-overexpression suppressed the malignant potential of human HCC cells. HCC cells were co-transfected with the combination of FLAG-MYC and
either EGFP, EGFP-DYRK2, or EGFP-DYRK2KR. (A) Sphere formation assays. Representative sphere images and the relative number of spheres between the three
groups are shown (scale bar: 100 um). (B) Migration assays. Wound recoveries induced by cell migration were analysed (Kruskal-Wallis test). (C) Quantification of
basal total ATP production rate and the percentages of glycolytic ATP production in HCC cells transfected with Empty or DYRK2. (D) Representative extracellular
acidification rate (ECAR) glycolytic rate assay profile and quantification of compensatory glycolysis in HCC cells transfected Empty or DYRK2 (Mann-Whitney U
test). Data are expressed as mean = SEM. ns; no significance, *p <0.05, **p <0.01, ***p <0.001. DYRK2, dual-specificity tyrosine-(Y)-phosphorylation-regulated
kinase 2; HCC, hepatocellular carcinoma; MYC, myelocytomatosis oncogene.
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oncogene.

DYRK2 forced expression revealed significantly reduced cell
migration-induced wound recovery (Fig. 5B).

Generally, tumour cells require a lot of energy for survival
and ATP production by glycolysis is enhanced as an energy
source in the Warburg effect.>® Seahorse analysis revealed a
reduced rate of ATP production by glycolysis in DYRK2-
overexpressing HCC cells under normal culture conditions
compared with Empty plasmid-expressing cells (control),
although with no significant difference in the basal total
ATP production between both cells (Fig. 5C). Additionally, HCC
cells with DYRK2 overexpression revealed reduced compensa-
tory glycolysis under anaerobic conditions treated with rote-
none/Antimycin a (Fig. 5D). Thus, DYRK2 forced expression in
human HCC cells revealed a significant decrease in the glyco-
lytic activity. These results support our findings on gene

JHEP Reports 2023 vol. 5 | 100759

expression profiles (e.g. stemness and glycolysis) in tumours of
a murine hepatocarcinogenesis model by Dyrk2 gene transfer
(Fig. 4C-E).

Therefore, our data indicate that DYRK2 directly regulated
malignant properties through stemness acquisition and meta-
bolic reprogramming in HCC cells.

Next, we investigate the mechanism of MYC and HRAS
degradation induced by DYRK2 overexpression. MYC and DYRK2
co-transfection resulted in a shift in MYC bands and a kinase-
dependent decrease in MYC protein levels in both lines,
although MYC mRNA levels were comparable (Fig. 6A and B).
MG132 treatment, which is a proteasome inhibitor, restored MYC
protein expression, and its phosphorylation at Ser62, especially
in the shifted band (Fig. 6C). HRAS®'?Y and DYRK2 co-
transfection decreased HRAS expression, similar to MYC

10



JHEP|Reports

HCC #2

HCC #3

y,

i
3

B MYC c 100—
High Low g .+ (A)DYRK2 high
E /MYC low
o~ High 7 20 2 » (B)DYRK2 high
X 5] /MYC high
g > 50—
o | Low 19 18 5 — o "
Qo
<] (D) DYRK2 low
p=0.041 & ==/ MYC high

p =0.006

T T T T |
0 24 48 72 96 120

Survival months

Fig. 7. Relationship between DYRK2 and MYC expression in HCC patients. (A) H&E staining and immunohistochemistry for DYRK2 (cytoplasmic pattern), and
MYC (nuclear pattern) in human HCC specimens (scale bar, 50 pm). (B) Correlation of DYRK2 with MYC expression in HCC patients (X? test). (C) Overall survival of
HCC patients categorised into four groups according to expression levels of DYRK2 and MYC. Kaplan-Meier analysis indicated that HCC patients with low-DYRK2
and high-MYC had a poor prognosis (log-rank test). DYRK2, dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 2; HCC, hepatocellular carcinoma;
MYC, myelocytomatosis oncogene.

JHEP Reports 2023 vol. 5 | 100759 11



expression, and HRAS degradation was suppressed by MG132
(Fig. 6D). In contrast, MG132 treatment did not inhibit HRAS
degradation in cells co-transfected with HRASS'?Y and DYRK2KR.
These results suggest that gene transfer of DYRK2 degrades MYC
and HRAS proteins in a kinase-dependent manner via the pro-
teasome in human HCC cells.

