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Human VRK1 Is an Early Response Gene and Its Loss
Causes a Block in Cell Cycle Progression
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Abstract

Background: In mammalian cells regulatory proteins controlling the cell cycle are necessary due to the requirements of
living in a heterogeneous environment of cell-interactions and growth factors. VRK1 is a novel serine-threonine kinase that
phosphorylates several transcription factors and is associated with proliferation phenotypes.

Methodology/Principal Findings: In this report VRK1 has been identified as regulated in the cell cycle. VRKT gene
expression is activated by the addition of serum to starved cells, indicating it is required for the exit of GO phase and entry in
G1; a response that parallels the re-expression of MYC, FOS and CCND1 (cyclin D1) genes, suggesting that VRKT is an early-
response gene. VRK1 gene expression is also shutdown by serum withdrawal. The human VRKT gene promoter cloned in a
luciferase reporter responds similarly to serum. In response to serum, the level of VRK1 protein expression has a positive
correlation with cell proliferation markers such as phosphorylated-Rb or PCNA, and is inversely correlated with cell cycle
inhibitors such as p27. The elimination of VRK1 by siRNA results in a G1 block in cell division, and in loss of phosphorylated-
Rb, cyclin D1, and other proliferation markers. Elimination of VRK1 by siRNA induces a reduction of cell proliferation. VRK1
colocalizes with p63 in proliferating areas of squamous epithelium, and identifies a subpopulation in the basal layer.

Conclusions/Significance: VRK1 is an immediate early response gene required for entry in G1, and due to its implication in
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normal cell proliferation and division, might be a new target for development of inhibitors of cellular proliferation.
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Introduction

The cell cycle is a tightly regulated process required to
guarantee the correct transmission of genetic information to
daughter cells. The basic mechanism governing progression
through the cycle is mediated by CDK/cyclins [1-4], a basic
mechanism conserved from lower to higher eukaryotes that also
has additional sophisticated control checkpoints in mammalian
cells [5-8]; although some CDK appear to be dispensable [9].
However the cycle occurs in many different cell types ranging from
stem cells, transit amplifying cells or tumor cells; and also in the
context of an extracellular environment that is conditioned by
homo and heterotypic cell interactions as well as variable
characteristics of the extracellular matrix [10-12]. These different
environmental conditions suggest that additional pathways and
proteins must impinge on cell cycle progression or regulation that
may be dependent on either cell type or growth conditions.

Recently a new family of serine-threonine kinases has been
identified in the human kinome. This family known as the vaccinia-
related kinases is composed of three members. VRKI is the most
characterized member [13] and it phosphorylates several proteins
such as p53 [14], c-Jun [15], ATF2 [16] among transcription factors,
or Baf, a protein required for nuclear envelope assembly [17,18].
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VRKI1 specifically phosphorylates p53 in Thrl8 resulting in its
stabilization and transcriptional activation [14,19]; and the resulting
accumulation of p53 induces a proteolytic downregulation of VRK1
protein levels forming a novel autoregulatory loop [20] that is
disrupted in lung squamous cell carcinomas with p53 mutations [21].
It has been postulated that VRKI1 plays a role in maintaining a p53
molecule in a readiness state so that it can respond to any minor
damage before DNA replication occurs [19], this suggests that
VRKI1 must be necessary relatively early in the G1 phase of the cell
cycle, probably before the restriction point. Several additional lines
of evidence suggest that VRK1 might be playing a role in relation
with cell cycle progression. In normal human squamous epithelium,
VRKI protein presents a pattern of expression that overlaps that of
the Ki67 proliferation marker, and coincides with the transit
amplification compartment [22]. A similar correlation with this
marker has been also detected in human head and neck squamous
cell carcinomas, where it was correlated with other markers related
with the proliferation phenotype, such as CDK2, CDKS6, cyclin A
and Bl, topoisomerase II and survivin [22]. The use of siRNA
specific for VRK1 caused a defective cell division in a colon tumor
cellline [19]. Furthermore, in C. elegans the inactivation of the unique
Vrk-1 ortholog gene was embryonic lethal, and in adult worms
presented a slow growth phenotype [23]. In murine hematopoietic
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embryo development there was an overexpression of VRKI1 at the
time of massive cellular expansion in days EE11.5 to E13.5 [24], and a
similar finding was observed in murine developing retina [25]. All
these data are consistent with a role for human VRKI in cell cycle.

In this work we have determined that human VRKI is
necessary for cell proliferation and thus play a role is some phase
of the cell cycle. The VRKT gene is turned off immediately after
serum withdrawal, although the protein is very stable and last for
several days, and its expression is reactivated by addition of serum.
The loss of VRKI results in a block of cell cycle progression in
G1/S. Expression of VRKI gene is similar to that of immediate
early genes such as MYC or FOS and occurs before expression of
CCGNDI (cyclin D1). VRKI protein levels correlate with those of
the PCNA antigen and are inversely correlated with those of
inhibitors of the cell cycle, such as p27.

