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Abstract

Uncontrolled proliferation, a major feature of cancer cells, is often triggered by the malfunction of cell cycle regulators such
as protein kinases. Recently, cell cycle-related protein kinases have become attractive targets for anti-cancer therapy,
because they play fundamental roles in cellular proliferation. However, the protein kinase-targeted drugs that have been
developed so far do not show impressive clinical results and also display severe side effects; therefore, there is undoubtedly
a need to investigate new drugs targeting other protein kinases that are critical in cell cycle progression. Vaccinia-related
kinase 1 (VRK1) is a mitotic kinase that functions in cell cycle regulation by phosphorylating cell cycle-related substrates
such as barrier-to-autointegration factor (BAF), histone H3, and the cAMP response element (CRE)-binding protein (CREB). In
our study, we identified luteolin as the inhibitor of VRK1 by screening a small-molecule natural compound library. Here, we
evaluated the efficacy of luteolin as a VRK1-targeted inhibitor for developing an effective anti-cancer strategy. We confirmed
that luteolin significantly reduces VRK1-mediated phosphorylation of the cell cycle-related substrates BAF and histone H3,
and directly interacts with the catalytic domain of VRK1. In addition, luteolin regulates cell cycle progression by modulating
VRK1 activity, leading to the suppression of cancer cell proliferation and the induction of apoptosis. Therefore, our study
suggests that luteolin-induced VRK1 inhibition may contribute to establish a novel cell cycle-targeted strategy for anti-
cancer therapy.
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Introduction

Tumorigenesis is associated with a dysregulation of cell division,
which is often triggered by defects in the regulation of protein
modulators that play critical roles in cell cycle checkpoints and
progression [1]. Among the proteins that make up the cell cycle
machinery, recent therapeutic strategies have attempted to take
advantage of targeting several cell cycle protein kinases to enhance
drug selectivity and therapeutic effectiveness [2,3]. Accordingly,
such cell cycle-related protein kinases have become attractive
targets for anti-cancer therapy, owing to their fundamental
functions in controlling cell growth. For instance, small-molecule
inhibitors of the DNA damage checkpoint proteins Chk 1 and 2
were used with the intention of causing cell cycle arrest and
apoptosis during interphase [4-6]. In addition, some mitotic
inhibitors targeting the cyclin-dependent kinase (CDK) family,
Aurora kinases, and Polo-like kinases have been developed to
provoke impeded mitotic entry, mitotic arrest, and mitotic
catastrophes by causing deficiencies in chromosome condensation,
chromosome alignment, spindle formation, and the spindle
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assembly checkpoint [1-3]. For several promising inhibitors,
clinical trials have already been conducted to develop a novel
class of anti-cancer drugs. In the clinical trial stages, unfortunately,
their clinical efficacy did not show impressive results, but rather
elicited limited responses or even unexpected severe side effects
[3]. Nevertheless, effective inhibition of certain phase of cell cycle
is still regarded as a valuable strategy to treat cancer, Thus
identification of novel, cell cycle-specific, druggable target proteins
and the development of their selective inhibitors that might have
potential to become chemotherapeutic agents are undoubtedly
required.

In this regard, we investigated whether Vaccinia-related kinase
1 (VRKI1) might be an adequate molecular target in accordance
with the cell cycle targeting strategy. VRKI1, which specifically
phosphorylates serine and threonine residues, is a mitotic kinase
that plays an important role in cell cycle progression by
participating in wide variety of cell division processes [7,8].
VRKI expression is specifically abundant in highly proliferative
cells such as fetal and tumor tissues, and mainly displays a
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tendency to upregulate during the mitotic phase in the cell cycle
[9,10]. In the G1/S phases, VRKI promotes cyclin D1 (CCNDI)
expression to induce the G1/S transition by phosphorylating
cAMP response element (CRE)-binding protein (CREB) and
thereby enhancing the binding affinity of CREB to the CCNDI1
promoter [11]. Furthermore, VRKI takes part in nuclear
envelope (NE) dynamics such as NE assembly/disassembly via
phosphorylation of barrier-to-autointegration factor (BAF) during
interphase and mitotic entry/exit [12]. BAF is a chromatin-
associated protein functioning as a link between DNA and the NE
[13]. The dynamic status of BAF during cell cycle progression is
tightly regulated by VRKI activity; BAF phosphorylation by
VRKI stimulates chromatin release from NE, and recruits NE-
associated proteins into core region during telophase [12,14]. In
the mitotic phase, VRKI affects histone modification by
phosphorylating histone H3 [10]. Phosphorylation of histone H3
Serl0 by VRKI1 and other several mitotic kinases is a well-known
histone code inducing chromatin condensation at mitotic entry or
the G2/M phase transition. In the cell cycle, VRKI-mediated
histone H3 phosphorylation is influenced by other regulators.
Mitogen-activated protein kinase phosphatase 2 (MKP2), a dual-
specificity phosphatase that inactivates MAP kinases (MAPKSs),
plays a role as a negative regulator of VRK1-mediated histone H3
phosphorylation at the mitotic phase [15]. During interphase,
Macro histone H2A1.2 (MacroH2Al1), a core histone variant,
suppresses the approach of VRKI1 to histone H3 by sequestration
[16].

Additionally, recent studies also have shown the significance of
VRKI in the process of cell proliferation. VRK1 has a critical role
not only in somatic cell proliferation, but also in germ cell
development [17,18]. Moreover, VRKI also plays a role in the
maintenance of the telomere by phosphorylating hnRNP Al,
which stimulates telomerase and binds to the telomere DNA
sequence [19]. VRKI is required for GO exit, Golgi fragmenta-
tion, DNA damage-induced apoptosis, and stress responses, which
are necessary to maintain cell cycle progression [20-24]. Thus,
considering the cell cycle-related characteristics of VRKI, the
identification of VRKI inhibitor is required for anti-cancer
therapies. Although it is reported that some drugs to inhibit other
protein kinases might inhibit the kinase activity of VRKI1 [25], the
inhibitory mechanism and anti-cancer effects through VRKI
inhibition were still elusive.

