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The epidermal growth factor (EGF)–ErbB–mitogen-activated protein kinase (MAPK) transcription signal-
ing pathway is altered in many types of carcinomas, and this pathway can be regulated by new protein-protein
interactions. Vaccinia-related kinase (VRK) proteins are Ser-Thr kinases that regulate several signal trans-
duction pathways. In this work, we study the effect of VRK2 on MAPK signaling using breast cancer as a model.
High levels of VRK2 inhibit EGF and ErbB2 activation of transcription by the serum response element (SRE).
This effect is also detected in response to H-Ras(G12V) or B-Raf(V600E) oncogenes and is accompanied by a
reduction in phosphorylated extracellular signal-regulated kinase (ERK) levels, p90RSK levels, and SRE-
dependent transcription. Furthermore, VRK2 knockdown has the opposite effect, increasing the transcrip-
tional response to stimulation with EGF and leading to increased levels of ERK phosphorylation. The
molecular mechanism lies between MAPK/ERK kinase (MEK) and ERK, since MEK remains phosphorylated
while ERK phosphorylation is blocked by VRK2A. This inhibition of the ERK signaling pathway is a conse-
quence of a direct protein-protein interaction between VRK2A, MEK, and kinase suppressor of Ras 1 (KSR1).
Identification of new correlations in human cancer can lead to a better understanding of the biology of
individual tumors. ErbB2 and VRK2 protein levels were inversely correlated in 136 cases of human breast
carcinoma. In ErbB2� tumors, there is a significant reduction in the VRK2 level, suggesting a role for VRK2A
in ErbB2-MAPK signaling. Thus, VRK2 downregulation in carcinomas permits signal transmission through
the MEK-ERK pathway without affecting AKT signaling, causing a signal imbalance among pathways that
contributes to the phenotype of breast cancer.

Members of the ErbB receptor-tyrosine kinase family are
indicators of poor prognosis in several types of cancer, includ-
ing breast cancer, colorectal cancer, head and neck squamous
cell carcinoma (HNSCC), and non-small cell lung carcinoma
(NSCLC) (18). Vaccinia-related kinases (VRK) are a novel
family of Ser-Thr kinases composed of three members (26),
two of which are catalytically active (36). VRK2A and its
shorter, spliced isoform, VRK2B, are located, respectively,
anchored to membranes of the endoplasmic reticulum and
mitochondria or in soluble form in the cytoplasm and within
the nucleus (4, 5). VRK2A, the more abundant isoform, mod-
ulates the stress response to hypoxia (6) and cytokines, such as
interleukin 1� (IL-1�) (7). This signal modulation is indepen-
dent of VRK2A kinase activity but is dependent on protein
interactions with JIP1, which assembles mitogen-activated pro-
tein kinase (MAPK) complexes, functioning as a scaffold pro-
tein for the c-Jun N-terminal kinase (JNK) pathway. VRK2A
blocks signal transmission mediated by the assembly of JIP1-
MAPK complexes, reducing JNK phosphorylation and AP1-

dependent transcription (6, 7). On the other hand, the nuclear
VRK2B isoform has been proposed to functionally replace
VRK1 in adenocarcinoma tumor cell lines (4). VRK1 is ex-
pressed at high levels in proliferating tumor cell lines and
during cellular expansion in murine embryonic hematopoietic
development (49). VRK1 expression correlates with several
proliferation markers in human head and neck squamous cell
carcinomas (42). VRK1 knockdown causes a block in cell cycle
progression in tumor cells (50) and fibroblasts (46). Indeed,
VRK1 is an early response gene expressed in parallel with
MYC and FOS genes and required for cyclin D1 expression
(21) and entry into the G1 phase of the cell cycle (46). Nuclear
VRK1 phosphorylates several transcription factors, such as
p53 (29, 50), c-Jun (43), ATF2 (44), and CREB (21), as well as
Baf, during nuclear envelope assembly (17, 37). VRK1 and p53
form an autoregulatory loop (48) that is disrupted in tumors
with p53 mutations, such as lung cancer (47). In estrogen
receptor-positive (ER�) breast cancers, tumors with poor
prognosis and a shorter time to relapse were associated with
higher VRK1 expression (30). All of these data together sug-
gest that VRK proteins might be good candidates to be dereg-
ulated in tumors.