Results
VRK1 gene expression and protein level are
downregulated in serum-starved fibroblasts

The possibility that VRKI protein level might be regulated by
entry and exit in cell cycle was determined using the human
normal fibroblast WS1 cell line. The cell cycle was stopped by
serum withdrawal in the culture that was confirmed by flow
cytometry analysis (Fig. 1A). These serum starved cells also
underwent a phenotypic change becoming more elongated and
with a lower intensity in endogenous VRKI1 protein detectable by
immunofluorescence (Fig. 1B). This observation was confirmed in
an immunoblot, the serum withdrawal resulted in a drop in VRK1
protein level that was recovered upon serum readdition (Fig. 1C).
This regulation appeared to take place at the transcriptional level,
since the VRK1 message, determined by quantitative RT-PCR,
dropped after serum withdrawal and was recovered after read-
dition of serum (Fig 1D). These results suggested that VRAT gene
expression is regulated by exit and entry into the cell cycle at the
transcriptional level and is regulated by serum.

The expression of VRK1 gene is regulated by serum at the
transcriptional level

It is known that the VRKI1 protein is very stable, therefore it is
actively downregulated by an active proteolytic process that is
dependent on p53 [20], an inhibitor of cell cycle progression.
However the previous data suggested that VRR7 gene transcription
can be regulated by signals that affected entry or exit into the cell
cycle. Therefore it was determined by quantitative RT-PCR the
change in specific VRK1 RNA levels upon exit and re-entry in cell
cycle in response to serum at different time points. Upon serum
withdrawal the VRKI1 RNA level fell completely in one day
(Figure 2A top), although the drop in protein level required several
days. The re-entry in cell cycle by serum readdition also occurred
within one day (Fig. 2A bottom). These data indicates that regulation
of VRKI gene transcription is fast in response to the withdrawal, or
readdition, of serum to the cell culture. Although the complete
recovery of the protein level can take several days if the cells have
been previously serum-deprived for several days. However, a second
effect on VRK1 RNA stability can not be ruled out.

To confirm the effect of serum on VRAI gene transcription, the
proximal promoter (—1028 to +52) of the human VRRT gene was
cloned in a luciferase reporter construct. This construct was used
to determine the effect of serum withdrawal, or readdition, on
gene transcription measured by luciferase activity. The withdrawal
of serum resulted in a loss of transcriptional activity, an activity
that was regained by readdition of serum to the cell culture

(Fig. 2B).
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VRK1 is an early response gene in the G1 phase

The regulation of VRKI gene transcription by serum suggests
that it might be regulated in the context of entry and exit in cell
cycle progression. To determine if VRKI is an early response
gene, its expression after readdition of serum to starved cells was
compared with that of two well established early response genes,
such as MYC and FOS (Fig. 3A). The three genes, VRKI, FOS and
MYC messages started to accumulate at approximately the same
time, four hours after serum readdition. These data suggest that
VRK1, like MYC and FOS, is also an early response gene.

Next it was determined at what point is VRK1 activated when
entering the cell cycle in the WS1 fibroblast cell line. For this aim
the timing of the temporal accumulation of VRKI transcripts was
correlated with the sequential expression of cyclin genes, since this
is a cell line with a rather slow growth. Cyclin C, cyclin D1, cyclin
E, cyclin Al and cyclin Bl were consecutively expressed in the
expected and sequential corresponding order with a start of their
accumulation at 2, 6, 12, 16 and 17 hours respectively after serum
readdition to starved cells (Fig. 3B). The best characterized cyclin
D1 starts to be detected between four to six hours after serum
readdition. The accumulation of VRKI1, FOS and MYC RNA
coincided, or started slightly sooner, than the time point of cyclin
D1 accumulation, but these three RNA continue to accumulate,
while those of cyclins peaked and drop sequentially in the correct
sequential order within the Gl phase of the cell cycle. These
results suggest that VRAT is an early response gene in cell cycle
entry and is initially required for exit of GO and in the early G1
phase.

Phosphorylation of Rb by the corresponding complexes of
cyclinD1/cdk determines the progression of the cell cycle to enter
in the G1/S transition [26]. The accumulation of phosho-Rb
becomes clearly detectable after twelve hours (Fig. 3C), a time
after VRK1 or cyclin D1 expression have already started to
accumulate in this cell line.

VRK1 protein level changes in relation to cell cycle

related proteins

Next it was determined in WSI fibroblast how the changes
induced by serum deprivation in VRKI1 protein levels behaved in
relation to the levels of other proteins that also change during cell
cycle progression. The PCNA protein, a DNA polymerase subunit
required for DNA synthesis [27], as well as phosphorylated
retinoblastoma (p-Rb) were used as markers of cell cycle activity
[26,28,29]. The level of p27 was used as an indicator of cell cycle
progression [30,31]. The WS1 cells were starved by serum
withdrawal for several days and the corresponding protein levels
were determined each day. VRKI levels dropped in parallel to
those of phospho-Rb (p-Rb) or PCNA, which were reduced as a
consequence of stopping the cell cycle. This reduction in levels was
accompanied with the corresponding increase in the level of the
cell cycle inhibitor p27 (Fig. 4) as expected if cell cycle progression
1s blocked [32,33]. The readdition of serum induced a recovery of
Rb phosphorylation, increased levels of VRKI1 and PCNA, and
reduction of the p27 inhibitor (Fig. 4). The fast drop in VRKI
RNA levels (dashed blue line) is not accompanied by a similarly
fast drop in protein level, suggesting that the VRKI protein (solid
blue line) is very stable, which indicates that its half-life is
approximately 4 days. This protein stability was confirmed by also
determining the stability of transfected human VRKI1, both active
and kinase-dead in the presence of cycloheximide. The active
kinase, endogenous or transfected is very stable, with a half-life of
4 days; while the kinase-dead VRK1 is much more unstable and
has a shorter half life of a few hours (Fig. 5).
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Figure 1. VRK1 levels in different growth conditions of human fibroblasts. (A). Flow cytometry profile of WS1 cell cycle in non-synchronized
(left) and serum starved cells (right). (B). Nuclear localization of VRK1 and morphology of WS1 cells in non-synchronized and starved WS1 cells.
Endogenous VRK1 protein was detected with a specific polyclonal antibody (VE1) in the cell nuclei. The size bar represents 50 um. (C). Level of VRK1
endogenous protein determined in an immunoblot. (D). Change in VRK1 gene expression by gRT-PCR upon withdrawal or addition of serum to the