In our study, we screened a small-molecule natural compound
library and identified luteolin (3',4',5,7-tetrahydroxyflavone) as
the small-molecule to inhibit VRKI1 kinase activity. Luteolin is a
naturally occurring flavonoid that is commonly distributed in
plants and is well-known to act as a potent antioxidant [26]. In
traditional Asian remedies, luteolin-abundant herbs have been
used as traditional medicines for treating many disorders such as
painful conditions, inflammatory diseases, hypertension, and
cancer [27]. Today, many lines of evidence have demonstrated
numerous pharmacological effects of luteolin including ant-
cancer, anti-inflammation, and anti-allergy activities [27,28].
Although it has been ascertained that the anti-cancer properties
of luteolin are associated with pro-apoptotic effects, anti-prolifer-
ative effects, and inhibition of angiogenesis and metastasis, the
molecular mechanisms underlying its anti-cancer activities have
not been fully determined [29,30].

Here, we confirmed that luteolin displays significantly reduced
phosphorylation of the cell cycle-related substrates histone H3 and
BAF, and directly interacts with VRKI1, specifically docking at its
catalytic domain. Moreover, we demonstrated that luteolin could
induce cell cycle arrest by inhibiting VRKI1 kinase activity, leading
to the suppression of cancer cell growth and apoptosis. Therefore,
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we suggest that luteolin is an inhibitor of VRK1, which is one of
good candidates to treat cancer.

Materials and Methods

Chemicals and Reagents

Luteolin was of analytical grade and purchased from Sigma-
Aldrich (St. Louis, MO, USA). Eupatilin and Wogonin were
provided from Dr. Baek’s Lab in Kyung-Hee University. These
compounds were prepared in DMSO (Sigma-Aldrich). [*2P-y]
ATP was purchased from Perkin Elmer/NEN (Waltham, MA,
USA) and recombinant histone H3 was purchased from Roche
Applied Science (Indianapolis, IN, USA). Other recombinant
proteins such as glutathione sulfotransferase (GST), GST-VRKI,
GST-aurora kinase B (AURKB) and His-BAF were expressed in
E.coli (BL21) and were purified by affinity chromatography.
Lamin B, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and GST antibody was purchased from Santa Cruz Technology
(Santa Cruz, CA, USA) and histone H3 phospho-Ser10 antibody
was purchased from Abcam (Cambridge, UK) and those against
histone H3, phospho-CREB and CREB were obtained from Cell
Signaling Technology (Danvers, MA, USA). VRKI1 and phospho-
BAF (gift from Robert Craigie, NIH, USA) antibody were
generated in rabbit using purified VRKI proteins. Hoechst
33342 was purchased from Sigma-Aldrich. CNBr-Sepharose 4B
was purchased from Sigma-Aldrich.

Cell culture and transfection

BEAS-2B cells were obtained from the ATCC (Manassas, VA).
Previously described HeLa [31], HEK293A [16], SH-SY5Y [32],
U20S [32], and A549 [31] cells were used in this study. The
human cervical adenocarcinoma cell line HelLa, human embry-
onic kidney cell line HEK293A, the human bronchial epithelial
cell line BEAS-2B and the human neuroblastoma cell line SH-
SY3Y were grown in Dulbecco’s modified Eagle medium
(DMEM) medium supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin. The human osteosarcoma cell
line U20S and the human lung adenocarcinoma cell line A549
were grown in RPMI1640 medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin. These cell lines
were maintained at 37°C in a humidified atmosphere of 5% CO2.
Transient transfection of Hella and U20S cells was carried out
using an MP-100 microporator (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol.

Protein kinase assay

An in vitro kinase assay was performed in accordance with the
methods previously described [31]. In brief, an in vitro kinase
assay was carried out in the kinase buffer containing GST-VRKI,
GST-AURKB, His-BAF, histone H3, and [32P-y] ATP. The
kinase assay mixtures were incubated at 30°C for 30 min and
radioactive incorporation was detected by autoradiography. The
quantities of proteins used in kinase assays were measured by using
silver nitrate (Sigma-Aldrich) or coomassie blue (Sigma-Aldrich).

Cell viability assay

Cells were treated for 24 h or 48 h with flavonoids (luteolin,
eupatilin, and wogonin) or with dimethylsulfoxide (DMSO) as a
control. Cell viability was assessed using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetarazolium bromide (MTT) assay accord-
ing to the manufacturer’s protocol. The half-maximal inhibitory
concentration (IC50) was determined using Graphpad Prism
(GraphPad, San Diego, CA, USA).
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Figure 1. Inhibitory effects of luteolin on VRK1 kinase activity. (A) and (B), in vitro kinase activity measurements for VRK1 with BAF (A) or
VRK1 with histone H3 (B) were performed by increasing concentrations of luteolin (0.0, 1.0, 10, 50, 100, and 250 uM), and then VRK1 and substrate
proteins were stained with silver nitrate. (C), Chemical structures and molecular weights of luteolin, eupatilin, and wogonin. (D) and (E), in vitro kinase
assay for VRK1 with BAF were performed by increasing concentrations (0.0, 1.0, 10, 50, 100, and 250 uM) of eupatilin (D) or wogonin (E), and then
VRK1 and BAF proteins were stained with silver nitrate. (F) and (G), Quantification of VRK1 auto-phosphorylation (F) or BAF phosphorylation (G)
described in (B), (D) and (E). Data in (F) and (G) represent means of three independent experiments =SEMs.
doi:10.1371/journal.pone.0109655.g001
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Figure 2. Direct interaction of luteolin with VRK1. (A), Pull-down

assay using luteolin-conjugated sepharose 4B beads or control sepharose 4B

beads with recombinant VRK1 protein. Purified GST and GST-VRK1 proteins are incubated with indicated beads, and then pull down assay was
performed. Each proteins were detected by immunoblotting with GST antibody. (B), Pull-down assay using luteolin conjugated sepharose 4B beads
with SH-SY5Y cell lysate. Cell lysate are incubated with indicated beads, and then pull-down was performed. The proteins were detected by
immunoblotting with VRK1 antibody. (C), SPR detection for the interaction of luteolin with VRK1. The data were obtained by kinetic titration method
with sequentially injection of analytes without regeneration steps. Data for eupatilin and wogonin were obtained by classical methods.

doi:10.1371/journal.pone.0109655.9g002

Luteolin-Sepharose 4B preparation and in vitro
pull-down assay

Sepharose 4B bead powder was suspended in activation solution
for coupling reaction. Activated Sepharose 4B beads were
incubated in coupling solution with luteolin on a rotary shaker
at 4°C overnight. For the in vitro pull down assay, GST-VRKI1
and GST were incubated with luteolin-Sepharose 4B beads in
reaction solution for 12 h. Proteins bound to the beads were
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analyzed by immunoblotting. We carried out the detailed
procedures which were described previously [33].