The specificity of any biological effect in response to stimu-
lation initiated in ErbB receptors (33), such as epidermal
growth factor receptor (EGFR) or ErbB2, can be determined
by interacting proteins that may alter the distribution of the
signal among alternative response pathways (14, 45). Thus, the
signal transmitted by Ras can be channeled mainly between
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MAPK and phosphatidylinositol 3-kinase (PI3K)–Akt (9, 54).
However, how signal distribution is modulated among different
pathways is not known, suggesting that additional elements can
intervene, either by protein-protein interactions or by interac-
tions with additional pathways, among which the MAPK path-
way is the best known (28). This interconnectivity may result in
functional differences that can help to explain differential re-
sponses to identical stimulation in either normal or tumor cells.
The study of pathway interactions and their components has
received relatively limited attention; however, it will be essen-
tial to identify specific effects in the biological systems in which
they are likely to play important roles. The identification of
new regulatory components can also lead to the discovery of
novel molecular therapeutic targets.

Breast cancer-specific molecular markers help determine
the prognosis, outcome, and treatment to be followed in these
patients (15). Tumors positive for ER and/or progesterone
receptor (PR) have a better prognosis, since they can be man-
aged with antihormonal therapies. A third marker is ErbB2
(HER2/neu), a member of the EGF receptor family, which is
usually detected in ER� cases, which represent approximately
one-fourth of cases (27). Nevertheless, ErbB2 is the target of
novel therapies based on the use of either specific antibodies or
small tyrosine kinase inhibitors of the receptor (18).

In this report, we characterize how VRK2A modulates the
ErbB-MAPK signaling pathway by a downstream interaction
of the kinase with the kinase suppressor of Ras 1 (KSR1)
scaffold protein. Analysis of the expression of VRK2 proteins
in human breast carcinomas showed that ErbB2 receptor and
VRK2A levels were inversely correlated, suggesting a facilita-
tion of MAPK signaling. We conclude that VRK2A downregu-
lation causes an imbalance in signaling pathways and thus
contributes to the phenotype of breast carcinomas.

MATERIALS AND METHODS

Plasmids. The following plasmids were used: pCEFL-HA-VRK1 (50); plas-
mids for VRK2A (pCEFL-HA-VRK2A), VRK2B (pCEFL-HA-VRK2B), and
the inactive kinase VRK2(K169E) (pCEFL-GST-VRK2A) and the control
pCEFL-GST (4); pCDNA3-ErbB2 (53); pCEFL-HA-MEK, pCEFL-HA-ERK,
and pCEFL-H-RasG12V (from Piero Crespo, IBBTEC-CSIC, Santander, Spain);
pG12B-RafV600E (from M. Soengas, University of Michigan); pCMV-Flag-KSR1
(20); pA3Cyclin D1(�1720)-Luc (1); pFC-MEK1 [constitutively active
MEK1(S218/222E, �32-51)]; pSRE-Luc reporter (Stratagene); and pRL-tk con-
trol (Promega Biotech).

Cell lines, transfections, and immunoblotting. MDA-MB-231 and MCF7
breast cancer cells (19) and HeLa and HEK-293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum. Transfections
were performed using the JetPEI reagent (Polyplus, Illkirch, France) or Lipo-
fectamine 2000 (Invitrogen). The total amount of DNA in transfections was kept
constant by completion with the corresponding empty vector. The methods for
cell lysates and the conditions for immunoprecipitations, pulldown, and Western
blotting have been reported previously (4, 6, 7).

