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Abstract: Genetic information is transcribed from genomic DNA to mRNA, which is then translated into three-

dimensional proteins. mRNAs can undergo various post-transcriptional modifications, including RNA editing that

alters mRNA sequences, ultimately affecting protein function. In this study, RNA editing was identified at the 499th

base (c.499) of human vaccinia-related kinase 2 (VRK2). This RNA editing changes the amino acid in the catalytic

domain of VRK2 from isoleucine (with adenine base) to valine (with guanine base). Isoleucine-containing VRK2 has

higher kinase activity than the valine-containing VRK2, which leads to an increase in tumor cell proliferation. Earlier

we reported that VRK2 directly interacts with dystrobrevin-binding protein (dysbindin) and results in reducing its

stability. Herein, we demonstrate that isoleucine-containing VRK2 decreases the level of dysbindin than valine-

containing VRK2. Dysbindin interacts with cyclin D and thereby regulates its expression and function. The reduction

in the level of dysbindin by isoleucine-containing VRK2 further enhances the cyclin D expression, resulting in

increased tumor growth and reduction in survival rates. It has also been observed that in patient samples, VRK2 level

was elevated in breast cancer tissue compared to normal breast tissue. Additionally, the isoleucine form of VRK2

exhibited a greater increase in breast cancer tissue. Therefore, it is concluded that VRK2, especially dependent on the

167th variant amino acid, can be one of the indexes of tumor progression and proliferation.

Introduction

Cancer causes the most deaths worldwide. The incidence of
cancer and cancer deaths continue to increase over time,
and in 2020, approximately 10 million cancer-related deaths
have occurred [1]. Among cancer types, breast cancer is the
most common cancer found in women and causes their
deaths [2]. Many studies have revealed that breast cancer is
caused by environmental factors, such as obesity [3], heavy
smoking [4], and genetic factors such as breast cancer gene
(BRCA)1, BRCA2, phosphatase and tensin homolog (PTEN),
tumor protein P53 (TP53), cadherin 1 (CDH1), and serine/
threonine kinase 11 (STK11) [5].

Recently, several studies have shown how vaccinia-
related kinase 2 (VRK2) is related to cancer. VRK2 is an
active serine/threonine kinase and the second member of
the VRK family. Thus far, very little is known about the
substrates and functional roles of VRK2. VRK2
phosphorylates ubiquitin-specific protease 25 (USP25) and
inhibits the deubiquitinating activity of USP25, which
further increases polyglutamine aggregation [6,7]. In
addition, VRK2 phosphorylates the nuclear factor of
activated T cells 1 (NFAT1) and modulates breast cancer
cell invasion through elevated expression of cyclooxygenase
2 (COX2) [8]. Moreover, VRK2 phosphorylates inhibitor of
NF-κB kinase (IKKβ) and activates tumor necrosis factor-
α/nuclear factor-kappa signaling, which leads to pancreatic
cancer progression [9]. However, the mechanism behind the
role of VRK2 in tumor pathology remains unknown.

In this study, VRK2 was found to have two types of
amino acid variants distinguished by ribonucleic acid (RNA)
editing. Previous studies have shown that RNA editing is
related to the pathology of cancer [10]. RNA editing occurs
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when the RNA sequences are changed without concomitant
changes to the deoxyribonucleic acid (DNA) sequences. In
RNA editing, base substitution occurs through the
deamination of adenosine or cytosine. The most abundant
form of RNA editing is adenosine-to-inosine (A-to-I)
substitution, which is achieved by the deamination of A
through adenosine deaminase acting on RNA (ADAR)
enzymes. As I is treated as guanine (G) in most cellular
processes, A-to-I RNA editing is often called A-to-G RNA
editing [11,12]. Another type of RNA editing is G-to-A
substitution, which was reported to happen in Wilms tumor
1 (WT1), tryptophan hydroxylase 2 (TPH2), and
heterogeneous nuclear ribonucleoprotein K (hnRNP K)
[13–15]. However, very little is known about its chemical
mechanism or mediating enzyme, whereas apolipoprotein B
mRNA editing enzyme catalytic subunit 3A (Apobec3A) is
the only known enzyme involved in G-to-A RNA editing
[13]. RNA editing can occur in coding sequences, which
results in the alteration of amino acid sequence, leading to
changes in the conformation and function of proteins [16].
Several reports have indicated that functional changes in
proteins due to RNA editing can affect cancer pathogenesis.
For example, A-to-G RNA editing of Antizyme Inhibitor 1
(AZIN1), which leads to S367G amino acid substitution,
causes a conformational change to the AZIN1 protein.
Conformationally changed AZIN1 protein has a stronger
affinity to the antizyme, promoting cell proliferation [16].
A-to-G editing of Rho-related GTP-binding protein (RhoQ),
which leads to N136S amino acid substitution, increases
RhoQ activity and invasion by colorectal cancer [17].

In this study, we found RNA editing of VRK2 at the
499th base (c.499). The amino acid 167 changes through
RNA editing, and this amino acid substitution can affect
VRK2 kinase activity. Amino acid variation of VRK2 affects
tumor growth by regulating dysbindin and cyclin D in
mouse and human breast cancer tissue.

Materials and Methods

Genomic DNA (gDNA) preparation
Harvested cells or tissues were resuspended in digestion buffer
(100 mM NaCl, 10 mM Tris pH 8.0, 25 mM
ethylenediaminetetraacetic acid [EDTA], 0.5% sodium
dodecyl sulfate [SDS], and 0.1 mg/mL proteinase K).
Resuspended cells were incubated for 12–18 h at 50°C.
Then, 1 volume of phenol/chloroform/isoamyl alcohol
(c9017, Bioneer, Daejeon, South Korea) was added, and
samples were centrifuged at 15,000 rpm for 20 min. The
aqueous layer of the sample was transferred into a new tube.
Thereafter, 1/10 volume of 3 M NaOAc (pH 5.2) and 2
volumes of 100% EtOH were added and mixed by
vortexing. Samples were centrifuged at 15,000 rpm for 3
min. The supernatant was discarded, and the gDNA pellet
was resuspended in distilled water.

cDNA preparation
Total RNA was extracted from cell lines and human tissues
using a TRI solution (TS200-001, Bioscience Technology,
NJ, USA) according to the manufacturer’s instructions. The

cDNA was prepared by reverse transcription of mRNA.
Reverse transcription reactions were catalyzed by Improm-II
reverse transcriptase (A3803, Promega, WI, USA).

Sequencing
The prepared gDNA and cDNA were sequenced using a
commercial sequencing service offered by Macrogen, South
Korea. Polymerase chain reaction (PCR) analyses were
performed to amplify human VRK2, and sequencing service
was requested using the following sequencing primers:
TGTCCCATTATGGCCTTTTC for cDNA and AGGATGA
GCAACCAGAAGATG for gDNA.