Surface Plasmon Resonance (SPR) assay

The kinetic parameters of the interaction between VRKI and
luteolin were evaluated by an SPR assay using the automatic
SR7500DC system (Reichert Technologies, Depew, NY, USA).
For preparation of the VRKI1-conjugated gold chip, VRK1 was
immobilized on a CMDH chip (#13206066) and then luteolin,
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Table 1. Kinetic parameters of the binding of luteolin to VRK1.

Luteolin Inhibits VRK1

KM 's™T) Ka(S™") Kp
Luteolin 43.62 0.0464 5.8 uM
Eupatiln 414 0.0763 184 uM
Wogonin 51.72 0.083 120 uM

doi:10.1371/journal.pone.0109655.t001

eupatilin and wogonin were injected on the surface of chip at the
indicated concentrations, diluted in 10 mM phosphate-buffered
saline (PBS) containing 1% DMSO as a running buffer. Analysis of
the collected data was performed by scrubber? software (BioNavis,
Tampere, Pirkanmaa, Finland).

Ligand docking assay

A homology model developed from the X-ray structure of
VRKI was employed to assess the molecular interaction and the
binding mode of newly identified VRKI leads. In the present
study, the model structure was energy-minimized for 5,000 steps
by the CHARM force-field and conjugate gradient method in the
Discovery Studio 3.0 suite [34]. The 3-D coordinates of luteolin
were prepared using the Prepare Ligand module and energy-
minimized for 2,000 steps using the Smart Minimizer algorithm in
the Discovery Studio 3.0 suite. The molecular docking program
GOLD 5.0 was employed to assess the binding mode of the VRK1
leads. Our previous NMR binding studies have identified the key
residues that are perturbed upon ligand binding; these were used
to define the active site [34]. Default settings and scoring functions,
the GOLD PLP and GOLD scoring function, were employed to
score docking interactions and their probable docking mode of
binding.

Flow cytometry assay

For cell cycle analysis, HelLa cells were transfected with GFP,
GFP-VRKI1, GFP-BAF and then treated with DMSO (vehicle)
and 10 pM luteolin. Afterward, cells were fixed with 70% ethanol
containing 0.4% Tween-20 and stained with propidium iodide in
PBS. The cell cycle and cellular DNA contents were analyzed by
flow cytometry in a FACSCalibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Data acquisition was performed with
the Cell Quest program (BD Biosciences). For apoptosis analysis,
HeLa cells were treated with luteolin in a concentration-
dependent manner and double stained with propodium iodide
and Annexin-V allophycocyanin. Cells were analyzed by flow
cytometry.

Immunofluorescence staining

HelLa cells were transfected with red fluorescent protein (RFP),
RFP-VRKI1, GFP, and GFP-BAF using microporation, and then
treated with 10 pM of luteolin for 24 h. Subsequently, cells were
fixed in 4% paraformaldehyde for 20 min and blocked with 10%
FBS in PBS for 1 h at room temperature. Cells were stained with
Hoechst 33342 in PBS for 20 min at room temperature and
viewed using a confocal laser-scanning microscopy (Fluoview
FV1000; Olympus, Tokyo, Japan). HeLa cells were treated with or
without luteolin(10 pM) for 24 hr. Subsequently, we carried out
detailed procedures which were described, and then the cells were
stained with lamin B antibody and viewed using Zeiss fluorescence
microscope (Carl Zeiss Ltd., Jena, Germany) or confocal laser-
scanning microscopy.
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Quantitative reverse transcription (RT)-PCR

Total RNA from HeLa cells was prepared using the TRI agent
(Molecular Research Center, Cincinnati, OH, USA) according to
the manufacturer’s instructions and then reverse transcribed to
generate complementary DNA. Quantitative RT-PCR  was
performed using the SYBR Green PCR mixture (Takara Bio
Inc., Shiga, Japan) and a real-time detector system (Applied
BioSystems, Foster City, CA USA). GAPDH level was used to
normalize transcript levels.

Results

Luteolin is a potent inhibitor of VRK1 kinase activity

To examine whether luteolin could effectively suppress the
enzymatic activity of VRKI1, we performed an in vitro kinase assay
and compared the inhibitory effects of luteolin with those of other
flavonoid-like compounds. Luteolin significantly inhibited the
VRKI-mediated phosphorylation of BAF and histone H3 in a
dose-dependent manner. Moreover, the auto-phosphorylation
activity of VRK1 was attenuated by treatment with luteolin in a
dose-dependent manner (Fig. 1A and B). Although eupatilin and
wogonin, flavonoid-like chemical compounds that show structural
similarity to luteolin (Fig. 1C), weakly inhibit VRKI1 kinase activity
(Fig. 1D and E), luteolin showed the most prominent inhibitory
effects on BAF phosphorylation and VRK1 auto-phosphorylation,
suggesting the specificity of luteolin. The specificity of luteolin for
VRKI was further confirmed by its normalized inhibitory effects
on BAF phosphorylation and VRKI auto-phosphorylation
(Fig. 1F and G). These results indicate that luteolin is a potent
mnhibitor of VRKI kinase activity, which is required for the
modulation of cell cycle progression.