Transcriptional assays and quantitative reverse transcription (qRT)-PCR.
For assays of transcriptional activity using a reporter plasmid, cells were trans-
fected with the reporter plasmids pSRE-Luc (1 �g), pCDNA3-ErbB2 (1.5 �g),
pCEFL-H-RasG12V (0.2 �g), pG12B-RafV600E (0.2 �g), and pFC-MEK1(0.05
�g) and the indicated amounts of the specific kinase constructs. Cell lysates were
prepared 48 h after transfection in luciferase lysis buffer (Promega). Luciferase
activity was determined with a Dual-Luciferase reporter reagent from Promega
(4, 6, 7). In some experiments, cells were stimulated 4 h before lysis with 10 nM
EGF (Strathmann Biotec) for the indicated times.

For qRT-PCR, cells were washed in ice-cold phosphate-buffered saline (PBS).
Total RNA was extracted using the RNAeasy extraction kit from Qiagen and
analyzed as previously reported (46). The following forward (F) and reverse (R)
primers were used: human c-myc (Myc-F, 5�-CCAGCAGCCTCCCGCGACGA

TG-3�; Myc-R, 5�-GAGGGGTCGATGCACTCTGAGG-3�) and human cyclin
D1 (CycD1-F, 5�-CTTCCTCTCCAAAATGCCAG-3�; CycD1-R, 5�-AGAGAT
GGAAGGGGGAAAGA-3�), with GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) amplification used as an internal control (GAPDH-F, 5�-GGTCTT
ACTCCTTGGAGGCCATGT-3�; GAPDH-R, 5�-ACCTAACTACATGGTTT
ACATGTT-3�).

Antibodies and reagents. The antibodies used were VRK2 polyclonal antibody
(4); ErbB2 (44E7); p90 ribosomal S6 kinase (RSK) (32D7), p90RSK (Ser 380),
phosphorylated AKT (p-AKT) (Ser473), and p-MEK1/2 (S217/S221) from Cell
Signaling; antibodies for extracellular signal-regulated kinase 2 (ERK2) (sc-154),
ERK1/2 (Y204) (sc-7383), MAPK/ERK kinase 1 (MEK-1) (C-18 polyclonal or
9G3 monoclonal), B-Raf (sc-55522), glutathione S-transferase (GST) (sc-138),
AKT (H-136), cyclin D1 (M-20), Ksr-1 (sc-9317), and c-myc (sc-764), all from
Santa Cruz; anti-hemagglutinin (HA) from Covance; actin (AC-15) and anti-Flag
(M5) from Sigma; and EGF (Strathmann Biotec).

VRK2, KSR, or JIP1 knockdown by siRNA interference. The targeted se-
quence for VRK2 (GenBank NM_006296) was 5�-GCAAGGUUCUGGAUGA
UAUUU-3� (duplex siVRK2-06) (Dharmacon). The targeted JIP1sequence
(GenBank NM_005456) was 5�-CTGGAGGAGTTTGAGGATGAA-3� (small
interfering RNA [siRNA] JIP1 number 2; Qiagen) (25, 26). Human Ksr-1 siRNA
contains a pool of 3 target-specific 20- to 25-nucleotide (nt) siRNAs (Santa Cruz;
sc-35762). The siControl nontargeting siRNA pool (Dharmacon) was used as a
negative control. Transfection of siRNA duplexes in HeLa cells at a final con-
centration of 160 mM was carried out using Lipofectamine 2000 reagent (In-
vitrogen). Cells were processed for immunoblotting 4 days after transfection. In
assays of VRK2 depletion, cells were transfected with the reporter plasmid 72 h
after siRNA transfection and EGF stimulated 24 h after retransfection.

Immunofluorescence and confocal microscopy. HeLa cells were grown on
uncoated glass coverslips placed in 60-mm plates. The cells were prepared as
previously reported (4). Fluorescence images were captured with a Zeiss LSM
510 confocal microscope.