DYRK2 and MYC expressions in HCC clinical specimens are
prognostic of patients’ survival

We analysed the association of DYRK2 with MYC expression in
64 surgical specimens of human HCC. Immunohistochemical
analyses revealed an inverse correlation between DYRK2 and
MYC expression (Fig. 7A and B; p = 0.041). We have previously
reported the poor prognosis in patients with HCC with low
DYRK2 expression.'® Shorter survival was observed in patients
with HCC with high-MYC expression in this cohort (Fig. S5; p =
0.033). We assessed the overall survival of patients with HCC
classified into four groups according to DYRK2 and MYC
expression levels. Interestingly, patients with HCC with low-
DYRK2 and high-MYC expressions (indicated as pink; group-D)
were associated with shorter survival, whereas longer survival
was correlated with those with high-DYRK2 and low-MYC ex-
pressions (blue; group-A) (Fig. 7C; p = 0.006 for all groups, p =
0.002 for group-A vs. group-D). The clinicopathological features
of HCC with low-DYRK2 and high-MYC HCC tended to be asso-
ciated with cirrhosis, older age, and pathologically poorly
differentiated carcinoma (Table S1). These results suggest that
DYRK2 gene transfer might improve HCC prognosis through
proteasome-mediated kinase-dependent MYC and HRAS protein
degradation.

Research article

Discussion

This study is the first to reveal Dyrk2 gene transfer as an
attractive approach with tumour suppressive activity in a mu-
rine model of autologous carcinogenesis. Dyrk2 was decreased
at both mRNA and protein levels during hepatocarcinogenesis.
Dyrk2 gene transfer led to tumorigenesis suppression via
proteasome-mediated Myc and Hras degradation in a murine
hepatocarcinogenesis model-induced Sleeping Beauty trans-
poson system and HTVi (Figs. 2-4). Furthermore, low-DYRK2
and high-Myc expressions were indicative of aggressiveness
and poor prognosis in human liver cancers because DYRK2
negatively correlated with MYC (Fig. 7). Therefore, we
propose DYRK2 as a future therapeutic candidate against liver
cancer.

We have previously reported reduced DYRK2 expression in
HCC using cell lines and human surgical specimens.'® However,
the time of decreased DYRK2 expression is decreased in the
process of carcinogenesis in any organ is unclear. We hereby
report, for the first time, that reduced Dyrk2 expression can be
already observed in pre-carcinogenetic liver tissues using murine
hepatocarcinogenesis models (both DEN + CDAHFD diet and
Sleeping Beauty transposon + HTVi models). This suggests that
Dyrk2 expression downregulation is induced before hep-
atocarcinogenesis and needs to be regulated at an early stage of
pre-carcinogenesis to eliminate HCC. Thus, the clear effects of
Dyrk2 deficiency on tumour growth were not assessed when
Dyrk2“”e" was used. Therefore, we decided to conduct in vivo
gain of function studies.

The modification of the Sleeping Beauty transposon system
previously developed by HTVi used the ‘gene therapeutic
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Fig. 8. Schematic diagram of the tumour suppressive role of Dyrk2 during hepatocarcinogenesis. Dyrk2, dual-specificity tyrosine-(Y)-phosphorylation-

regulated kinase 2; Hras, harvey rat sarcoma viral oncogene homologue; Myc, myelocytomatosis oncogene.
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model’ to introduce Dyrk2 into a murine model of autologous
hepatocarcinogenesis.'®?>>3% Cell lines and xenografts were
used to analyse the effect of a specific gene on cancer pro-
gression, but not on the process of carcinogenesis.>® Our tech-
nique has the advantage of continuously expressing a specific
gene in vivo, allowing functional analyses not only during
cancer development, but also during the carcinogenic process.
Furthermore, this system is characterised by simplicity,
requiring no toxic or infectious vectors or reagents, and
continuously induced gene expression for at least 2 weeks after
a single administration (Fig. 2D). However, the effects of in vivo
forced expression by the Dyrk2 gene transfer is unclear to
persist for >2 weeks, and further validation is required. Thus,
our developed in vivo gene delivery system is a reliable tool for
elucidating functional mechanisms of hepatocarcinogenesis.

DYRK2 is a serine/threonine kinase with its various substrates
being reported.>” Our prior investigations with cancer cell lines
revealed that DYRK2 phosphorylates MYC at Ser62 as priming
phosphorylation of glycogen synthase kinase 3 beta (GSK38) and
subsequent ubiquitination, and Dyrk2 knockdown promotes
tumour cell proliferation through cell cycle dysregulation.'”
Hence, Myc degradation promoted by direct phosphorylation of
Dyrk2 may lead to tumour growth inhibition in animal carci-
nogenesis models in vivo. The suppressed carcinogenesis and
tumour growth in Dyrk2-overexpressing tumours with reduced
Myc and cyclin D expression in a murine hepatocarcinogenesis
model (Figs. 2E and 3C).

Cyclin D1, which is one of the major regulators of the G1-S
phase transition in the cell cycle, is involved in carcinogenesis
and cancer progression by regulating cell proliferation.>® More-
over, a strong correlation between tumorigenesis and self-
renewal through Ras-Cyclin D2 activation has been demon-
strated.®® MYC expression is known to promote carcinogenesis in
the liver when mutant HRAS is expressed.’®*! These reports
support our findings that Dyrk2 suppresses carcinogenesis and
tumour growth either by degrading Myc and Hras proteins or by
controlling the G1-S transition through direct cyclin D1 and D2
regulation.