Luteolin directly interacts with VRK1

Because luteolin suppressed the action of VRKI1 towards its
substrates, we hypothesized that luteolin might inhibit kinase
activity through direct binding to VRKI. To investigate the
interaction between luteolin and VRKI, we conducted a pull-
down assay using luteolin-conjugated sepharose beads. GST could
not bind to either luteolin-conjugated sepharose beads or control
beads. However, GST-VRKI1 successfully bound to luteolin-
conjugated sepharose beads, but did not bind to control beads that
were not conjugated to luteolin (Fig. 2A). We next performed a
pull-down assay with SH-SY5Y cell lysates to inspect whether
luteolin binds to endogenous VRKI1 in addition to recombinant
VRKI (Fig. 2B). Endogenous VRKI could also bind to luteolin-
conjugated sepharose beads. These results suggest that luteolin
directly interacts with VRK1 n vitro.

Direct interaction between luteolin and VRKI1 was further
analyzed using surface plasmon resonance (SPR) to monitor the
binding kinetics. Recombinant VRKI1 proteins were covalently
immobilized on a sensor chip as a ligand; subsequently, luteolin,
eupatilin and wogonin were added in a concentration-dependent
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Figure 3. NMR titration assay and in silico modeling for interaction of luteolin with VRK1. (A), NMR titration experiments were performed.
Spectrum of chemical shift perturbations versus amino acid residues of the VRK1 protein after binding of luteolin. (B), Mapping of chemical shift
perturbations on the VRK1 protein. Most of the perturbed residues (shown in red) are located close to the catalytic domain of VRK1. (C), in silico
modeling of the binding mode of luteolin to the VRK1 protein. Luteolin is predicted to fit in the vicinity of the G-loop, catalytic site, and a-C lobe.

doi:10.1371/journal.pone.0109655.9g003

manner as an analyte (Fig. 2C). Kinetic parameters of the
interaction between the VRKI-coated sensor chip and these
analytes were evaluated by software and are represented in
Table 1. Calculated constants of these analytes towards VRK1
exhibit that luteolin has most strong binding affinity among them.
Taken together, these results indicate that luteolin directly binds to
VRKI with high binding affinity.

The inhibitory effect of luteolin is mediated by its direct
binding to the catalytic domain of VRK1

To determine the binding region of VRKI1 for luteolin, the
interaction between luteolin and VRKI1 was assessed by NMR
titration experiments and i silico modeling. Amino acid residues
affected by interaction with luteolin showed dramatically increased
chemical shift perturbations (Fig. 3A). These residues are repre-
sented in the spectrum of chemical shift perturbations and also
assigned on the molecular map of VRKI (Fig 3B), suggesting that
these residues are mainly located in the vicinity of catalytic
domain, which is involved in ATP binding [34].

In in silico modeling of the binding mode of luteolin toward
VRKI, luteolin is predicted to fit in the vicinity of the G-loop,
catalytic site, and o-C lobe (Fig. 3C). The 2, 3-dihydroxyl moieties
of the 2-phenyl group on the chromene scaffold interact with the
E83 residue of o-C lobe. Further, the 2-hydroxyl group also
interacts with the D197 residue of the catalytic loop. Similarly, the
4-keto group on the chromene scaffold interacts with S181 via a
hydrogen-bonding interaction. The 7-hydroxyl moiety on the
chromene scaffold also makes hydrogen-bonding interactions with
the 143 and Q45 residues from the G-loop. Apart from these
hydrogen-bonding interactions, the chromene scaffold also has
strong stacking hydrophobic interactions with the F48 residue of
the G-loop and the hydrophobic residues surrounding the active
site (not shown). Luteolin has most of its key interactions with the
G-loop and catalytic site residues, which firmly stabilize the
luteolin molecule into the active site and inhibit its kinase activity.

Luteolin induces cell cycle arrest via the inhibition of BAF
phosphorylation by VRK1

Luteolin has been demonstrated previously to induce cell cycle
arrest at the GI1/S and G2/M phase transitions [35-39].
However, the molecular mechanism of cell cycle arrest by luteolin
is unknown, except for the possibility that Aurora B kinase might
be a molecular target of luteolin to regulate cell cycle progression,
based on evidence that Aurora B is inhibited by luteolin and plays
a role as a key mediator of mitotic progression [40]. VRKI is
another mitotic kinase that has been known to carry out
coordinating roles in cell cycle progression by the phosphorylation
of several cell cycle-related substrates such as BAF, histone H3,
and CREB [10-12]. Thus, we evaluated whether luteolin induces
cell cycle arrest by inhibiting VRK1. Pl-stained cells treated with
DMSO or luteolin were analyzed by flow cytometry to assess the
cell cycle. Upon treatment with luteolin, the population in the G1
phase was significantly increased compared to that in DMSO-
treated cells (Fig. 4A, left panel). In contrast, the increased G1-
phase population disappeared upon overexpression of GFP-tagged
VRKI (Fig 4A, right panel), indicating that luteolin causes arrest
in the early stages of cell cycle by the inhibition of VRKI.
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As mentioned above, VRKI1 participates in the phosphoryla-
tion-mediated re-localization of BAF to the cytoplasm, chromatin
condensation via histone H3 phosphorylation, and CCNDI
expression by CREB phosphorylation to facilitate cell cycle
progression [10-12]. To further explain the mechanism of cell
cycle arrest by luteolin-induced interference with VRKI1 activity,
we evaluated whether luteolin disturbs these processes. Because it
has been demonstrated that VRK1 enhances the expression of
CCNDI1, which is correlated with G1/S progression, through
increased activity of the CRE element in the CCND1 promoter by
phosphorylated CREB binding, we speculated that CREB
phosphorylation and the mRNA level of CCND1 may be affected
by luteolin treatment. However, there were no significant
differences in CREB phosphorylation and the mRNA level of
CCND1 between DMSO and luteolin treatment (Fig. S1),
implying that luteolin-induced G1/S arrest may have been a
consequence of defects in other processes rather than suppression
of CREB phosphorylation.