Immunohistochemistry in tissue sections. Biopsy specimens from human
breast cancer were provided by the National Tumor Bank at CIC-Hospital
Universitario de Salamanca. The biopsy specimens were prepared as previously
reported (47), and sections were counterstained with hematoxylin. VRK2 was
detected with a rabbit polyclonal antibody (4). For analysis of VRK2 and ErbB2,
consecutive sections were used. ErbB2 immunostaining was scored from 1 to 3
for both the intensity of the staining and the number of ErbB2-positive cells. The
final score was obtained by multiplying these two parameters. Briefly, the fre-
quencies were compared either by the chi-square method or by Fisher’s exact test
(SPSS version 18; SPSS, Chicago, IL), and differences with a P value of �0.05
were considered statistically significant (42, 47).

RESULTS

Overexpression or knockdown of VRK2A inversely regulates
SRE transcription induced by EGF. Because VRK2A down-
regulates JNK signaling in response to IL-1� and hypoxia (6,
7), it was hypothesized that the VRK2 protein might also
interfere with transcriptional response signals to growth factor
receptors mediated by MAPK. To address whether VRK2A
could affect signaling induced upon EGF stimulation, we de-
termined the effect of increasing levels of VRK2A protein on
the serum response element (SRE) transcriptional response
induced by EGF in MCF7 cells (Fig. 1A) and HeLa cells (see
Fig. S1A in the supplemental material). EGF, whose receptor
is ErbB1, stimulated SRE-dependent transcription in MCF7
and HeLa cells, and this transcriptional response was inhibited
by VRK2A in a dose-dependent manner, but the closely re-
lated member VRK1, or VRK2B, did not affect this response.
We also tested if overexpression of VRK2A could prevent the
activation of the cyclin D1 gene promoter in response to EGF.
VRK2A prevented activation of this promoter, as expected,
while VRK1, which is required for cyclin D1 expression (46),
had a strong stimulatory effect (see Fig. S1B in the supplemen-
tal material).

From the previous result, it was predicted that lowering the
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levels of endogenous VRK2 protein would make cells more
sensitive to EGF. To test this hypothesis, VRK2 protein was
knocked down in MDA-MB-231 and HeLa cells (Fig. 1B, top;
see Fig. S2A in the supplemental material) with a specific
siRNA (6, 7), which effectively reduced the VRK2 protein
levels in both cell lines between 80 and 90%. In MCF7 cells,
the RNA knockdown was very effective, but the protein was
extremely stable (see Fig. S2B in the supplemental material).
MDA-MB-231 cells, which have autocrine stimulation by EGF
(31), and HeLa cells were stimulated with EGF. In both, there
was an increase in the response to EGF stimulation when
VRK2 was eliminated (Fig. 1B, bottom). These results confirm
the inverse correlation between VRK2 levels and the transcrip-
tional response to EGF.

VRK2A downregulates the transactivation of transcription
induced by ErbB2, H-Ras(G12V), B-Raf(V600E), and active
MEK. The above observations suggest that expression of
VRK2A protein might have an effect on growth factor re-
sponse signaling mediated by the Ras-Raf-MEK-Erk pathway,
among which ErbB2 is the most relevant for breast and other
carcinomas. ErbB2 is active by itself and has no known ligand
(18, 52). Initially, a dose-response assay to ErbB2 was per-

formed in HEK293T cells with the expected increase in SRE-
dependent transcription (see Fig. S3A in the supplemental
material). A 1.5-�g amount of ErbB2 was selected to deter-
mine the effect of the VRK2A protein on the transcriptional
response to ErbB2 in MCF7 cells. As the VRK2A protein level
increased, there was a significant reduction, in a dose-depen-
dent manner, of the transcriptional response induced by ErbB2
in MCF7 cells (Fig. 2A) and HEK293T cells (see Fig. S3B in
the supplemental material). These data indicated that ErbB2
was able to activate SRE-dependent gene transcription and
that its response was inhibited by VRK2A.