In vitro kinase assay and immunoprecipitation
Kinase assays were performed with 1, 1.5, and 2 μg of 167V
VRK2 and 2 μg of 167I VRK2. The VRK2 forms were
expressed in Escherichia coli using the pTYB2 vector (intein
tag) and purified by pull-down assays using the chitin bead
system. The reaction was performed at 37°C in a kinase
buffer solution [20 mM Tris-HCl pH 7.5, 5 mM MgCl2,
0.5 mM dithiothreitol, 150 mM KCl, and (γ-32P)ATP]. The
reaction was stopped after 1 h, and proteins were separated
by SDS polyacrylamide gel electrophoresis, and visualized
with autoradiography.

The immunoprecipitated VRK2 was obtained from flag-
tagged VRK2-overexpressing 293A cells and MDA-MB-231
cells. The harvested cells were lysed in lysis buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 10 mM
EDTA, and 10 mM ethylene glycol tetraacetic acid [EGTA])
and immunoprecipitated with anti-Flag antibody (F1804,
Sigma-Aldrich, MO, USA) and protein G beads (05 015 952
001, Roche, Basil, Switzerland). VRK2 with attached G
beads was used for the kinase assay. After the kinase
reaction, proteins were eluted from the beads by
denaturation at 95°C.

Human tissue sample
The study analyzed samples from 20 patients with breast cancer.
The patients underwent surgery at Seoul National University
Hospital, Seoul, Korea, between 1996 and 1998. This study
was reviewed and approved by the Institutional Review Board
of Seoul National University Hospital (H-1905-095-1034).
This study abides by the principles of the Declaration of
Helsinki. All patients signed the informed consent form.

Cell culture and transfection
MDA-MB-231 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and
100 U/mL each of penicillin and streptomycin. Transient
transfections of overexpression vectors and siRNAs were
performed using a Microporator (Invitrogen, MA, USA) as
described in the manufacturer’s protocols (1680 V, 20 ms,
once). According to previous reports, the siRNA sequences
were as follows: CGCAGAGUUCCUCACCUGUAdTdT
for siADAR1, GCAGUAUGCUCCCGAUCAAdTdT for
siApobec3A, and CCUACGCCACCAAUUUCGUdTdT for
siCtrl, and CACAAUAGGUUAAUCGAAA for siVRK2 [17–
19]. Stable cell lines were generated with pCDNA3-HA-
hVRK2-transfected cells. VRK2-expressing cells were selected
with 800 µg/mL of G418.
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Colony formation assay
The colony formation assay was performed as described
previously [20]. Stable cells generated from MDA-MB-231
were seeded at 2,000 cells per well of a 6-well plate. After
10–12 days of incubation, cells were fixed with 4%
paraformaldehyde (PFA) for 30 min at room temperature
and were stained with 0.5% crystal violet for 1 h at room
temperature. After staining, cells were washed three times
with phosphate-buffered saline (PBS). After the cells were
completely dried, staining was performed. Colonies were
analyzed by measuring the absorbance of crystal violet at
595 nm after its extraction with 20% acetic acid.

Quantitative PCR
The StepOnePlus Real-time PCR System (Applied Biosystems,
MA, USA) was used for mRNA detection and quantification.
Quantitative PCR was performed according to the
manufacturer’s instructions. The sequences of the forward
and reverse primers were as follows: VRK2 (F:
TTTAGCATATGATGAAAAGCCAAACTATCA, R: TGAG
ACTCTTGATATTTCTGTCTTCTCCTT), GAPDH (F:
GCCATCAATGACCCCTTCATT, R: GCTCCTGGAAGA
TGGTGATGG).

Western blot
Harvested cells and human tissues were lysed with cell lysis
buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-
100, 10 mM EDTA, and 10 mM EGTA). The total amount
of protein was quantified with the Bradford assay. Then,
30 μg of lysates were denatured in a loading buffer (60 mM
Tris pH 6.8, 25% glycerol, 2% SDS, 14.4 mM beta-
mercaptoethanol, and 0.1% bromophenol blue) and boiled
for 5 min at 95°C. SDS polyacrylamide gels were used for
all analyses, and the following antibodies were used: VRK2
(sc-365199, Santa Cruz Biotechnology, TX, USA), GAPDH
(sc47724, Santa Cruz Biotechnology, TX, USA), HA (A190-
108A, Bethyl Laboratories, TX, USA), Dysbindin
(ab124967, Abcam, Cambridge, UK), Cyclin D (2978S, Cell
Signaling Technology, MA, USA), Ki67 (ab16667, Abcam,
Cambridge, UK), Actin (691001, MP Biomedicals, CA,
USA), ADAR1 (ab88574, Abcam, Cambridge, UK),
Apobec3A (ab38641, Abcam, Cambridge, UK), CREB
(9197S, Cell Signaling Technology, MA, USA), Phospho-
CREB (9198S, Cell Signaling Technology, MA, USA) and
DYKDDDDK Tag (2368S, Cell Signaling Technology, MA,
USA).

Cell Counting Kit-8 (CCK8) assay
MDA-MB-231 stable cells were seeded at 1,000 cells per well
of a 96-well plate. After 12, 24, 36, 48, 60, and 72 h of
incubation, cells were treated with the CCK-8 solution
(kta1020, Abbkine Scientific Co., California, USA) to each
well for 1 h in the incubator. After incubation, the
absorbance of cells were measured at 450 nm.

Immunocytochemistry (ICC) and immunofluorescence (IF)
staining
To quantify cell proliferation (Ki67), ICC staining was
performed on MDA-MB-231 stable cells. Cells were fixed in
4% PFA and washed three times in PBS. Then, cells were

incubated with 0.5% Triton X-100 for 30 min at room
temperature. Cells were blocked to reduce nonspecific
binding using a blocking solution (5% fatal bovine serum+
2.5% bovine serum albumin + 0.3% Triton X-100 in 10 mL
of PBS). After blocking, cells were stained with anti-Ki67
(1:250, ab16667, Abcam, Cambridge, UK) for 2 h at room
temperature. Cells were stained with rabbit secondary
antibody (1:500, A-11008, Invitrogen, MA, USA) for 2 h at
room temperature. After three washes in PBS, cells were
stained with Hochest 33342 (1:15000, ab228551, Abcam,
Cambridge, UK) for 10 min at room temperature.

To quantify tumor cell growth (Ki67), dysbindin and
cyclin D, IF staining was performed on tumor tissues.
Tumor tissues were stored in an optimal cutting
temperature compound, sectioned in 9 mm, and fixed on
the slides. The slides were fixed in 4% PFA and stained with
anti-Ki67 (1:250, ab16667, Abcam, Cambridge, UK), anti-
dysbindin (1:50, ab124967, Abcam, Cambridge, UK) and
anti-cyclin D (1:50, 2978S, Cell Signaling Technology, MA,
USA) overnight at 4°C. After three washes in PBS, the slides
were stained with rabbit secondary antibody over 2 h at
room temperature. Slides were stained with Hochest 33342
for 10 min at room temperature.