We next tested the possible involvement of BAF in G1/S arrest
caused by luteolin. In Drosophila and C. elegans, it is well
established that BAF has fundamental roles in the organization of
nuclear structure and cell cycle progression [13,41]. In addition,
the nuclear localization of BAF influences cell cycle progression in
human cells; VRKI1, the only identified upstream kinase of BAF,
can alter BAF localization by phosphorylation to induce the
release of BAF from both DNA and LEM-domain proteins such as
Lap2, emerin, and MANI [12,14,31,42]. VRKI1-mediated BAF
re-localization is essential process for DNA release during G1/S
transition. To detect any perturbations caused by luteolin in
nuclear envelope dynamics in the cell cycle progression, we stained
the nuclear envelope with the nuclear lamin B antibody. Lamin B
is detached from chromatin in mitosis, however, loss of VRK1 or
expression of BAF mutant perturbs chromatin separation from NE
[12,42,43]. We observed whether nuclear lamin B was not
dispersed by treatment with luteolin. Nuclear lamin B was released
into the cytoplasm at late anaphase as shown in vehicle-treated
cells, while lamin B is stuck into chromosomes at same phase as
shown in luteolin-treated cells (Fig. 4B), suggesting that luteolin-
induced VRKI1 inhibition disturbs VRKI1-mediated BAF phos-
phorylation.

In addition, we further found that luteolin caused abnormal
nuclear envelope morphology such as invagination and bleb
(Fig. 4C), which is a phenomenon to be induced by depletion of
VRKI [44]. Thus, we suggest that luteolin-mediated attenuation
of BAF phosphorylation might give rise to VRKI depletion-
induced abnormal nuclear morphologies. To confirm that luteolin
disturbs  VRKI1-mediated BAF phosphorylation, we observed
phospho-BAF level using immunoblotting. Phospho-BAF level
was decreased in 10 uM luteolin-treated cell lysate (Fig. S2),
indicating that VRK1 catalytic activity is reduced by luteolin in
vivo.

A previous study showed that ectopic expression of VRKI
results in BAF re-localization to the cytoplasm [12,31]. Thus, we
further investigated whether the phenomenon of BAF re-
localization was affected by luteolin-mediated inhibition of
VRKI1. When both RFP-VRK1 and GFP-BAF were introduced
together, BAF appeared to be dispersed throughout the cell, as has
been reported previously [31]. However, we confirmed that this
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Figure 4. Luteolin-induced cell cycle arrest and nuclear envelope disassembly defects. (A), Cell cycle analysis was carried out by flow
cytometry. Hela cells transfected with GFP or GFP-VRK1 were treated with luteolin for 24 hours, and 10,000 cells were gated for analysis. Quantitative
data are below the histogram plots. (B) and (C), HeLa cells treated with vehicle or luteolin were stained with lamin B antibody to visualize nuclear
envelope and with Hoechst 33342 to visualized DNA. Alexa 488 dye-conjugated antibody was used as secondary antibody. The slides were visualized
by fluorescence microscopy (B), or confocal laser scanning microscopy (C). (D), Fluorescent staining of VRK1, BAF, and DNA for analysis of the
phosphorylation-mediated re-localization of BAF. Cells co-transfected with GFP or GFP-BAF with RFP or RFP-VRK1 were treated with DMSO or 10 uM
luteolin for 24 hours.

doi:10.1371/journal.pone.0109655.9004
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Figure 5. Luteolin exhibits selective cytotoxicity towards tumorigenic cells and induces apoptosis. (A), The effects of luteolin on cell
viability of tumorigenic (HeLa and U20S) and non-tumorigenic (BEAS-2B and HEK293A) cell lines. Cells were treated with indicated concentration of
luteolin for 24 hours. Afterward, cell viability was analyzed by the MTT assay. (B), Time-dependent effects of luteolin on Hela cell viability. HeLa cells
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of luteolin on Hela cells. Hela cells treated with indicated concentrations of luteolin were double stained with PI/Annexin-V allophycocyanin.

Apoptosis analysis was performed by flow cytometry.
doi:10.1371/journal.pone.0109655.9005

phenomenon was disrupted by treatment with luteolin (Fig. 4D).
The localization of GFP-BAF was restricted to the nucleoplasm in
spite of VRKI1 overexpression, suggesting that luteolin treatment
effectively reduced BAF phosphorylation by inhibiting VRKI,
followed by cell cycle arrest. To examine the role of BAF during
cell cycle, we analyzed DNA contents after luteolin treatment. The
ectopic expressed BAF does not influence cell cycle progression
(Fig. S3A). Upon luteolin administration, ectopic expressed BAF
could not rescue luteolin-induced Gl accumulation (Fig. S3B),
suggesting that luteolin-induced G1 arrest is not resulted by BAF
mhibition but it by inhibition of VRK1-mediated BAF phosphor-
ylation.

Luteolin induces reduced cell viability and subsequent
apoptosis

Once the inhibitory effect of luteolin mediated by binding to the
catalytic domain of VRKI1 was confirmed, we evaluated its anti-
tumor effects on tumor cell proliferation and survival. The effects
of luteolin on cell viability were measured by the MTT assay at
different concentrations. We observed that luteolin treatment
significantly reduced the growth of the tumorigenic cell lines HeLa
and U20S compared to the non-tumorigenic cell lines BEAS-2B

PLOS ONE | www.plosone.org

and HEK293A (Fig. 5A). The IC5q values in HeLa and U20S
cells were determined as 15.41 uM and 36.35 uM, respectively,
whereas those in BEAS-2B and HEK293A cells were increased
several-fold compared to tumorigenic cells (74.41 pM and
263.3 pM, respectively). This result shows that the inhibitory
effect of luteolin on cell proliferation is more pronounced in
tumorigenic cells than non-tumorigenic cells, although VRKI
protein level in cell lines is not correlated with tumorigenicity (Fig.
S4). Furthermore, luteolin inhibits the cell viability of HeLa cells in
a time-dependent manner (Fig. 5B).

VRKI has been focused on a suitable target for lung cancer
treatment because VRK1 is related to cell cycle and DNA damage
response in lung cancer tissue, not normal tissue [45]. Thus, we
measured the cytotoxicity effects of luteolin in A549, lung cancer
cell line. The 1C5( in A549 is similar to these in Hel.a and U20S
cell, and shows a more pronounced effect on tumor cell growth
than eupatilin and wogonin (Fig. 5C). These indicate that among
flavonoid-like compounds, luteolin has the most specific effect on
cancerous cells.