The signal transduction pathway activating SRE in response
to EGF, or ErbB2, is mediated by the Ras oncogene (40) and
the B-Raf Ser-Thr kinase (24), both frequently mutated in
many types of human cancer (34, 38), and thus cells become
independent of EGF/ErbB signaling (8). Therefore, we tested
whether the VRK2A protein was acting downstream of the
Ras/Raf proteins, since they are in intracellular membranes
(16). First, a dose-response assay for H-Ras(G12V) was per-
formed (see Fig. S3C in the supplemental material), and a dose
of 200 ng was selected to determine the effect of VRK2A in
HEK293T (see Fig. S3C and D in the supplemental material)
and MCF7 (Fig. 2B) cells. VRK2A inhibited H-Ras(G12V)
activation of SRE-dependent transcription in a dose-depen-
dent manner (Fig. 2B). Since the Ras oncogene was the
stronger inducer of transcription, it was used to determine if
the effect of VRK2A was due either to its kinase activity or
to a protein interaction. Overexpression of kinase-dead
VRK2A(K169E) (4) was equally effective in inhibiting the
SRE-dependent transcription induced by H-Ras(G12V)
(Fig. 2B, right), suggesting that the observed effect was a
consequence of a VRK2A protein interaction with a com-
ponent of the MAPK pathway.

A similar approach was followed using the B-Raf(V600E)
mutant and a constitutively active MEK1(S218/222E, �32-51)
(plasmid pFC-MEK1), two downstream components of Ras in
the MAPK signaling pathway. Activation of transcription by
B-Raf(V600E) (Fig. 2C) or MEK1(S218/222E, �32-51) (Fig.
2D) was also blocked by VRK2A in a dose-dependent manner.
Therefore, it can be concluded that VRK2A acts downstream
of Ras, B-Raf, and MEK1 in the ErbB signal transduction
pathway.

VRK2A blocks the phosphorylation of ERK in response to
ErbB2 and H-Ras(G12V).. The signal initiated in the EGF
receptor (ErbB1) is partly transmitted by phosphorylation of
ERK, which activates SRE-dependent transcription. To gain
insight into how VRK2A can regulate ERK signaling, we de-
termined whether overexpression of ErbB2 or H-Ras(G12V)
affected the phosphorylation of ERK, the last kinase in the
MAPK complex. Both ErbB2 and H-Ras(G12V) induced in-
creased levels of p-MEK and p-ERK in MCF7 cells (Fig. 3A
and B). However, when VRK2A was overexpressed, there was
a reduction in the level of p-ERK, but not of p-MEK, in
response to either ErbB2 or H-Ras(G12V), suggesting it might
be acting between MEK and ERK (Fig. 3A and B). In these
experiments, AKT activation by phosphorylation was not af-
fected by VRK2A overexpression, since there were no changes
in its phosphorylation level (Fig. 3A and B). These data indi-
cated that VRK2A acts downstream of MEK and does not
affect PI3K-AKT signaling, one of the most relevant pathways

FIG. 1. VRK2A protein modulates EGF activation of SRE-depen-
dent transcription. (A) Effect of VRK2A overexpression. MCF7 cells
were transfected with 1 �g of the SRE-luciferase reporter, as well as
plasmids, for overexpression of VRK2A or VRK1. The immunoblot
shows the correct expression of the corresponding VRK proteins de-
tected with an antibody to the HA epitope. The error bars indicate
standard deviations. ***, P � 0.001; *, P � 0.05. (B) (Top) Knock-
down of the VRK2 intracellular protein level with siVRK2-06 in
MDA-MB-231 breast cancer cells and HeLa cells. MDA-MB-231 cells
express only VRK2A, and HeLa cells express both VRK2 isoforms.
Mean values with standard deviations for three experiments are shown.
*, P � 0.05. (Bottom) Effect of VRK2 knockdown on the activation of
SRE-dependent transcription induced by EGF in MDA-MB-231 and
HeLa cells. MDA-MB-231 cells have autocrine stimulation by EGF.
MCF7 cells express both isoforms of VRK2, which are not affected by
the specific siVRK2-06, while its RNA is effectively reduced (see Fig.
S2B in the supplemental material). In the HeLa cell line, siVRK2-06
was very effective at reducing VRK2A protein. The reduction of VRK2
by siVRK2-06 was approximately 63% (see Fig. S2A in the supple-
mental material).
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activated by the ErbB2 receptor. In addition, the phosphory-
lation of RSK, an ERK cytoplasmic substrate, was also in-
creased by ErbB2 and H-Ras(G12V) and was reduced in the
presence of overexpressed VRK2A (Fig. 3A and B). The re-
duction in p-ERK and p-RSK was approximately 50%, similar
to the efficiency of VRK2A transfection (Fig. 3C). Other pro-
teins, such as cyclin D1 and c-myc, were not affected by ErbB2,
H-Ras(G12V), or VRK2A overexpression. The effects of sev-
eral proteins of the VRK family (VRK1, VRK2A, and
VRK2B) on ERK activation were also tested; VRK2A was the
only one able to inhibit ERK phosphorylation (see Fig. S4
in the supplemental material). These results indicate that