The FV3000 Confocal Laser Scanning Microscope
(Olympus, Tokyo, Japan) was used for analysis. Fluorescent
images were obtained using Coherent� High Performance
OBISTM laser with wavelengths of 405, 488, and 561 nm.
z-stack images were also taken using the same imaging
system (11–12 stacks, 0.480 μm/slices).

The images were exported using the FV31S-SW
program.

Mouse
All mouse experiments were performed under the guidelines
approved by the Institutional Animal Care and Use
Committee (POSTECH IACUC protocol code 2022-0072).
For in vivo experiments, MDA-MB-231 stable cells were
implanted subcutaneously in 6-week-old female BALB/c
mice after 1 week of acclimation (Orient Bio Inc.,
Seongnam, South Korea). MDA-MB-231 breast cancer cells
were trypsinized, washed in PBS buffer, and injected at 5 ×
106 cells per mouse. The tumor volume was measured by
caliper and calculated by the formula: Volume = width ×
length × height × π/6.

RNA sequencing
In this study, data generated are publicly available in Gene
Expression Omnibus at GSE1246468. Normal tissue and
breast cancer tissue samples were used for the analysis of
VRK2 RNA levels.

Statistical analysis
All statistical analyses were performed using GraphPad Prism
version 9.3.1. The significance of the difference was assessed
by the unpaired and paired Student’s t-test when comparing
two groups. When comparing three groups, the analysis of
variance (ANOVA) model was performed with a Tukey
adjustment for multiple comparisons. A p-value of <0.05
was considered a significant difference. All data are
presented as mean ± standard error of the mean (SEM).
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Results

Sequence variations of human VRK2
Various versions of human VRK2 mRNA sequences from the
National Center for Biotechnology Information (NCBI)
database were aligned, and a base difference at c.499 was
identified (Fig. 1A). To determine whether this difference in
mRNA sequence was derived from the gDNA, we
investigated a reported single nucleotide polymorphism
(SNP) of VRK2 from the NCBI database. The c.499
variation was reported as rs1051061. The mRNA sequence
variation could have been derived from the gDNA sequence
variation, which was reported as the SNP. This variation
occurred within the coding sequence; thus, we analyzed
whether it was synonymous or nonsynonymous. We found
that the A-to-G substitution at c.499 was a missense
substitution that changes amino acid 167 from isoleucine (I)
to valine (V) within the catalytic motif of VRK2 (HGDIK).

To examine the variation frequency, gDNA and
complementary DNA (cDNA) sequences were analyzed
from the following cell lines: 293A, A549, HeLa, MCF7,
MDA-MB-231, and MDA-MB-436. We found that
rs1051061 occurs frequently in these cell lines (Fig. 1B). An
RNA–DNA sequence difference (RDD) was also identified
in the MDA-MB-231 cell line: the ratio of the A:G variation
was 1:1 in the gDNA, whereas it was 2:1 in the cDNA.

167I VRK2 has higher kinase activity than 167V VRK2
The 167th amino acid residue is within the catalytic motif
(HGDIK) of VRK2 [Fig. 2A, predicted structure by PyRx
[21]], which is an important site for Adenosine triphosphate

(ATP) binding. DynaMut server prediction also suggested
that the I167V substitution makes a more rigid protein
structure (Figs. 2B and 2C, ΔΔG = 1.097 kcal/mol,
stabilizing). The analysis of interatomic interactions showed
that the 167V residue had stronger interactions (Fig. 2C,
thicker dotted lines) with surrounding residues than that the
167I residue (Fig. 2B), suggesting that protein flexibility is
reduced by the amino acid substitution to V [22]. Based on
the prediction results, whether amino acid substitution at
residue 167 affects VRK2 kinase activity was examined. A
kinase assay was performed using radioisotope (P32) with E.
coli-produced and purified 167I and 167V VRK2 proteins.
The results indicated that 167I VRK2 had higher kinase
activity than 167V VRK2 (Figs. 2D and 2E). This result was
confirmed in an in vitro kinase assay with 293A cell-
synthesized VRK2. Flag-tagged 167I or 167V VRK2 was
overexpressed, and VRK2s with anti-Flag antibody were
then immunoprecipitated, in which kinase assays were also
performed. The results showed that VRK2 produced in
293A cells had the same differences in kinase activities as
those observed with proteins purified from transformed E.
coli (Figs. 2F and 2G).

VRK2 with higher activity increases cell proliferation
Previous studies showed that VRK2 regulates cancer
proliferation [8,9]. Thus, we detected the level of Ki-67,
which is a proliferation index, to figure out whether VRK2
affects the cancer proliferation. The results showed that
when VRK2 expression was decreased in MDA-MB-231
breast cancer cells, it further reduced the number of Ki-67-
positive cells (Suppl. Figs. 1A and 1B). In Fig. 1B, the I form

FIGURE 1. Sequence variations of human VRK2. (A) Alignment of human VRK2 sequences; ab000450.1 and nm_006296.6 (NCBI database)
were aligned, and a difference in the sequence at c.499 was detected. (B) Sequencing results of gDNA and cDNA from various cell lines: 293A,
A549, ChoCK, HeLa, MCF7, MDA-MB-231 (M231), and MDA-MB-436 (M436). Black arrows indicate the position of c.499.
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of VRK2 at the 167th amino acid site, which had higher
activity, was more frequently found in breast cancer cell.
Taken together, we hypothesized that cell proliferation could
be altered by VRK2 activity in a kinase activity-dependent
manner. To examine the effects of different VRK2 forms on
cell proliferation, stable cell lines of MDA-MB-231 that
expressed either 167I VRK2 or 167V VRK2 were generated
(Fig. 3A). Cell counting kit-8 (CCK-8) assay was performed

to determine the effect of 167I VRK2 on cell proliferation.
The results showed that 167I VRK2 had higher absorbance
than 167V VRK2 (Fig. 3B). Colony formation assay was also
performed to confirm the cell proliferation rates of stable
cell lines. The results showed increased number of colonies
and optical density, which measures the rate of colony
formation, at a greater level in the 167I VRK2-expressing
cell line than in the 167V VRK2-expressing cell line