We further investigated whether the reduced cell proliferation
upon luteolin treatment accompanied the induction of apoptosis.
PI/Annexin-V allophycocyanin double staining was used to
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analyze the pro-apoptotic effect of luteolin. Upon luteolin
administration, the numbers of early and late apoptotic cells are
increased in a concentration-dependent manner (Fig. 5D).

Discussion

Unlimited proliferation is a major hallmark of tumor cells and is
closely related to an uncontrolled cell cycle. Multiple lines of
evidence suggest that there is an intimate connection between
tumor development and cell cycle dysregulation [46]. So far, the
CDK family and other mitotic kinases have been considered as
potent pharmacological targets for anti-cancer therapy [1-3].
However, because they play pivotal roles in not only tumorigenic
cells but also normal cells, and because cell cycle progression is
also a critical process in normal cells, these kinases are unsuitable
for drug targets from clinical trials [3]. On the other hand, VRK1
is a mitotic kinase that is expressed in normal cells like other
mitotic kinases, but it has significant function in the growth of
some tumors such as lung cancer and head and neck squamous
cancer [8,45]. In studies of the rewiring of the mitotic network,
VRKI1 was identified as a critical mitotic protein kinase in
proliferation of lung cancer. It means that VRKI is a potential
druggable target in the lung cancer-specific mitotic network,
because its gene expression is specific for the cancer cell cycle
network and correlates with cell cycle markers [45]. Moreover,
when VRKI1 is downregulated, it causes G1 cell cycle arrest and
reduced proliferation of tumor cells. These results are similar to
our observations in this study (Fig. 4 and 5). There are several lines
of evidence supporting an important role of VRKI in tumor
biology. First, it is reported that VRK1 gene expression could be
selected as a significant prognostic indicator in the development of
estrogen receptor-positive breast cancers [47]. In addition,
suppressing VRK1-mediated BAF phosphorylation by the small-
molecule inhibitor obtusilactone B induces abnormal nuclear
envelope dynamics and tumor cell death, consistent with our
finding that luteolin-mediated VRKI1 inhibition causes similar
phenomena [31] (Fig. 4). Another early study suggesting that
VRKI is an upstream kinase for 53BP1 foci formation in response
to DNA damage implies that specific VRKI1 inhibitors might
contribute to additional DNA damage accumulation in tumor
cells, thereby leading to tumor-specific cell death [23]. In addition,
several studies have demonstrated that VRKI1 depletion is able to
impair tumor proliferation and metastasis [48]. However, the
molecular mechanism of VRKI inhibition-induced anti-prolifer-
ative effects on tumor cells remains to be further described in detail
to develop a novel chemotherapy strategy.

In recent studies, natural product-derived compounds have
been evaluated as safe and effective chemical substances for
treating many disorders. In particular, it has been demonstrated
that polyphenolic compounds including luteolin, wogonin, eu-
patilin, and myricetin have multiple anti-cancer properties such as
anti-proliferative, anti-metastatic, anti-angiogenesis, and pro-apo-
ptotic effects [49-51]. Although several early studies have found
that luteolin attenuates cell cycle progression or induces cell cycle
arrest in tumor cells, little is known about the detailed molecular
mechanism in cell cycle dysregulation by luteolin [35-40].
Interestingly, in our study, we identified VRKI, a core cell cycle
regulator in proliferating cells, as a direct molecular targeting
partner of luteolin, and further observed the inhibition of cell

References

1. Perez de Castro I, de Carcer G, Montoya G, Malumbres M (2008) Emerging
cancer therapeutic opportunities by inhibiting mitotic kinases. Curr Opin
Pharmacol 8: 375-383.

PLOS ONE | www.plosone.org

10

Luteolin Inhibits VRK1

proliferation and cell cycle perturbations caused by luteolin
through suppression of VRKI1 activity. Moreover, luteolin showed
more selective interaction with VRKI compared to other
flavonoid-like compounds eupatilin and wogonin (Fig. 1 and 2).
One possible explanation is that small differences in functional
groups might confer specificity and preference towards the VRK1
catalytic domain even though these compounds have same
flavonoid backbone structure. In conclusion, our study suggests
that luteolin is a small molecule inhibitor of the mitotic kinase
VRKI, and induces cell cycle arrest and preferential cell death in
tumor cells. Hence, we provide evidence supporting the notion
that molecular targeting of VRKI may contribute to the
development of a strategy for alternative anti-cancer chemother-

apy.

Supporting Information

Figure S1 Luteolin does not inhibit VRKIl-mediated
CREB phosphorylation and CCND1 expression. (A) The
alterations of phospho-CREB levels and VRK1 levels after luteolin
treatment at indicated concentration were determined by
immunoblotting with indicated antibodies. Lamin B is used for
loading control. (B) The alteration of relative mRNA level of
CCNDI1 after luteolin treatment at indicated concentration was
determined by quantitative real-time PCR. mRNA level of
CCND1 is normalized by GAPDH mRNA. Error bars indicated
the SEM.

(TIF)

Figure S2 Luteolin disturbs VRKIl-mediated BAF phos-
phorylation in vivo. Hel.a cells were treated with increasing
concentration of luteolin (0.0, 1.0, 2.0, 5.0 uM) for 24 hr. Each
protein levels were detected by indicated antibodies. GAPDH was
used as loading control.

(TIF)

Figure S3 [Ectopic expressed BAF does not influence cell
cycle distribution, and does not rescue luteolin-induced
G1 phase arrest. (A) Hela cells were transfected with GFP or
GFP-BAF, and then were stained with PI for analyzing DNA
contents. Cell cycle analysis was carried out by flow cytometry. (B)
GIP or GFP-BAF overexpressing cells were treated with or
without 10 uM luteolin for 24 hours, and then were stained with
PIL. Cell cycle analysis was performed by flow cytometry.