cell culture. These experiments were independently performed three ti
doi:10.1371/journal.pone.0001642.g001

siVRK1 induces a stop in the G1 phase of the cell cycle
Previous data indicated that VRK1 might be necessary for cell
cycle progression; therefore, its loss should be reflected as a loss of
progression markers of the cell cycle. To established this
possibility, it was determined if the loss of VRKI induced by
siRNA could have an effect on cell cycle progression markers. For
this aim WSI1 cells were transfected with either siControl or
siVRK1, and different proteins that sequentially change during the
cell cycle were also determined by immunoblot analysis. The loss
of VRKI1 was accompanied by a reduction of cyclinD1 and of p-
Rb (Fig. 6), which indicates that these cells did not pass the
restriction point in the G1 phase of the cell cycle. This observation
is also supported by detection of a reduction in levels of cyclin A
and cyclin B1, as well as the proliferation marker PCNA, which
should have increased if these cells were able to progress towards
DNA synthesis. These changes in cell cycle markers induced by
siRNA VRKI are consistent with the induction of an early block
in the G1 phase of the cell cycle; these results are also similar,
although mechanistically different, to those induced by serum
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mes.

deprivation in this cell line, and therefore consistent with a role of
VRKI in contributing to regulation of cell cycle progression.

Loss of VRK1 by siRNA interferes with cell proliferation
The early expression of VRKI in cell cycle entry suggests that it
might be important for cell cycle progression. This observation is
consistent with the data that associates VRK1 expression to the
proliferation phenotype in tumor cell lines [34] and in human
head and neck squamous cell carcinomas [22]. It was already
known that in a human lung carcinoma cell line, loss of VRK1 by
siRNA resulted in reduced proliferation [19]. Therefore, it was
tested if in a cell line with a normal karyotype a similar effect was
observed. To determine if the loss of VRK1 affects cell division of
WS fibroblasts, these cells were transfected with siRINA control or
siRNA specific for VRKI and the progression of the culture was
determined. The proliferation was slowed down as shown by a
reduction in cell number when they were treated with siVRKI,
but not in the control siRNA (Fig. 7A); a similar finding was
detected when the total amount of protein was determined. After
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Figure 2. Changes in VRK1 RNA level upon serum withdrawal
or readdition to the culture. (A). Quantification of the VRK1 gene
expression in WS1 fibroblasts at different time points upon serum
withdrawal (top) and serum readdition to the cell culture (bottom)
which was previously serum-deprived for five days. These experiments
were independently performed three times. (B). Regulation of the
human proximal promoter of human VRK1 by serum. WS1 cells were
transfected with plasmid pGL2-B-VRK1(—1028+52). The luciferase
activity was determined under different experimental conditions.
Control activity is that of cells in the continuous presence of serum.
The result is the mean of three experiments.
doi:10.1371/journal.pone.0001642.g002

three days there was noticeable drop in endogenous VRKI
protein levels that was almost complete by day five, which was
accompanied by an almost complete reduction in cell division as
shown, both, by cell number or total mass. In the culture there
were fewer cells after five days of specific siRNA treatment

(Fig. 7B).
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Figure 3. Cell cycle gene expression induced by removal or
serum readdition. (A). Expression of MYC, FOS and VRK1 genes after
serum readdition to the culture. Before serum readdition cells were
maintained for forty hours in 0.1% FBS. (B). Sequential expression of five
cyclin genes after serum readdition to starved WS1 cells. (C). Timing of
Rb phosphorylation after serum readdition to the starved WS1 cell
culture detected with a specific anti p-Rb antibody. These experiments
were independently performed three times.
doi:10.1371/journal.pone.0001642.9003
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Also in these WS1 cells the effect of the siRNA control or
specific siVRK1 was determined on the expression of the
endogenous VRKI1 message. The siVRKI1 induced a reduction
in the level of VRK1 RNA that reached its maximum effect the
first day, and this low level was maintained throughout the time of
observation (Fig. 7C).