FIGURE 2. Kinase assays using VRK2 with isoleucine (167I) or valine (167V) substitution. (A) HGDIK is the catalytic motif and ATP binding
site. (B) Predicted interatomic interactions of 167I VRK2 using the DynaMut server. The 167I residue appears light green. The line thickness
indicates the strength of the interatomic interaction. (C) Predicted interatomic interactions of 167V VRK2 using DynaMut server. The 167V
residue appears light green. The line thickness indicates the strength of the interatomic interaction. (D) Results of in vitro kinase assays using
VRK2 proteins purified from E. coli. Each assay used 2 µg of 167V or 167I VRK2. 167I VRK2 displayed higher kinase activity, which was
detected by film exposure for radioactivity (32P). CBB, Coomassie brilliant blue staining. (E) Quantification analysis of the kinase assay
results in (D); n = 3. (F) In vitro kinase assay using immunoprecipitated VRK2s. The 167I form displayed higher kinase activity than 167V
of VRK2. VRK2 amounts were detected by using Western blot. (G) Quantification analysis of the kinase assay results in (F); n = 5. All
values represent mean ± SEM. ****p < 0.0001, unpaired t-test. Each dots in graph represent each samples results of Western blots.
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(Figs. 3C–3E). This observation indicated that 167I VRK2
enhanced the proliferation ability of tumor cells. Then, we
analyzed the level of Ki-67 through immunocytochemistry
(ICC). As a result, the level of Ki-67 was increased in 167I
VRK2-expressing cells than in 167V VRK2-expressing cells

(Figs. 3F and 3G). Overall, 167I VRK2 with higher kinase
activity enhanced cell proliferation at a greater level than
167V VRK2. These effects on cell proliferation could explain
why 167I VRK2 occurs more frequently in cancer tissues
than 167V VRK2.

FIGURE 3. 167 I VRK2 increased tumor cell proliferation compared with 167V VRK2. (A) Results of generating stable cells; VRK2 variants
overexpressed in MDA-MB-2321 using a pCDNA3-HA vector. (B) CCK-8 assay for measuring cell proliferation. Samples were incubated for
1 h before the absorbance was measured. Representative of p values is compared to 167I VRK2 and 167V VRK2 group. (C) Representative
images of colony formation assay using stable cell lines. (D) Quantification analysis of the colony numbers results in (C); n = 8. (E) The
amounts of each colony were measured by their absorbance. Quantification analysis of the colony formation assay results in (C); n = 8. (F)
Immunocytochemistry (ICC) staining using Ki-67 antibody (green) confirms cell proliferation using MDA-MB-231 stable cell lines. Scale
bar = 100 μM. (G) Quantification analysis of the Ki-67 positive cells results in (D); n = 6. All values represent mean ± SEM. *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA and Tukey’s multiple comparison test.
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167I VRK2 increase cyclin D by reducing dysbindin
In many cancers, especially primary breast tumors, cyclin D
expression is increased [23–25]. Therefore, cyclin D induce
the tumor growth and progression [26]. Some of studies
showed that cyclin D expression is related to cAMP-
response element binding protein (CREB)-mediated
transcription. Especially, in tumor, CREB affects tumor
growth and progression [27,28].

Furthermore, in our previous study, we found that VRK1
regulates cell cycle by phosphorylating CREB at serine 133th

site [29]. Therefore, we performed immunoprecipitation
analysis to confirm whether VRK2 amino acid substitution
affects CREB phosphorylation. However, phospho-CREB
level showed no significant difference in mock group and
VRK2 variation groups (Suppl. Fig. S2). Our previous study
illustrated that VRK2 directly interacted with the dysbindin
and decreased its protein stability [30]. A previous study
showed that the C-terminal region of dysbindin directly
interacts with the C-terminal region of cyclin D, which is
regulated by cyclin dependent kinase 4 (CDK4), a cyclin D-
binding partner during the cell cycle progression. This
interaction leads to the reduction of cyclin D expression and
function [31]. So, we tested whether VRK2 regulates
dysbindin and cyclin D in breast cancer cells using Western
blot analysis. The results showed that MDA-MB-231 cells
that were transfected with siVRK2 showed an increase in

dysbindin level and a decrease in cyclin D level (Suppl. Figs.
S1C–S1F).

According to these results, we hypothesized that 167I
VRK2 could increase the cyclin D level by reducing the
dysbindin level, increasing cell proliferation. To test this
hypothesis, we analyzed the levels of dysbindin and cyclin D
through Western blot. The reduction of dysbindin and
elevation of cyclin D level was greater in 167I VRK2-
expressing cells than in 167V VRK2-expressing cells (Figs.
4A–4C). To confirm whether the tumor proliferation
through VRK2 is dependent on dysbindin, we performed
the CCK8 assay using the dysbindin mutant vector. In our
previous study, we found that VRK2 phosphorylates Ser 297
and Ser 299 of dysbindin [30]. Therefore, we used dysbindin
with the mutation at these sites to inhibit its interactions
with VRK2, further dysregulating cyclin D. The data showed
that dysbindin mutant groups did not show an increase in
the proliferation although VRK2 was over-expressed
(Fig. 4D).

Taken together, these data indicate that the VRK2-
dependent regulation of dysbindin and cyclin D may affect
tumor cell proliferation.

167I VRK2 increase tumor growth more than 167V in vivo
Some studies have demonstrated that tumors have high VRK2
expression [8,9]. However, how VRK2 participates in tumor

FIGURE 4. 167I VRK2 decreased dysbindin and
increased cyclin D expression. (A) Western blot was
performed to analyze the expressions of dysbindin
and cyclin D in the control, 167I VRK2, and 167V
VRK2 cell lines. (B, C) Quantification analysis of the
dysbindin and cyclin D expression results in (A); n =
11. (D) Dysbindin mutant vector was transfected to
stable cells. CCK-8 assay was performed to measure
cell proliferation. Samples were incubated for 1 h
before the absorbance was measured. Representative
of p values is compared to 167I VRK2 and 167V
VRK2 group. All values represent mean ± SEM. *p <
0.05, **p < 0.01, ***p < 0.001, one-way ANOVA,
two-way ANOVA and Tukey’s multiple comparison
test. Each dots in graph represent each samples
results of Western blots.
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FIGURE 5. Tumor growth and survival rate were differentially regulated by VRK2 variants in vivo. (A, B) MDA-MB-231 stable cell lines were
subcutaneously implanted in mice. (A) Tumor growth was measured every 2–3 days using a caliper. (B) Survival rates in the control, 167 I
VRK2, and 167 V VRK2 groups. The 167 V VRK2 group showed prolonged survival compared with the 167 I VRK2 group. (C)
Representative immunofluorescence (IF) staining data using Ki-67 antibody (green) in tumor tissues. Scale bar = 100 μM. (D)
Quantification analysis of Ki-67-positive cell results in (C); n = 7 (E). Representative Western blot data of the expressions of Ki-67,
dysbindin, and cyclin D in tumor tissues. (F–H) Quantification analysis of Ki-67, dysbindin, and cyclin D expression results in (E); n = 8
(control), 10 (167 I VRK2), and 7 (167 V VRK2). All values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
one-way ANOVA, Log-Rank (Mantel-Cox) test and Tukey’s multiple comparison test. Each dots in graph represent each samples results
of Western blots.
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growth is unknown. We previously suggested that 167I VRK2
increases tumor cell proliferation. To further investigate
whether different VRK2 variants affect tumor growth in
vivo, 167I or 167V VRK2-expressing MDA-MB-231 stable
cell lines were subcutaneously implanted in BALB/c mice.
Tumor growth was measured three times a week.
Consequently, both the 167I VRK2 and 167V VRK2 groups
had faster tumor growth than the control group.
Furthermore, the 167V VRK2 group showed delayed tumor
growth when compared with the 167I VRK2 group
(Fig. 5A). In addition, 167I VRK2 and 167V VRK2 groups
showed shortened survival compared with the control
group. Moreover, the 167V VRK2 group showed a higher
survival rate than the 167I VRK2 group (Fig. 5B).
Collectively, the results confirmed that different amino acid
forms of VRK2 were associated with tumor growth and
survival rate. Immunofluorescence (IF) staining using Ki-67
antibody was also performed in tumor tissues. The results
indicated that 167I VRK2 tumor tissues had a greater
number of Ki-67-positive cells than 167V VRK2 tumor
tissues (Figs. 5C and 5D). In addition, Western blot and IF
staining demonstrated that VRK2 variation affects tumor
growth by regulating cyclin D through dysbindin expression
(Figs. 5E–5H, Suppl. Fig. S3).