VRK2A interferes with signal transmission between MEK
and ERK.

Knockdown of VRK2A leads to increased levels of phospho-
ERK. In order to further analyze the effect of VRK2 on the
ERK1/2 pathway, HeLa cells were used for knockdown of
endogenous VRK2. The effect of VRK2 depletion on ERK
phosphorylation was studied by immunofluorescence assays in
cells grown in the presence of serum. In cells transfected with
siControl, there was a significant level of VRK2 protein and
low levels of p-ERK (Fig. 4A, top); on the other hand, in cells
transfected with siVRK2-06, the level of VRK2 dropped, and
there was an increase in p-ERK (Fig. 4A, bottom). Next, the

FIG. 2. VRK2A inhibits the transcriptional response to overexpression of oncogenic ErbB2, H-Ras(G12V), B-Raf(V600E), and MEK1 in
MCF7 cells. (A) Effect of VRK2A on the response to ErbB2. Breast carcinoma MCF7 cells were transfected with a fixed amount of ErbB2 and
increasing amounts of pCEFL-HA-VRK2A. At the bottom are immunoblots showing the expression of ErbB2 and VRK2A. The experiments to
select the amount of ErbB2 to be used and to determine the effects of increasing amounts of VRK2 in HEK293T cells are shown in Fig. S3A and
B in the supplemental material. The error bars indicate standard deviations. (B) Effect of VRK2A (left) or VRK2A(K169E) (right) on the SRE
transcriptional response to H-Ras(G12V). MCF7 cells were transfected with a fixed amount of H-Ras(G12V) and increasing amounts of
pCEFL-HA-VRK2A or pCEFL-HA-VRK2AK169E. At the bottom is shown the expression of VRK2A proteins by immunoblotting with an anti-HA
antibody. The experiments to select the amount of H-Ras(G12V) to be used and to determine the effect of increasing amounts of VRK2 in
HEK293T cells are shown in Fig. S3C and D in the supplemental material. (C) Effect of VRK2A on the response to B-Raf(V600E). MCF7 cells
were transfected with a fixed amount of B-Raf(V600E) and increasing amounts of pCEFL-HA-VRK2A, as indicated. At the bottom is shown an
immunoblot determining the expression of B-Raf(V600E) and VRK2A. (D) Effect of VRK2A overexpression on constitutively active MEK (CA)
activation of the SRE. Plasmid pFC-MEK1, expressing constitutively active MEK1(S218/222E, �32-51), was transfected in the presence of different
amounts of VRK2A. The control (0) had the maximum amount of empty vector. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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levels of different proteins were determined by Western blot-
ting under these two conditions. VRK2 knockdown resulted in
accumulation of p-ERK but had no effect on either p-MEK or
p-AKT (Fig. 4B). The changes in VRK2A and p-ERK were
quantified, and the reduction in VRK2 was accompanied by a
6-fold increase in p-ERK (Fig. 4B). These results are consis-
tent with the effect on transcription levels observed in these
cells (Fig. 1B) and with VRK2A overexpression results (Fig. 3).
The effect of siVRK2 on p-ERK was also determined in MDA-
MB-231 cells, in which the reduction in VRK2A was accom-
panied by increased p-ERK without affecting MEK phosphor-
ylation; in this cell line, the increase in p-ERK was smaller due
to its high basal level of p-ERK (Fig. 4C). The levels of VRK2
and p-ERK in different cell lines are shown in Fig. 4D; in
MDA-MB-231 cells, there was a very high basal level of p-
ERK, consistent with its autocrine secretion of EGF and its
Ras and B-Raf mutations (19).