(TIF)

Figure S4 Endogenous expression levels of VRKI1 and
phosphorylation of BAF and Histone H3 in various cell
lines (HeLa, U20S, SH-SY5Y, BEAS-2B, HEK293A,
A549). Each proteins and its phosphorylation level were detected
by immunoblotting with indicated antibodies when loaded with
20 pg of each cell extracts.

(TIF)

Author Contributions

Conceived and designed the experiments: YSK SHK KYC KTK.
Performed the experiments: YSK SHK JS AH HNL JKL YSJ. Analyzed
the data: YSK JS AH HSY KTK. Contributed reagents/materials/
analysis tools: NIB. Wrote the paper: YSK SHK JS HSY KTK.

2. Manchado E, Guillamot M, Malumbres M (2012) Killing cells by targeting
mitosis. Cell Death Differ 19: 369-377.

3. Chan K8, Koh CG, Li HY (2012) Mitosis-targeted anti-cancer therapies: where
they stand. Cell Death Dis 3: e411.

October 2014 | Volume 9 | Issue 10 | €109655



20.

21.

. Bartek J, Lukas J (2003) Chkl and Chk2 kinases in checkpoint control and

cancer. Cancer Cell 3: 421-429.

. Bin Z, Xiubin G, Uppalapati U, Ashwell MA, Leggett DS, et al. (2008) High-

content fluorescent-based assay for screening activators of DNA damage
checkpoint pathways. J Biomol Screen 13: 538-543.

. Ashwell S, Zabludoff S (2008) DNA damage detection and repair pathways—

recent advances with inhibitors of checkpoint kinases in cancer therapy. Clin
“ancer Res 14: 4032-4037.

. Valbuena A, Sanz-Garcia M, Lopez-Sanchez I, Vega FM, Lazo PA (2011) Roles

of VRKI as a new player in the control of biological processes required for cell
division. Cell Signal 23: 1267-1272.

Santos CR, Rodriguez-Pinilla M, Vega FM, Rodriguez-Peralto JL, Blanco S,
et al. (2006) VRKI signaling pathway in the context of the proliferation
phenotype in head and neck squamous cell carcinoma. Mol Cancer Res 4: 177
185.

. Nezu J, Oku A, Jones MH, Shimane M (1997) Identification of two novel human

putative serine/threonine kinases, VRK1 and VRK2, with structural similarity
to vaccinia virus BIR kinase. Genomics 45: 327-331.

. Kang TH, Park DY, Choi YH, Kim KJ, Yoon HS, et al. (2007) Mitotic histone

H3 phosphorylation by vaccinia-related kinase 1 in mammalian cells. Mol Cell
Biol 27: 8533-8546.

. Kang TH, Park DY, Kim W, Kim KT (2008) VRK1 phosphorylates CREB and

mediates CCND1 expression. J Cell Sci 121: 3035-3041.

. Nichols RJ, Wiebe MS, Traktman P (2006) The vaccinia-related kinases

phosphorylate the N terminus of BAF, regulating its interaction with DNA and
its retention in the nucleus. Mol Biol Cell 17: 2451-2464.

Segura-Totten M, Kowalski AK, Craigie R, Wilson KL (2002) Barrier-to-
autointegration factor: major roles in chromatin decondensation and nuclear
assembly. J Cell Biol 158: 475-485.

. Haraguchi T, Kojidani T, Koujin T, Shimi T, Osakada H, et al. (2008) Live cell

imaging and electron microscopy reveal dynamic processes of BAI-directed
nuclear envelope assembly. J Cell Sci 121: 2540-2554.

. Jeong MW, Kang TH, Kim W, Choi YH, Kim KT (2013) Mitogen-activated

protein kinase phosphatase 2 regulates histone H3 phosphorylation via
interaction with vaccinia-related kinase 1. Mol Biol Cell 24: 373-384.

. Kim W, Chakraborty G, Kim S, Shin J, Park CH, et al. (2012) Macro histone

H2A1.2 (macroH2A1) protein suppresses mitotic kinase VRKI during
interphase. J Biol Chem 287: 5278-5289.

. Choi YH, Park CH, Kim W, Ling H, Kang A, et al. (2010) Vaccinia-related

kinase 1 is required for the maintenance of undifferentiated spermatogonia in
mouse male germ cells. PLoS One 5: €15254.

. Kim J, Choi YH, Chang S, Kim KT, Je JH (2012) Defective folliculogenesis in

female mice lacking Vaccinia-related kinase 1. Sci Rep 2: 468.

. Choi YH, Lim JK, Jeong MW, Kim KT (2012) HnRNP Al phosphorylated by

VRKI stimulates telomerase and its binding to telomeric DNA sequence.
Nucleic Acids Res 40: 8499-8518.

Vega FM, Sevilla A, Lazo PA (2004) p53 Stabilization and accumulation
induced by human vaccinia-related kinase 1. Mol Cell Biol 24: 10366-10380.
Lopez-Sanchez I, Sanz-Garcia M, Lazo PA (2009) Plk3 interacts with and
specifically phosphorylates VRK1 in Ser342, a downstream target in a pathway
that induces Golgi fragmentation. Mol Cell Biol 29: 1189-1201.

. Valbuena A, Lopez-Sanchez I, Lazo PA (2008) Human VRKI is an early

response gene and its loss causes a block in cell cycle progression. PLoS One 3:
el1642.

Sanz-Garcia M, Monsalve DM, Sevilla A, Lazo PA (2012) Vaccinia-related
kinase 1 (VRKI) is an upstream nucleosomal kinase required for the assembly of
53BP1 foci in response to ionizing radiation-induced DNA damage. J Biol Chem
287: 23757-23768.

. Park CH, Choi BH, Jeong MW, Kim S, Kim W, et al. (2011) Protein kinase

Cdelta regulates vaccinia-related kinase 1 in DNA damage-induced apoptosis.
Mol Biol Cell 22: 1398-1408.

5. Vazquez-Cedeira M, Barcia-Sanjurjo I, Sanz-Garcia M, Barcia R, Lazo PA

(2011) Differential inhibitor sensitivity between human kinases VRKI and
VRK2. PLoS One 6: ¢23235.