VRK1 and p63 in squamous epithelia

The p63 protein is mainly expressed in the basal layer of the
epithelium and where there is cell proliferation, and some p63
isoforms has been associated with stem cells, this protein persist in
the transit amplifying compartment [35-40]. Since VRKI 1is
induced by exit of GO, its expression should increase as a
consequence of the first cell division. The expression of these two
proteins, p63 and VRKI, was determined by immunohistochem-
istry in the human squamous epithelium of the pharynx. As
expected the p63 signal strongly stains the first basal layer of cells
and its intensity gradually decreases (Fig. 8A). VRKI is weakly
positive in the basal layer of the epithelium, although some
individual cells present a stronger staining (arrow), and then
suddenly increases reaching its highest intensity in the second layer
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Figure 5. Stability of endogenous or transfected VRK1 protein.
(A) The variation in levels of endogenous VRK1 and p53 proteins in
Hela cells was followed at different time points after addition of
cycloheximide. The p53 protein drops in less than 30 minutes as
expected, but there is no detectable change in VRK1 protein even after
twelve hours suggesting it has a very high stability. (B). HEK293T cells
were transfected with plasmids expressing wild-type human VRK1 or its
kinase-dead K179E mutant. The stability of both proteins was followed
at different time points after cycloheximide addition. Cells were
transfected with plasmids pCEFL-HA-VRK1 or pCEFL-HA-VRK1(K179E)
as previously described (Vega et al., 2004). These experiments were
independently performed three times.

doi:10.1371/journal.pone.0001642.g005

of cells, consistent with the entry of these cells in the amplification
compartment. Then VRKI staining decreases till it disappears
and differentiated cells become negative (Fig. 8A). The timing of
the epithelial differentiation is in agreement with the half-life of
VRKI and its disappearance. The two proteins were also detected
in immunofluorescence in pharynx (Fig. 8B), VRK1 overlaps with
p63, but interestingly in the basal layer, the compartment where
stem cells are located, only few cells have overlapping signal of
VRKI and p63, reflecting the higher level of VRK1 in these cells,
and identifying a subpopulation within the basal layer of the
epithelium that represents approximately five per cent of the cells
in this compartment.

Discussion

Regulation of cell cycle progression is a complex process in
which the basic mechanism is determined by cyclins and cyclin-
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dependent kinases, and which is basically conserved from lower
cukaryotes [1,41]. However, in mammals, the cell is within a
complex environment and its division can be affected by interactions
with neighboring cells, both homotypic and heterotypic, the
extracellular matrix as well as by the availability of growth factors;
all of them sending signals that can control cell proliferation. This
means that in mammalian cells there must be additional proteins
implicated in cell cycle regulation that mediate its adaptation to its
environment, and thus control tissue homeostasis.

In this context we have shown that VRKI protein is necessary
for cell division. VRKI1 is likely to play different roles depending
on the stage of cell cycle progression. It has to play a role in the
exit from GO, since it is immediately expressed after readdition of
serum to starved cells, and expression is turned on and off by
serum. VRK] thus responds as an early response gene like MYC
and FOS, two prototypical early serum-response genes. Once in
the cell cycle is likely to contribute to activation of proteins needed
for cell cycle progression, or its control, since this effect is mediated
by phosphorylation of transcription factors, some of which have
been identified, such as c-Jun, ATF2 or p53. Its requirement for
cell cycle progression is supported by two observation, VRET gene
expression is inhibited as a downstream target of the pl16INK4A-
pRB-E2F pathway [42]; and overexpression of pl6 in combina-
tion with non phosphorylated retinoblastoma also inhibit VRKT
expression, since they block cell cycle progression [22]. In cells
without retinoblastoma, that functionally mimic its phosphoryla-
tion, there is an overexpression of VRK1 [43], consistent with the
permanence of these cells in a cycling state.

But VRK1, which is a very stable protein, might have additional
roles during cell cycle, as would be expected for a regulatory
kinase. Thus in cells that are growing in a continuous way, as it
occurs in cell culture o in the transit amplifying compartment of
normal epithelium, where VRKI1 levels are high and colocalize
with the Ki67 proliferation markers [22]. In this situation, cells do
not enter the GO phase, VRKI1 is necessary, since its loss will result
in stoppage of cell division, as it occurs in fibroblasts (this work) or
the HCT116 cell line [19] when they were treated with siRNNA in
the presence of serum. Among these roles for VRKI, there are two
for which some evidence is already available. First VRKI1 can
contribute to maintain a level, albeit low, of p53 molecules in a
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readiness state so that it can respond immediately to suboptimal
DNA damage in a dividing cell, without the need for induction of
TP53 gene expression, which requires hours. This action is
mediated by the specific phosphorylation of p53 in Thrl8 by
VRKI1 [14,19,44,45]. In fact an autoregulatory mechanism
between these two proteins has been identified, in this process
VRKI can not induce a permanent block of cell cycle progression
by accumulation of a stabilized p53, because p53 induces
proteolytic degradation of VRKI1 [20], a mechanism that is
disrupted in lung carcinomas with 7P53 mutations [21]; therefore
in tumors with mutations in p53 there is an accumulation of a
protein, VRKI, necessary for cell division, and thus might
contribute to tumor cell expansion. This mechanism should be
active before DNA replication takes place, thus it is necessary in
the G1 phase of the cell cycle. Secondly, another moment in which
VRKI1 might be necessary during cell cycle progression occurs late
in the cycle, just after chromosome segregation in mitosis, since
VRKI has been shown to regulate the Baf protein, which is
necessary for assembly of the nuclear envelope [17,18]; and it is
also required for chromatin condensation, detected as phosphor-
ylation of histone 3 [46]. In addition to these roles, it is likely that
additional roles for VRKI1 are identified in the future.