Effect of knockdown of JIP1 and KSR1 on the transcrip-
tional response to EGF. Transmission by MAPK protein com-
plexes requires their assembly on scaffold proteins (13). Two of
them, KSR1 and JIP1, are likely to be implicated in the SRE
transcriptional response to EGF. Therefore, it was tested if
knockdown of each of them affected the activation of transcrip-
tion induced by EGF. Both siKSR1 (10) and siJIP1 (7) were
very effective in knocking down their respective protein levels.
The SRE transcriptional response to EGF was very sensitive to
the knockdown of KSR1, resulting in its loss, but was only
slightly affected by the knockdown of JIP1 (Fig. 5A). HeLa
cells can respond very well to EGF; thus, it was also deter-
mined if knockdown of VRK2, KSR1, or both affected the
transcriptional response to EGF. VRK2 knockdown by itself
significantly increased the transcriptional response to EGF, a
response that is lost in combination with siKSR1 (Fig. 5B). The
knockdown of KSR1 showed that this protein is necessary for

the EGF response, and the VRK2A inhibitory effect was de-
tected only in the presence of KSR1 (Fig. 5C). These results
suggested that the EGF response is at least partially mediated
by the KSR1 scaffold protein. Also, in MDA-MB231 cells in
the presence of EGF, knockdown of VRK2 resulted in an
increase in phospho-Erk levels, which was also lost by knock-
down of KSR1 in combination with VRK2 knockdown (Fig.
5D). These data point to contributions by both proteins to
signal transmission and rule out the possibility that the effect of
VRK2 is mediated by an alternative mechanism independent
of KSR1.

Colocalization of KSR1 with calnexin and VRK2. Mechanis-
tically, the effect of VRK2 on the ERK pathway may be a
consequence of a direct interaction between VRK2 and KSR1,
or one of the kinases in the complex, as has been described for
JNK-JIP1 regulation mediated by VRK2A (6, 7). Initially, the
potential colocalization of endogenous KSR1 and calnexin in
three cell lines was determined, and in all of them, the KSR1
pool was larger than the calnexin pool (Fig. 6A), which is
where VRK2A was localized (4); the fraction of KSR1 colo-
calizing with calnexin varied depending on the cell line used
(Fig. 6A). In MCF7 cells, almost all KSR1 colocalized with
calnexin, and thus, a reduction in VRK2 can explain the large
increase in p-ERK observed in this cell line. In the case of
MDA-MB-231 cells, the overlapping signal represents a small
fraction. In these cells, there is much more KSR1, and most of
it is dispersed in the cytosol; this distribution explains why
eliminating VRK2 had a smaller effect on the level of p-ERK
(Fig. 4C), which already had a very high basal level (Fig. 4D).
The colocalization of KSR1 with calnexin indicates that KSR1,
even if it is a subpopulation, might also colocalize with VRK2
in the endoplasmic reticulum. This VRK2-KSR1 colocalization
was confirmed by immunofluorescence (Fig. 6B).

FIG. 3. VRK2A inhibits ErbB2 and H-Ras(G12V) activation of ERK phosphorylation without affecting MEK or AKT phosphorylation. MCF7
cells were transfected with empty vector (control) or with plasmids expressing ErbB2 (A) or H-Ras(G12V) (B), and the effect of VRK2A
overexpression on the activation at different levels of several pathways, such as the MAPK and AKT routes, that respond to EGF was determined.
Proteins were detected in immunoblots with the corresponding antibodies (see Materials and Methods). (C) Changes in relative p-ERK and p-RSK
levels induced by ErbB2 (A) and H-Ras(G12V) (B).
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Direct interaction of VRK2 with MEK and KSR1. Next, we
determined if these potential protein interactions could be
detected. First, a direct KSR1-VRK2A interaction could be
detected by immunoprecipitation of transfected KSR1, which
was clearly bound to VRK2A (Fig. 7A, left), and also in a
reciprocal experiment by pulldown of VRK2, which binds to
endogenous KSR1 (Fig. 7A, right). However, since several
proteins are anchored on the KSR1 scaffold, the inhibition of