. Lopez-Lazaro M (2009) Distribution and biological activities of the flavonoid

luteolin. Mini Rev Med Chem 9: 31-59.

. Lin YS, Tsai PH, Kandaswami CC, Cheng CH, Ke FC, et al. (2011) Effects of

dietary flavonoids, luteolin, and quercetin on the reversal of epithelial-
mesenchymal transition in A431 epidermal cancer cells. Cancer Sci 102:

1829-1839.

PLOS ONE | www.plosone.org

1

28.

29.

30.

31.

32.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

Luteolin Inhibits VRK1

Lin Y, Shi R, Wang X, Shen HM (2008) Luteolin, a flavonoid with potential for
cancer prevention and therapy. Curr Cancer Drug Targets 8: 634-646.
Seelinger G, Merfort I, Schempp CM (2008) Anti-oxidant, anti-inflammatory
and anti-allergic activities of luteolin. Planta Med 74: 1667-1677.

Seclinger G, Merfort I, Wolfle U, Schempp CM (2008) Anti-carcinogenic effects
of the flavonoid luteolin. Molecules 13: 2628-2651.

Kim W, Lyu HN, Kwon HS, Kim YS, Lee KH, et al. (2013) Obtusilactone B
from Machilus Thunbergii targets barrier-to-autointegration factor to treat
cancer. Mol Pharmacol 83: 367-376.

Kim 8, Park DY, Lee D, Kim W, Jeong YH, et al. (2014) Vaccinia-related kinase
2 mediates accumulation of polyglutamine aggregates via negative regulation of
the chaperonin TRiC. Mol Cell Biol 34: 643-652.

Byun S, Lee KW, Jung SK, Lee EJ, Hwang MK, et al. (2010) Luteolin inhibits
protein kinase Cf(epsilon) and c-Src activities and UVB-induced skin cancer.
Cancer Res 70: 2415-2423.

Shin J, Chakraborty G, Bharatham N, Kang C, Tochio N, et al. (2011) NMR
solution structure of human vaccinia-related kinase 1 (VRKI) reveals the C-
terminal tail essential for its structural stability and autocatalytic activity. J Biol
Chem 286: 22131-22138.

George VC, Naveen Kumar DR, Suresh PK, Kumar S, Kumar RA (2013)
Comparative Studies to Evaluate Relative in vitro Potency of Luteolin in
Inducing Cell Cycle Arrest and Apoptosis in HaCaT and A375 Cells. Asian
Pac J Cancer Prev 14: 631-637.

5. Lim do Y, Jeong Y, Tyner AL, Park JH (2007) Induction of cell cycle arrest and

apoptosis in HT-29 human colon cancer cells by the dietary compound luteolin.
Am ] Physiol Gastrointest Liver Physiol 292: G66-75.

Chang J, Hsu Y, Kuo P, Kuo Y, Chiang L, et al. (2005) Increase of Bax/Bcl-XL
ratio and arrest of cell cycle by luteolin in immortalized human hepatoma cell
line. Life Sci 76: 1883-1893.

Cai X, Ye T, Liu C, Lu W, Lu M, et al. (2011) Luteolin induced G2 phase cell
cycle arrest and apoptosis on non-small cell lung cancer cells. Toxicol In Vitro
25: 1385-1391.

Ong CS, Zhou J, Ong CN, Shen HM (2010) Luteolin induces G1 arrest in
human nasopharyngeal carcinoma cells via the Akt-GSK-3beta-Cyclin D1
pathway. Cancer Lett 298: 167-175.

Xie F, Lang Q, Zhou M, Zhang H, Zhang Z, et al. (2012) The dietary flavonoid
luteolin inhibits Aurora B kinase activity and blocks proliferation of cancer cells.
Eur J Pharm Sci 46: 388-396.

Margalit A, Segura-Totten M, Gruenbaum Y, Wilson KL (2005) Barrier-to-
autointegration factor is required to segregate and enclose chromosomes within
the nuclear envelope and assemble the nuclear lamina. Proc Natl Acad
Sci U S A 102: 3290-3295.

Lancaster OM, Cullen CF, Ohkura H (2007) NHK-1 phosphorylates BAF to
allow karyosome formation in the Drosophila oocyte nucleus. J Cell Biol 179:
817-824.

Gorjanacz M, Klerkx EP, Galy V, Santarella R, Lopez-Iglesias C, et al. (2007)
Caenorhabditis elegans BAF-1 and its kinase VRK-1 participate directly in post-
mitotic nuclear envelope assembly. Embo j 26: 132-143.

Molitor TP, Traktman P (2014) Depletion of the protein kinase VRK1 disrupts
nuclear envelope morphology and leads to BAF retention on mitotic
chromosomes. Mol Biol Cell.

. Kim IJ, Quigley D, To MD, Pham P, Lin K, et al. (2013) Rewiring of human

lung cell lineage and mitotic networks in lung adenocarcinomas. Nat Commun
4: 1701.

Williams GH, Stoeber K (2012) The cell cycle and cancer. J Pathol 226: 352—
364.

Martin KJ, Patrick DR, Bissell MJ, Fournier MV (2008) Prognostic breast
cancer signature identified from 3D culture model accurately predicts clinical
outcome across independent datasets. PLoS One 3: ¢2994.

Molitor TP, Traktman P (2013) Molecular genetic analysis of VRKI in
mammary epithelial cells: depletion slows proliferation in vitro and tumor
growth and metastasis in vivo. Oncogenesis 2: e48.

Weng CJ, Yen GC (2012) Flavonoids, a ubiquitous dietary phenolic subclass,
exert extensive in vitro anti-invasive and in vivo anti-metastatic activities. Cancer
Metastasis Rev 31: 323-351.

Korkina LG, Pastore S, Dellambra E, De Luca C (2013) New molecular and
cellular targets for chemoprevention and treatment of skin tumors by plant
polyphenols: a critical review. Curr Med Chem 20: 852-868.

Darvesh AS, Bishayee A (2013) Chemopreventive and therapeutic potential of
tea polyphenols in hepatocellular cancer. Nutr Cancer 65: 329-344.

October 2014 | Volume 9 | Issue 10 | €109655