RNA editing of human breast cancer tissue
The sequencing analysis results of various cell lines indicated
that DNA sequences differ from RNA sequences in the
MDA-MB-231 breast cancer cell line (Fig. 1B). To determine
whether these differences are also observed in human tissues,
RNA sequencing was performed using human breast cancer
tissues, and they were compared with those of normal
tissues. The RNA level of VRK2 was higher in cancer tissues
than in normal tissues (Fig. 6A). We analyzed gDNA and
cDNA sequences in human breast cancer tissue samples. The
results showed that RDDs were frequently detected (13/20,
65%) in normal breast tissue samples (Fig. 6B). In some
patients, the frequency of c.499 = A was higher in cDNA
than in gDNA. Other patients displayed a lower frequency of
c.499 = A in cDNA than in gDNA. Moreover, the base
which does not exist in gDNA, was detected in mRNA in
some patients. These results suggest that both A-to-G and G-
to-A RNA editing occur at c.499 in the mRNA of VRK2.
RDD was observed slightly more frequently in cancer tissues
than in normal adjacent tissues (16/20, 80%) (Fig. 6C).
Therefore, we compared sequence differences between VRK2
mRNA isolated from normal tissue and cancer tissue. The
results showed that the frequency of c.499 = A, which leads
to translation of the more active 167I VRK2, was higher in
cancer tissue (Fig. 6D). This means that G-to-A editing
increases in cancer tissues compared with normal adjacent
tissues. However, these differences in VRK2 sequences in
normal and cancer tissue were not due to changes in the
genomic DNA sequence (Fig. 6E). These combined results
indicate that both forms of RNA editing can occur at c.499,
and the proportion of c.499 = A increased in the mRNAs of
cancer tissues without concomitant change in the DNA
sequence. In conclusion, the proportion of c.499 = A in the
mRNA sequence of VRK2 may be utilized as the new tumor
growth index.

ADAR1 mediates A-to-G RNA editing
To determine which enzyme mediates RNA editing at c.499
that leads to VRK2 amino acid variation, we overexpressed
Flag-tagged ADAR1, which induces A-to-G RNA
editing [11,12], in the MDA-MB-231 cell line. ADAR1
overexpression increased the frequency of A-to-G RNA
editing (Suppl. Figs. S4A–S4D). This result was confirmed
by siRNA knockdown. siADAR1-transfected cells had
lower frequency of A-to-G RNA editing (Suppl. Figs.
S4E–S4H). Both the overexpression and knockdown
experiments indicate that ADAR1 is the enzyme
responsible for mediating the A-to-G transition at c.499.
On the contrary, the alteration of ADAR1 level did not
affect the levels of VRK2 mRNA or protein (Suppl. Figs.
S4A, S4B, S4E, and S4F). Although we examined whether
the ADAR1 level affects the level of A-to-G editing in

FIGURE 6. Sequence comparisons of gDNA and mRNA isolated
from human breast cancer tissue and adjacent normal tissue
samples. (A) RNA sequencing analysis of VRK2 RNA from normal
and cancer tissues. (B, C) Proportion of c.499 = A in gDNA and
mRNA isolated from normal adjacent tissue (B) and cancer tissue
(C). Both A-to-G and G-to-A RNA editing were detected. (D)
Proportion of c.499 = A in mRNA isolated from normal adjacent
tissues and cancer tissues. The c.499 = A form increased in cancer
tissues; n = 20, ����p < 0.0001, paired t-test. (E) Proportion of
c.499 = A in gDNA isolated from normal and cancer tissues. The
gDNA sequences did not differ in normal tissue and cancer tissue.
All values represent mean ± SEM. **p < 0.01, unpaired t-test.
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human tissue samples, a significant correlation was not
observed (Suppl. Fig. S5).

We wanted to further identify the enzyme that mediates
G-to-A RNA editing, which occurs more frequently in cancer
tissues. One of studies reported an enzyme that caused G-to-A
RNA editing, and it is Apobec3A [13]. In the present study,
the overexpression and knockdown of Apobec3A were
performed; however, the frequency of sequence transition at
c.499 was not altered. Therefore, G-to-A RNA editing at this
site was not mediated by Apobec3A (Suppl. Fig. S6). G-to-A
RNA editing induces the I form of VRK2 at the 167th
amino acid site. Therefore, finding the enzyme that targets
G-to-A RNA editing may be critical in regulating tumor
growth.

Discussion

Cancer has incidence and mortality rates among diseases;
specifically, breast cancer is a fatal disease in women. Thus,
researchers continue to study and find the mechanisms
related to cancer treatment. For decades, cancer research has
focused on finding gDNA mutations in oncogenes or
tumor-suppressor genes. In addition to gDNA mutations,
RNA editing can create transcriptome diversity that can also
contribute to cancer pathogenesis. However, RNA editing
alterations cannot be detected by DNA-focused approaches.
In this study, we identified a novel RNA editing site in
VRK2 that is altered in breast cancer cells and tissues.