Thus we have reported that VRKI1 protein is necessary for exit
of the GO, and maintenance of cell cycle progression where it can
play different roles depending on the phase of the cycle, and
assoclated to its regulatory activity as a kinase. These roles will be
defined by the future identification of specific VRK1 phosphor-
ylation substrates in each phase of the cell cycle. The requirement
of VRKI1 for cell division indicates that it might be a suitable
target for development of specific inhibitors aiming to control cell
proliferation, which might be of therapeutic use in oncology as an
alternative to current and more toxic inhibitors of cell division.

Materials and Methods

Cell lines and tissue culture

The human fibroblast WS1 cell line (CRL-1502) was obtained
from the ATCC (Manassas, VA). Cells were grown in DMEM
with 10% fetal bovine serum and supplemented with antibiotics
and glutamine.

RT-PCR

WSI cells were washed in ice-cold PBS. Total RNA was extracted
using the “RNeasy extraction kit” from Quiagen (Hilden, Germany).
RNA was analyzed and quantified using a Bioanalyzer 2100 nano-
lab chip from Agilent Technologies (Germany). 100 ng of total RNA
were used in a one-step reverse transcription real-time PCR
amplification reaction using the “Quantitec SYBR Green RT-
PCR kit” from Qiagen in an iCycler (BioRad, Hercules, CA). The
reaction was analyzed with iCycler software (BioRad) and PCR
products were resolved in a 1.5% agarose ethidium-bromide gel.
The following forward (F) and reverse (R) primers were used for
specific human message detection. Human c-myc (Myc-F: 5'-
CCAGCAGCCTCCCGCGACGATG-3"; Myc-R: 5'-GAGGG-
GTCGATGCACTCTGAGG-3'), human VRKI! (VRKI-F: 5'-
CCAACGAGCTGCAAAACC-3'; VRKI-R: 5'-TGTCATGTA-
GACCAGACCCCC-3"), human c-fos (Fos-F: 5'-ATGATGTT-
CTCGGGCTTCAACGCAGCAG-3'; Fos-R: 5-AACCAATT-
CTTACTATGGCAAGCG-3'), human cyclin C (CycC-F: 5'-
GCCACTGCTACGGTATATTTCAAGAGATTC-3'; CycC-R:
5'-CAGAAGTAGCAGCAGCAATCAATCTTG-3'), human cy-
cin Dl (CycDI-F: 5-CTTCCTCTCCAAAATGCCAG-3';
CycDI-R: 5'-AGAGATGGAAGGGGGAAAGA-3'), human cy-
clin E (CycE-F: 5'-GCAGAAGGTCTCAGGTTATC-3'; CycE-R:
5'-GTGGCCTCCTTAACTTCAAG-3'), human cyclin Al (CycA-
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Figure 7. Effect of siRNA on endogenous VRK1 and cell proliferation. (A). Proliferation of WS1 cells that were transfected with siRNA control
or siRNA specific for VRK1. The total cell number in the dish was determined at different time points (top). The endogenous protein was detected in
an immunoblot (bottom) (B) Photograph of the WS1 cell cultures treated with siRNA control (top) or siVRK1 (bottom). The proliferation is much
slower in cells transfected with the specific siVRK1. These experiments were independently performed three times. (C). Effect on VRK1 RNA levels in
WS1 cells transfected with either siControl or siVRK1. NTC: non transfected cells.

doi:10.1371/journal.pone.0001642.g007

F: 5-ATGGCATTTGAGGATGTGTATGAA-3'; CycA-R: 5'-
CTGTGTTGAAATCCAGCAGGAA-3'), human cyclin Bl
(CycB1-F: 5'-TCCATTATTGATCGGTTCATGC-3'; CycBI1-R:
5'-TCAGTCACAAAAGCAAAGTCACC-3"), and GAPDH am-
plification was used as internal control (GAPDH-F: 5'-GGTCTTA-
CTCCTTGGAGGCCATGT-3'; GAPDH-R: 5'-ACCTAACTA-
CATGGTTTACATGTT-3").

Antibodies and immunoblot analysis
For determination of protein levels, cell extracts were prepared
by homogenization in lysis buffer (Tris-HCI 50 mM pH 8,
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200 mM NaCl, 5 mM EDTA, 1%Triton X-100 and protease
and phosphatase inhibitors), and 40 micrograms were loaded for
each sample in a 10% PAGE. Proteins were transferred to an
Immobilon-P membrane (Millipore), blocked in TBS-T buffer
with 5% non-fat milk, and then treated with the indicated first
specific antibody for one hour, after which after the membrane
was rinsed for 5 times, 5 minutes each time, and treated with the
corresponding secondary antibody. The signals were detected
using a chemiluminescence ECL kit (GE Healthcare). The signals
were quantified in the linear response range using an X Personal
Imager (BioRad, Hercules, CA).
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Figure 8. Localization of VRK1 and p63 in the squamous epithelium of the human pharynx. (A). Immunohistochemistry detection of p63
and VRK1 proteins in the pharynx. The arrows indicate cells (3 out of 56) in the basal layer with higher levels of VRK1. The p63 was detected with a
monoclonal antibody. VRK1 was detected with the VC1 polyclonal antibody. (B). Immunofluorescence of p63 and VRK1 in the human pharynx
epithelium. The arrows indicate cells (3 out of 57) in the basal layer that have higher levels of VRK1.