Cancer development and growth, including HCC, requires
large amounts of ATP, which is produced by the TCA cycle in
normal cells under adequate oxygen and by glycolysis under
hypoxic conditions. Conversely, cancer cells produce ATP from
glycolysis in the presence or absence of oxygen, which is known
as the Warburg effect.>> Hypoxia-inducible factor (HIF1) is a key
player in glycolysis regulating glucose transporters, aldolase A,
enolase 1, phosphoglycerate kinase 1, pyruvate kinase M, and
lactate dehydrogenase.*” MYC and RAS regulate glycolysis
expression through transcription activity, such as HIF1.254% AKT
increases the transport of glucose and its metabolism.** Thus,
changes in ATP-generating metabolism caused by proto-
oncogenes allow cancer cells to proliferate. We found that
DYRK2 overexpression induced a dramatically reduced glyco-
lytic activity of HCC cells in a seahorse analysis (Fig. 5). Hence,
DYRK2 directly regulates cancer development and growth by
altering metabolic reprogramming.

Recently reported findings corroborate our own because MYC
overexpression in AKT/HRAS-induced HCC has shown highly
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proliferative activities and altered gene profiles for fatty acid
synthesis and degradation and no intracytoplasmic lipid accu-
mulation in the mouse hepatocarcinogenesis model.'® Thus,
Nishikawa, and colleagues demonstrated that Myc-induced
metabolic reprogramming favours tumour cell growth. Our
finding revealed that Dyrk2 overexpression in AKT/HRAS/Myc-
mediated HCC suppresses hepatocarcinogenesis by reducing
proliferative activity and promoting a less aggressive histological
phenotype and intracellular lipid accumulation through Myc and
Hras degradation. Indeed, we found that tumours with Dyrk2
forced expression exhibit pathological differentiation (well to
moderately differentiated) and gene expression patterns (Fig. 4),
similar to the Akt/Hras-induced HCC (without Myc trans-
duction).'® Furthermore, cancer stem cells are presumed factors
in tumour initiation, progression, metastasis, and recurrence
after conventional therapies, and have been associated with
aggressiveness phenotype and poor prognosis. Aggressive
phenotypic traits of HCC, such as self-renewal, tumorigenicity,
invasiveness, and resistance to chemo- and radiation-therapy are
assumed dependent on stemness acquisition.’%*>*® We have
previously reported that loss of Dyrk2 augments stem cell-traits
by promoting Kriipple-like factor 4 (KLF4) expression in breast
cancer.” Our functional analyses of human HCC cells revealed
that DYRK2 forced expression suppressed sphere formation and
cell migration (Fig. 5). Furthermore, Dyrk2 gene transfer de-
grades Myc, inhibits Myc-mediated de-differentiation with
stemness acquisition and metabolic reprogramming, and pro-
motes hepatocytic differentiation in a murine hepatocarcino-
genesis model, resulting in less aggressive HCC phenotypes
(Fig. 4A).

Recent studies have also reported that HRAS is ubiquitinated
following GSK3p phosphorylation,”*® and its activity varies
depending on whether it binds GDP or GTP.* This background
makes our findings interpretable that Dyrk?2 is likely the indirect
regulator of Hras ubiquitination (Figs. 2E and 4E), although HRAS
does not have consensus sequences that bind to DYRK2.>°
Functional analysis using cell lines has revealed that this
degradation is attributable to proteasome-mediated regulation,
considering the degradation mechanisms of MYC and HRAS in
HCC. Therefore, our findings suggest that DYRK2 protects the
liver from carcinogenesis by promoting Myc and mutant Hras
degradation.

Our study revealed the irreversible drastic reduction in
Dyrk2 expression in mice fed with CDAHFD for a short
period and then switched to NCD, indicating that its down-
regulation is induced in the early stages of hepatocarcino-
genesis and liver injury. However, the mechanistic details and
upstream of Dyrk2 remain unknown, and further studies are
necessary to explore the cellular/molecular mechanisms for
DYRK2 expression during hepatocarcinogenesis and hepato-
cellular injury.

In summary, the loss of Dyrk2 plays an important role in
hepatocarcinogenesis and tumour growth and is associated with
a poor prognosis. In contrast, Dyrk2 gene transfer provided for
proliferative and malignant potential inhibition, cell differentia-
tion promotion with altered gene profiles related to stemness,
hepatocytic maturation, glycolytic and lipid metabolism, and
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subsequently, carcinogenesis suppression through Myc and Hras
expression regulation (Fig. 8).

Research article

Therefore, DYRK2 gene transfer may improve the prognosis
and be a novel future therapeutic strategy against HCC.
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