RNA editing of VRK2 occurs at sequence c.499, which
further changes the amino acid 167 of VRK2. The 167th
amino acid is located in the HGDIK catalytic motif of
VRK2, where the substitution of 168 lysine (K) with
glutamic acid generates an inactive kinase. Therefore, we
hypothesized that 167th amino acid substitution may affect
VRK2 kinase activity. Indeed, VRK2 kinase activity was
changed depending on the 167th amino acid. Interestingly,
167I VRK2 had higher kinase activity than 167V VRK2,
even though both I and V have hydrophobic side chains.
The amino acid 166 aspartic acid (D) in the catalytic motif
of VRK2 interacts with Mg2+ ion, which is essential for
kinase reaction. During the kinase reaction, the substrate
hydroxyl groups, which will be phosphorylated, are oriented
toward 166D. The K form at the 168th amino acid site
stabilizes the negative charge of the ATP γ-phosphate group
[32–34]. DynaMut analysis (http://biosig.unimelb.edu.au/
dynamut/) predicted that I167V substitution would induce a
conformational change in VRK2 (PDB No. 2v62) [22]. A
slight change in the orientation of amino acid side chains
was identified in the catalytic motif (Figs. 2A–2C).
Moreover, I167V substitution was predicted to make the
protein less flexible. The catalytic motif is the site of ATP
and substrate binding during the kinase reaction; therefore,
the structure should open and close flexibly during catalysis
[35]. We can hypothesize that the protein flexibility loss due
to I167V substitution may result in reduced kinase activity.
Thus, to confirm our hypothesis, further experimental
investigation of the 167V VRK2 structure is necessary.

A comparison of VRK2 cDNAs isolated from breast
cancer tissues and normal adjacent tissues showed that the
frequency of c.499 = A in the mRNA sequence increased in

cancer tissues without concomitant changes in the DNA
sequence (Fig. 6B). The ratio between A and G at c.499 was
approximately 1:1 in VRK2 mRNA isolated from normal
tissues, which suggests that A-to-G and G-to-A RNA editing
is balanced in normal breast tissues. This may be because
both 167I and 167V VRK2s are necessary for normal
tissues. By contrast, c.499 = A occurred more frequently in
cancer tissues, which indicates that 167I VRK2 is dominant
and advantageous for tumor survival. Therefore, we
investigated that whether VRK2 variants affect tumor cell
proliferation, and the results showed that when compared to
167V VRK2, 167I VRK2 reduced dysbindin and increased
cyclin D levels, leading to greater tumor cell proliferation.
Due to the regulation of two proteins, the survival rate was
also dependent on the VRK2 variant, where 167V VRK2
showed prolonged survival than 167I VRK2. Previously, we
demonstrated that VRK2 directly interacted with dysbindin,
decreasing its stability [30]. Thus, the greater reduction in
dysbindin expression in 167I VRK2 may be due to the
stronger interaction of VRK2 and dysbindin than 167V
VRK2. Further studies are necessary to confirm this
hypothesis by investigating the binding affinity of different
VRK2 variants to dysbindin.

Previous studies have reported that a somatic VRK2
mutation was not related to cancer progression [36], and
rs1051061 has not been reported as a cancer-related SNP.
By contrast, our results indicate that RNA-sequence
differences at the rs1051061-corresponding position are
associated with breast cancer. Although genetic information
is encoded in gDNA, the mRNA template is translated into
the functioning protein. RNA editing can alter the mRNA
template and further affect the function of expressed
proteins. Thus, predicting the tumor growth rate is possible
by checking the abundance of various VRK2 transcripts
through confirming their RNA sequences at c.499. However,
this study could not determine the enzyme that makes c.499
= A. Further investigations are needed to identify the
enzyme. In this study, we found that a specific form of 167I
VRK2 participates in high tumor proliferation and reduced
survival rate. Therefore, finding out the upstream enzyme
that makes G-to-A editing at c.499, which changes 167th

amino acid from valine to isoleucine, seems to be important.
Also, it would be critical to confirm whether inhibiting the
activity of the upstream enzyme could actually reduce the
change from V form to I form of VRK2, as it could
determine the possibility of the enzymes as the anti-cancer
therapeutic. Furthermore, we plan to perform gene
expression profiles in breast cancer tissues to find out the
upregulated genes with G-to-A RNA editing as blocking
these upregulated genes could also be beneficial to control
tumor proliferation and progression.

Acknowledgement:We thank Kyungwon Jo, Sungwook Kim,
Wonsik Shin, Jae Lee and Ranjit De for helpful discussions
and advices.

Funding Statement: This research was supported by the
BK21 FOUR funded by the Ministry of Education, Republic
of Korea, the National Research Foundation of Korea (NRF-
2022R1F1A1066642, RS-2023-00272063) grant funded by

430 SEUNG-HEE GWAK et al.

http://biosig.unimelb.edu.au/dynamut/
http://biosig.unimelb.edu.au/dynamut/


the Korean government (MSIT), and POSTECH Basic Science
Research Institute Grant (NRF-2021R1A6A1A10042944).
Research was also supported by funds donated by Dr. Jae
Kyu Lee and Mr. Jason Gim. Following are results of a
study on the “Leaders in INdustry-University Cooperation
3.0” Project, supported by the Ministry of Education and
National Research Foundation of Korea.

Author Contributions: The authors confirm contribution to
the paper as follows: study conception and design: Seung-Hee
Gwak, Juhyun Lee, Eunji Oh and Kyong-Tai Kim; data
collection: Seung-Hee Gwak and Juhyun Lee; analysis and
interpretation of results: Seung-Hee Gwak and Juhyun Lee;
investigation: Seung-Hee Gwak, Juhyun Lee, Eunji Oh and
Dohyun Lee; methodology, validation and visualization:
Seung-Hee Gwak and Juhyun Lee; resources: Wonshik Han;
draft manuscript preparation: Seung-Hee Gwak and Juhyun
Lee; funding acquisition and writing-review & editing:
Jongmin Kim and Kyong-Tai Kim; project administration
and supervision: Kyong-Tai Kim. All authors reviewed the
results and approved the final version of the manuscript.

Availability of Data and Materials: All the data and materials
generated for this study are available on request to the
corresponding author.

Ethics Approval: This study was reviewed and approved by
the Institutional Review Board of Seoul National University
Hospital (H-1905-095-1034). This study abides by the
principles of the Declaration of Helsinki. All patients signed
the informed consent form. All mouse experiments were
performed under the guidelines approved by the
Institutional Animal Care and Use Committee (POSTECH
IACUC protocol code 2022-0072).

Conflicts of Interest: The authors declare that they have no
conflicts of interest to report regarding the present study.

Supplementary Materials: The supplementary material is
available online at https://doi.org/10.32604/or.2023.031031.