doi:10.1371/journal.pone.0001642.9008

VRKI protein was detected with either the VE1 rabbit
polyclonal antibody, or the 1F6 murine monoclonal antibody
[47]. P27 was detected with polyclonal antibody C-19; cyclin A
with polyclonal antibody H-432; cyclin Bl with polyclonal
antibody H-433; cyclin D1 with polyclonal M-20, and PCNA
with monoclonal antibody PC10, all from Santa Cruz. Phosphor-
ylated Rb was detected with polyclonal anti-pRb (Ser807/811)
from Cell Signaling. All the antibodies were used at a 1:1000
dilution. f-actin was detected with monoclonal (Clone AC-15)
from SIGMA (St. Louis, MO) at a 1:5000 dilution. Human p63
was detected with monoclonal antibody 4A4 from Dako (Glostrup,
Denmark).

Immunofluorescence and confocal microscopy

WS cells were plated on 10-cm2 dishes (5x10%) containing 1-
cm-diameter sterile glass coverslips; after the corresponding serum
treatment the slides were transferred to a tissue culture test plate.
The cells were washed three times with PBS and then fixed in 4%
paraformaldehyde in PBS for 30 min at room temperature. After
fixation the cells were permeabilized in cold PBS containing 0.2%
Triton X-100 for 30 min and then treated with glycine 10 mM for
10 min at room temperature. The cells were blocked with a
solution containing 1% bovine serum albumin in PBS, at room
temperature for 30 min, and then incubated for 30 min at 37°C or
1 h at room temperature with a mix of anti-VRKI1 (VEI) in
blocking solution. The cells were washed three times with PBS
0.1% Triton X-100 and incubated with a goat anti-rabbit Cy2
labeled antibody (Amersham Biosciences) in blocking solution.
The cells were washed three times with PBS 0.1%, Triton X-100
and stained with DAPI (4', 6'-diamidino-2-phenylindol) (Sigma)
1:1000 in PBS for 10 min at room temperature. The cells were
washed with PBS, and slides were mounted with Gelvatol
(Monsanto). Subcellular localization was analyzed with a Zeiss
LSM 510 confocal microscope.
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Cloning of human VRKT gene promoter

The human VRR] gene promoter was cloned by PCR
amplification using genomic DNA from a BAC containing this gene
(RP11-187K17 BAC library). The proximal promoter selected for
amplification comprised from position —1028 to +52. The primers
used for amplification were: Forward: 5'-CCGGTACCT-
GAGGTCCTGAAGCTTACGC-3" with a Kpnl site; and reverse:
5'-TAGGATCCGCCGACTCGTAACTCGGCAG-3' .wirh a
BamHI site. The amplified DNA was subcloned into the Apnl-Bglll
restriction sites of vector pGL2-Luc (Promega). The plasmid
generated in called pGL2-B-VRK1(—1028+52). The sequence of
the cloned promoter was confirmed by DNA sequencing.

Luciferase assay

WSI cells were grown in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% fetal calf serum and antibiotics
in 5% COy humidified atmosphere. For treat cells, three hours
before transfection, the medium was changed to a 0.1% FBS
DMEM. Cells were transfected with 0.5 ug of the pGL2-B-
VRKI1(—1028+52) and 0.5 pg of a Remlla luciferase vector (pRL-
tk). After 36 hours cells were harvested or replaced with 10% FBS
fresh medium and kept for another 24 hours. Luciferase assays
were performed with the dual reporter luciferase assay kit
(Promega). The experiment was performed three times, and each
individual measurement was determined in triplicate assays.

RNA interference experiments

Synthetic SMART selected siRINA duplexes were purchased from
Dharmacon RNA Technologies (Lafayette, CO). The targeted
sequence for VRKI1 (Accession number NM_003384) was CAAG-
GAACCTGGTGTTGAA (duplex siVRKI1-2) from Dharmacon.
Functional siCONTROL non-targeting siRNA pool from Dharma-
con was used as a negative control and fluorescently labeled siGLO
Lamin A/C siRNA for silencing and transfection efficiency.
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Transfections of siRNA duplexes at 100-200 nM final concentration
were carried out using Lipofectamine 2000 reagent (Invitrogen) in
WSI cells following manufacturer instructions. After transfection,
cells were processed for western blot, immunofluorescence or video
microscopy as indicated. Viable cells were identified and counted by
exclusion of Trypan Blue staining. Also, the total amount of protein
as a function of cell number was determined.

Flow cytometry

Fibroblasts were washed three times in PBS and detached with
25% Trypsin-EDTA (Life Technologies-Gibco); detached cells
were rinsed three times with PBS by centrifugation at 1500 rpm
for 5 min in a bench centrifuge. The cell pellet was resuspended in
700 Wl of 70% ethanol (precooled at —20°C) and kept at 4°C
overnight. The cells were collected by centrifugation and
resuspended in 500 pl of PBS with10 pl propidium iodide (stock
at 1 mg/ml) and 5 pl of RNAase (stock at 50 mg/ml). The cell
suspension was incubated for 1 hour at room temperature, after
which it was pass by the flow cytometer. A minimum of 10,000
cells were used for analysis. Data acquisition was performed with
the Cell Quest program (Becton-Dickinson) and analyzed with
programs Paint-a-Gate and ModFit for the cell cycle profile
(Becton-Dickinson).