References

1. Ferlay, J., Colombet, M., Soerjomataram, I., Parkin, D. M.,
Pineros, M. et al. (2021). Cancer statistics for the year 2020:

An overview. International Journal of Cancer, 5, 778–789.

https://doi.org/10.1002/ijc.33588

2. Dewi, F. R. P., Shoukat, N., Alifiyah, N. I., Wahyuningsih, S. P.
A., Rosyidah, A. et al. (2022). Increasing the effect of

annonacin using nanodiamonds to inhibit breast cancer cells

growth in rats (Rattus norvegicus)—Induced breast cancer.

Heliyon, 8, e11418. https://doi.org/10.1016/j.heliyon.2022.e11418

3. Picon-Ruiz, M., Morata-Tarifa, C., Valle-Goffin, J. J., Friedman,
E. R., Slingerland, J. M. (2017). Obesity and adverse breast

cancer risk and outcome: Mechanistic insights and strategies

for intervention. CA: A Cancer Journal for Clinicians, 67, 378–

397. https://doi.org/10.3322/caac.21405

4. Gasca-Sanchez, F. M., Santuario-Facio, S. K., Ortiz-Lopez, R.,
Rojas-Martinez, A., Mejia-Velazquez, G. M. et al. (2021).

Spatial interaction between breast cancer and environmental

pollution in the Monterrey Metropolitan Area. Heliyon, 7,
e07915. https://doi.org/10.1016/j.heliyon.2021.e07915

5. Shiovitz, S., Korde, L. A. (2015). Genetics of breast cancer: A
topic in evolution. Annals of Oncology, 26, 1291–1299. https://
doi.org/10.1093/annonc/mdv022

6. Kim, S., Lee, D., Lee, J., Song, H., Kim, H. J. et al. (2015).
Vaccinia-related kinase 2 controls the stability of the
eukaryotic chaperonin TRiC/CCT by inhibiting the
deubiquitinating enzyme USP25. Molecular Cell Biology, 35,
1754–1762. https://doi.org/10.1128/MCB.01325-14

7. Kim, S., Park, D. Y., Lee, D., Kim, W., Jeong, Y. H. et al. (2014).
Vaccinia-related kinase 2 mediates accumulation of
polyglutamine aggregates via negative regulation of the
chaperonin TRiC. Molecular Cell Biology, 34, 643–652. https://
doi.org/10.1128/MCB.00756-13

8. Vazquez-Cedeira, M., Lazo, P. A. (2012). Human VRK2
(vaccinia-related kinase 2) modulates tumor cell invasion by
hyperactivation of NFAT1 and expression of cyclooxygenase-2.
Journal of Biological Chemistry, 287, 42739–42750. https://doi.
org/10.1074/jbc.M112.404285

9. Chen, J., Qiao, K., Zhang, C., Zhou, X., Du, Q. et al. (2022). VRK2
activates TNFalpha/NF-jB signaling by phosphorylating
IKKbeta in pancreatic cancer. International Journal of
Biological Sciences, 18, 1288–1302. https://doi.org/10.7150/ijbs.
66313

10. Baysal, B. E., Sharma, S., Hashemikhabir, S., Janga, S. C. (2017).
RNA editing in pathogenesis of cancer. Cancer Research, 77,
3733–3739. https://doi.org/10.1158/0008-5472.CAN-17-0520

11. Fumagalli, D., Gacquer, D., Rothe, F., Lefort, A., Libert, F. et al.
(2015). Principles governing A-to-I RNA editing in the breast
cancer transcriptome. Cell Reports, 13, 277–289. https://doi.org/
10.1016/j.celrep.2015.09.032

12. Li, M., Wang, I. X., Li, Y., Bruzel, A., Richards, A. L. et al. (2011).
Widespread RNA and DNA sequence differences in the human
transcriptome. Science, 333, 53–58. https://doi.org/10.1126/
science.1207018

13. Niavarani, A., Currie, E., Reyal, Y., Anjos-Afonso, F., Horswell, S.
et al. (2015). APOBEC3A is implicated in a novel class of G-to-A
mRNA editing in WT1 transcripts. PLoS One, 10, e0120089.
https://doi.org/10.1371/journal.pone.0120089

14. Grohmann, M., Hammer, P., Walther, M., Paulmann, N.,
Buttner, A. et al. (2010). Alternative splicing and extensive
RNA editing of human TPH2 transcripts. PLoS One, 5, e8956.
https://doi.org/10.1371/journal.pone.0008956

15. Klimek-Tomczak, K., Mikula, M., Dzwonek, A., Paziewska, A.,
Karczmarski, J. et al. (2006). Editing of hnRNP K protein
mRNA in colorectal adenocarcinoma and surrounding mucosa.
British Journal of Cancer, 94, 586–592. https://doi.org/10.1038/
sj.bjc.6602938

16. Chen, L., Li, Y., Lin, C. H., Chan, T. H., Chow, R. K. et al. (2013).
Recoding RNA editing of AZIN1 predisposes to hepatocellular
carcinoma. Nature Medicine, 19, 209–216. https://doi.org/10.
1038/nm.3043

17. Han, S. W., Kim, H. P., Shin, J. Y., Jeong, E. G., Lee, W. C. et al.
(2014). RNA editing in RHOQ promotes invasion potential in
colorectal cancer. Journal of Expperimental Medicine, 211, 613–
621. https://doi.org/10.1084/jem.20132209

18. Wu, Y., Zhao, W., Liu, Y., Tan, X., Li, X. et al. (2018). Function of
HNRNPC in breast cancer cells by controlling the dsRNA-
induced interferon response. EMBO Journal, 37, e14. https://
doi.org/10.15252/embj.201899017

VACCINIA-RELATED KINASE 2 VARIANTS DIFFERENTIALLY AFFECT BREAST CANCER GROWTH 431

https://doi.org/10.32604/or.2023.031031
https://doi.org/10.1002/ijc.33588
https://doi.org/10.1016/j.heliyon.2022.e11418
https://doi.org/10.3322/caac.21405
https://doi.org/10.1016/j.heliyon.2021.e07915
https://doi.org/10.1093/annonc/mdv022
https://doi.org/10.1093/annonc/mdv022
https://doi.org/10.1128/MCB.01325-14
https://doi.org/10.1128/MCB.00756-13
https://doi.org/10.1128/MCB.00756-13
https://doi.org/10.1074/jbc.M112.404285
https://doi.org/10.1074/jbc.M112.404285
https://doi.org/10.7150/ijbs.66313
https://doi.org/10.7150/ijbs.66313
https://doi.org/10.1158/0008-5472.CAN-17-0520
https://doi.org/10.1016/j.celrep.2015.09.032
https://doi.org/10.1016/j.celrep.2015.09.032
https://doi.org/10.1126/science.1207018
https://doi.org/10.1126/science.1207018
https://doi.org/10.1371/journal.pone.0120089
https://doi.org/10.1371/journal.pone.0008956
https://doi.org/10.1038/sj.bjc.6602938
https://doi.org/10.1038/sj.bjc.6602938
https://doi.org/10.1038/nm.3043
https://doi.org/10.1038/nm.3043
https://doi.org/10.1084/jem.20132209
https://doi.org/10.15252/embj.201899017
https://doi.org/10.15252/embj.201899017