Immunohistochemistry and immunofluorescence in
tissue sections

Biopsies from normal human tissues obtained with informed
consent were fixed in formalin and embedded in paraffin. Sections
(3 um thick) were cut and transferred to positively (silanized)
charged-surface glass slides. Sections were dried for 16 hours at

References

1. Hunt T (1991) Cyclins and their partners: from a simple idea to complicated
reality. Semin Cell Biol 2: 213-222.

2. Olashaw N, Pledger W] (2002) Paradigms of growth control: relation to Cdk
activation. Sci STKE 2002: RE7.

3. Malumbres M, Hunt SL, Sotillo R, Martin J, Odajima J, et al. (2003) Driving
the cell cycle to cancer. Adv Exp Med Biol 532: 1-11.

4. Sanchez I, Dynlacht BD (2005) New insights into cyclins, CDKs, and cell cycle
control. Semin Cell Dev Biol 16: 311-321.

5. Zhou BB, Elledge SJ (2000) The DNA damage response: putting checkpoints in
perspective. Nature 408: 433-439.

6. Kastan MB, Bartek ] (2004) Cell-cycle checkpoints and cancer. Nature 432:
316-323.

7. Massague J (2004) G1 cell-cycle control and cancer. Nature 432: 298-306.

8. Xie S, Xie B, Lee MY, Dai W (2005) Regulation of cell cycle checkpoints by
polo-like kinases. Oncogene 24: 277-286.

9. Malumbres M, Sotillo R, Santamaria D, Galan J, Cerezo A, et al. (2004)
Mammalian cells cycle without the D-type cyclin-dependent kinases Cdk4 and
Cdk6. Cell 118: 493-504.

10. Bhadriraju K, L. KH (2004) Extracellular matrix-dependent myosin dynamics
during G1-S phase cell cycle progression in hepatocytes. Exp Cell Res 300:
259-271.

11. Lechler T, Fuchs E (2005) Asymmetric cell divisions promote stratification and
differentiation of mammalian skin. Nature 437: 275-280.

12. Bloom J, Cross FR (2007) Multiple levels of cyclin specificity in cell-cycle control.
Nat Rev Mol Cell Biol 8: 149-160.

13. Lazo PA, Vega FM, Sevilla A (2005) Vaccinia-related kinase-1. Afcs Nature
Molecule Page doi:10.1038/: mp.a003025.003001.

14. Lopez-Borges S, Lazo PA (2000) The human vaccinia-related kinase 1 (VRKI)
phosphorylates threonine-18 within the mdm-2 binding site of the p53 tumour
suppressor protein. Oncogene 19: 3656-3664.

15. Sevilla A, Santos CR, Barcia R, Vega FM, Lazo PA (2004) c-Jun phosphorylation
by the human vaccinia-related kinase 1 (VRKI1) and its cooperation with the N-
terminal kinase of c-Jun (JNK). Oncogene 23: 8950-8958.

16. Sevilla A, Santos CR, Vega FM, Lazo PA (2004) Human Vaccinia-related
Kinase 1 (VRKI) Activates the ATF2 Transcriptional Activity by Novel
Phosphorylation on Thr-73 and Ser-62 and Cooperates with JNK. J Biol Chem
279: 27458-27465.

17. 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.

@ PLoS ONE | www.plosone.org

Human VRK1 in Cell Cycle

56°C followed by dewaxing and rehydration through a graded
ethanol series and washed with PBS. To retrieve antigens the slides
were treated in a pressure cooker for 2 minutes in 10 mM citrate
buffer (pH6.5). Briefly, after incubation, immunodetection was
performed with the DAKO EnVision Visualization Method
(DAKO), with diaminobenzidine chromogen as the substrate
[21]. Sections were counterstained with haematoxylin. VRK1 was
detected with the VC1 polyclonal antibody [47] and p63 with
monoclonal 4A4 (DAKO).

For immunofluorescence the tissue sections, after antigen
retrieval, were blocked with 2% defatted-milk, and 0.1% Triton
in PBS, followed by washing in PBS. The slides were sequentially
stained with the antibodies, and between them they were washed
with PBS. Slide were first stained with an anti-p63 murine
monoclonal antibody for 1 hour, followed by a-mouse-FITC (1/
400) for 40 minutes at room temperature, 40" RT, next the VC1
(policlonal rabbit) (1/500) for 1 hour, and finally a-rabbit-Cy3 (1/
200) (GE Healthcare) for 40 minutes. After staining the slides were
incubated in the presence of DAPI to detect the nuclei. Cells were
mounted with Vectashield (Vector Laboratories, Burlingame, CA)
and used for examination in a Zeiss LSM510 confocal microscope.

Acknowledgments

We appreciate the technical help provided by Virginia Gascon and Teresa
Hernandez.

Author Contributions

Conceived and designed the experiments: PL AV. Performed the
experiments: AV IL. Analyzed the data: PL. AV IL. Wrote the paper: PL.

18. 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.

19. Vega FM, Sevilla A, Lazo PA (2004) p53 Stabilization and Accumulation
Induced by Human Vaccinia-Related Kinase 1. Mol Cell Biol 24: 10366-10380.

20. Valbuena A, Vega FM, Blanco S, Lazo PA (2006) p53 Downregulates Its
Activating Vaccinia-Related Kinase 1, Forming a New Autoregulatory Loop.
Mol Cell Biol 26: 4782-4793.

21. Valbuena A, Suarez-Gauthier A, Lopez-Rios I, Lopez-Encuentra A, Blanco S,
et al. (2007) Alteration of the VRK1-p53 autoregulatory loop in human lung
carcinomas. Lung Cancer 58: 303-309.

22. 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.

23. Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, et al. (2003) Systematic
functional analysis of the Caenorhabditis elegans genome using RNAi. Nature
421: 231-237.

24. Vega FM, Gonzalo P, Gaspar ML, Lazo PA (2003) Expression of the VRK
(vaccinia-related kinase) gene family of p53 regulators in murine hematopoietic
development. FEBS Lett 544: 176-180.

25. Dorrell M1, Aguilar E, Weber C, Friedlander M (2004) Global Gene Expression
Analysis of the Developing Postnatal Mouse Retina. Invest Ophthalmol Vis Sci
45: 1009-1019.

26. Harbour JW, Dean DC (2000) Rb function in cell-cycle regulation and
apoptosis. Nat Cell Biol 2: E65-67.

27. Bravo R, Frank R, Blundell PA, Macdonald-Bravo H (1987) Cyclin/PCNA is
the auxiliary protein of DNA polymerase-delta. Nature 326: 515-517.

28. Chau BN, Wang JY (2003) Coordinated regulation of life and death by RB. Nat
Rev Cancer 3: 130-138.

29. Genovese C, Trani D, Caputi M, Claudio PP (2006) Cell cycle control and beyond:
emerging roles for the retinoblastoma gene family. Oncogene 25: 5201-5209.

30. Agrawal D, Dong F, Wang YZ, Kayda D, Pledger W] (1995) Regulation of
cyclin E and p27kip during mitosis in BALB/c 313 cells. Cell Growth Differ 6:
1199-1205.

31. Sarmento LM, Huang H, Limon A, Gordon W, Fernandes J, et al. (2005)
Notchl modulates timing of G1-S progression by inducing SKP2 transcription
and p27Kipl degradation. J Exp Med 202: 157-168.

32. Zhang P, Wong C, DePinho RA, Harper JW, Elledge SJ (1998) Cooperation
between the Cdk inhibitors p27(KIP1) and p57(KIP2) in the control of tissue
growth and development. Genes Dev 12: 3162-3167.

February 2008 | Volume 3 | Issue 2 | e1642



33.

34.

36.

37.

39.

40.

Sherr CJ, Roberts JM (1999) CDK inhibitors: positive and negative regulators of
G1l-phase progression. Genes Dev 13: 1501-1512.

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.

. Yang A, Kaghad M, Wang Y, Gillett E, Fleming MD, et al. (1998) p63, a p53

homolog at 3q27-29, encodes multiple products with transactivating, death-
inducing, and dominant-negative activities. Mol Cell 2: 305-316.

Parsa R, Yang A, McKeon F, Green H (1999) Association of p63 with
proliferative potential in normal and neoplastic human keratinocytes. J Invest
Dermatol 113: 1099-1105.

Yang A, Schweitzer R, Sun D, Kaghad M, Walker N, et al. (1999) p63 is
essential for regenerative proliferation in limb, craniofacial and epithelial
development. Nature 398: 714-718.

. Barbieri CE, Pietenpol JA (2006) p63 and epithelial biology. Exp Cell Res 312:

695-706.

Finlan LE, Hupp TR (2006) Epidermal stem cells and cancer stem cells: insights
into cancer and potential therapeutic strategies. Eur J Cancer 42: 1283-1292.
Pellegrini G, Dellambra E, Golisano O, Martinelli E, Fantozzi I, et al. (2001)
p63 identifies keratinocyte stem cells. Proc Natl Acad Sci U S A 98: 3156-3161.

@ PLoS ONE | www.plosone.org

10

41.

42.

43.

44,

46.

47.

Human VRK1 in Cell Cycle

Nurse P (2000) A long twentieth century of the cell cycle and beyond. Cell 100:
71-78.

Vernell R, Helin K, Muller H (2003) Identification of target genes of the
pl6INK4A-pRB-E2F pathway. J Biol Chem 278: 46124-46137.

Semizarov D, Kroeger P, Fesik S (2004) siRNA-mediated gene silencing: a
global genome view. Nucleic Acids Res 32: 3836-3845.

Barcia R, Lopez-Borges S, Vega FM, Lazo PA (2002) Kinetic Properties of p53
Phosphorylation by the Human Vaccinia-Related Kinase 1. Arch Biochem
Biophys 399: 1-5.

. Kwon SY, Choi YJ, Kang TH, Lee KH, Cha SS, et al. (2005) Highly efficient

protein expression and purification using bacterial hemoglobin fusion vector.
Plasmid 53: 274-282.

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.

Valbuena A, Lopez-Sanchez I, Vega FM, Sevilla A, Sanz-Garcia M, et al. (2007)
Identification of a dominant epitope in human vaccinia-related kinase 1 (VRKI)
and detection of different intracellular subpopulations. Arch Biochem Biophys
465: 219-226.

February 2008 | Volume 3 | Issue 2 | e1642