19. Peng, G., Greenwell-Wild, T., Nares, S., Jin, W., Lei, K. J. et al.
(2007). Myeloid differentiation and susceptibility to HIV-1 are
linked to APOBEC3 expression. Blood, 110, 393–400. https://
doi.org/10.1182/blood-2006-10-051763

20. Franken, N. A., Rodermond, H. M., Stap, J., Haveman, J., van
Bree, C. (2006). Clonogenic assay of cells in vitro. Nature
Protocols, 1, 2315–2319. https://doi.org/10.1038/nprot.2006.339

21. Dallakyan, S., Olson, A. J. (2015). Small-molecule library
screening by docking with PyRx. Methods in Molecular
Biology, 1263, 243–250. https://doi.org/10.1007/978-1-4939-
2269-7

22. Rodrigues, C. H., Pires, D. E., Ascher, D. B. (2018). DynaMut:
Predicting the impact of mutations on protein conformation,
flexibility and stability. Nucleic Acids Research, 46, W350–
W355. https://doi.org/10.1093/nar/gky300

23. Sherr, C. J. (1996). Cancer cell cycles. Science, 274, 1672–1677.
https://doi.org/10.1126/science.274.5293.1672

24. Barnes, D. M., Gillett, C. E. (1998). Cyclin D1 in breast cancer.
Breast Cancer Research and Treatment, 52, 1–15. https://doi.
org/10.1023/A:1006103831990

25. Ortiz, A. B., Garcia, D., Vicente, Y., Palka, M., Bellas, C. et al.
(2017). Prognostic significance of cyclin D1 protein expression
and gene amplification in invasive breast carcinoma. PLoS One,
12, e0188068. https://doi.org/10.1371/journal.pone.0188068

26. Alao, J. P. (2007). The regulation of cyclin D1 degradation: Roles
in cancer development and the potential for therapeutic
invention. Molecular Cancer, 6, 24. https://doi.org/10.1186/
1476-4598-6-24

27. Daniel, P., Filiz, G., Brown, D. V., Hollande, F., Gonzales, M.
et al. (2014). Selective CREB-dependent cyclin expression
mediated by the PI3K and MAPK pathways supports glioma
cell proliferation. Oncogenesis, 3, e108. https://doi.org/10.1038/
oncsis.2014.21

28. Fan, C. F., Mao, X. Y., Wang, E. H. (2012). Elevated p-CREB-2
(ser 245) expression is potentially associated with carcinogenesis

and development of breast carcinoma. Molecular Medicine
Reports, 5, 357–362. https://doi.org/10.3892/mmr.2011.657

29. Kang, T. H., Park, D. Y., Kim, W., Kim, K. T. (2008). VRK1
phosphorylates CREB and mediates CCND1 expression.
Journal of Cell Science, 121, 3035–3041. https://doi.org/10.1242/
jcs.026757

30. Jeong, Y. H., Choi, J. H., Lee, D., Kim, S., Kim, K. T. (2018).
Vaccinia-related kinase 2 modulates role of dysbindin by
regulating protein stability. Journal of Neurochemistry, 147,
609–625. https://doi.org/10.1111/jnc.14562

31. Ito, H., Morishita, R., Nagata, K. (2016). Schizophrenia
susceptibility gene product dysbindin-1 regulates the
homeostasis of cyclin D1. Biochimica et Biophysica Acta, 1862,
1383–1391. https://doi.org/10.1016/j.bbadis.2016.04.016

32. Counago, R. M., Allerston, C. K., Savitsky, P., Azevedo, H.,
Godoi, P. H. et al. (2017). Structural characterization of human
vaccinia-related kinases (VRK) bound to small-molecule
inhibitors identifies different P-loop conformations. Scientific
Reports, 7, 7501. https://doi.org/10.1038/s41598-017-07755-y

33. Endicott, J. A., Noble, M. E., Johnson, L. N. (2012). The
structural basis for control of eukaryotic protein kinases.
Annuual Review of Biochemistry, 81, 587–613. https://doi.org/
10.1146/annurev-biochem-052410-090317

34. Scheeff, E. D., Eswaran, J., Bunkoczi, G., Knapp, S., Manning, G.
(2009). Structure of the pseudokinase VRK3 reveals a degraded
catalytic site, a highly conserved kinase fold, and a putative
regulatory binding site. Structure, 17, 128–138. https://doi.org/
10.1016/j.str.2008.10.018

35. Knight, J. D., Qian, B., Baker, D., Kothary, R. (2007).
Conservation, variability and the modeling of active protein
kinases. PLoS One, 2, e982. https://doi.org/10.1371/journal.
pone.0000982

36. Greenman, C., Stephens, P., Smith, R., Dalgliesh, G. L., Hunter,
C. et al. (2007). Patterns of somatic mutation in human cancer
genomes. Nature, 446, 153–158. https://doi.org/10.1038/
nature05610

432 SEUNG-HEE GWAK et al.

https://doi.org/10.1182/blood-2006-10-051763
https://doi.org/10.1182/blood-2006-10-051763
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1007/978-1-4939-2269-7
https://doi.org/10.1007/978-1-4939-2269-7
https://doi.org/10.1093/nar/gky300
https://doi.org/10.1126/science.274.5293.1672
https://doi.org/10.1023/A:1006103831990
https://doi.org/10.1023/A:1006103831990
https://doi.org/10.1371/journal.pone.0188068
https://doi.org/10.1186/1476-4598-6-24
https://doi.org/10.1186/1476-4598-6-24
https://doi.org/10.1038/oncsis.2014.21
https://doi.org/10.1038/oncsis.2014.21
https://doi.org/10.3892/mmr.2011.657
https://doi.org/10.1242/jcs.026757
https://doi.org/10.1242/jcs.026757
https://doi.org/10.1111/jnc.14562
https://doi.org/10.1016/j.bbadis.2016.04.016
https://doi.org/10.1038/s41598-017-07755-y
https://doi.org/10.1146/annurev-biochem-052410-090317
https://doi.org/10.1146/annurev-biochem-052410-090317
https://doi.org/10.1016/j.str.2008.10.018
https://doi.org/10.1016/j.str.2008.10.018
https://doi.org/10.1371/journal.pone.0000982
https://doi.org/10.1371/journal.pone.0000982
https://doi.org/10.1038/nature05610
https://doi.org/10.1038/nature05610

	Vaccinia-related kinase 2 variants differentially affect breast cancer growth by regulating kinase activity
	Introduction
	Materials and Methods
	Results
	Discussion
	flink5
	References