ERK phosphorylation might also implicate additional interac-
tions with any of the MAP kinases, Raf, MEK, or ERK. There-
fore, we also determined if B-Raf(V600E), MEK-HA, or ERK
could also directly interact with VRK2A in pulldown assays.
Only MEK stably interacted with VRK2A (Fig. 7B), and no
interaction was detected with either Raf or ERK (see Fig. S5A
and B in the supplemental material). The interaction between
endogenous VRK2 and MEK1 was also determined and de-

FIG. 4. VRK2 knockdown in HeLa cells leads to increased ERK phosphorylation. HeLa cells were transfected with either siControl or
siVRK2-06, and the level of intracellular VRK2 protein, as well as of p-ERK, were determined. (A) Knockdown by siVRK2-06 induces a reduction
in VRK2 (red) with respect to the siControl that is accompanied by increased levels of p-ERK (green) detected by immunofluorescence. Scale bars,
50 �m. (B) Expression levels of different signaling proteins in HeLa cells treated with siControl or siVRK2-06. The specific siVRK2-06 caused an
increase in the level of p-ERK, but not of p-Akt or p-MEK. The error bars indicate standard deviations. Quantification of ERK1/2 activation,
detected as p-ERK in VRK2A-depleted cells. The data presented are the means of three independent experiments. (C) Knockdown of VRK2A
in MDA-MB-231 cells. siVRK2-06 effectively reduces VRK2 levels and is accompanied by an increase in p-ERK (left) that was quantified (right).
(D) The basal level of VRK2 and p-ERK in different cells lines is shown.
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tected by immunoprecipitation (Fig. 7C), suggesting that it is
likely to be a direct interaction. These data indicated that in
the signaling complex assembled on the KSR1 scaffold protein,
signal transmission can be blocked by the incorporation of
VRK2A in the complex, since MEK1 can form a complex with
both proteins but additional proteins can also participate in
this complex, forming a signalosome (unpublished observa-
tions).

Inverse correlation between VRK2 and ErbB2 expression
levels in breast carcinomas. The above-mentioned results
showing the effect of VRK2A on MAPK signaling suggested
that in those tumors in which the MAPK pathway is activated,
VRK2 is likely to be downregulated to reduce the block in
signal transmission. Therefore, we determined if there was any
correlation between VRK2 and the ErbB2 receptor protein
levels, using breast cancer as a model. These two proteins were
determined by immunohistochemistry in 136 cases of human
breast carcinomas. Interestingly, an inverse correlation was
found between VRK2 expression and ErbB2 protein levels
(Fig. 8A and B). VRK2 was mostly located in endoplasmic

reticulum membranes, as expected (4), independent of the
ErbB2 status (see Fig. S6 in the supplemental material).

The correlation between ER or PR and VRK2 was also
determined in these carcinomas. Both receptors were posi-
tively correlated with VRK2 expression, and thus, tumors pos-
itive for ER or PR also had higher levels of VRK2 than those
negative for the receptors (see Fig. S7 in the supplemental
material), which is consistent with the inverse correlation be-
tween VRK2 and ErbB2 detected in this work.

DISCUSSION

Signaling by the ErbB family of receptors is partly transmit-
ted by the RAF-MEK-ERK pathway, activating transcription
that promotes survival and expansion of the cell population.
Modulation of MAPK signaling by interaction of its canonical
components with other proteins is an emerging theme in signal
transduction, highlighting the importance of signaling pathway
cross talk and its contribution to signal specificity (45). Thus,
the incorporation of annexin A6 in H-Ras-containing com-

FIG. 5. (A) Effects of knocking down scaffold proteins, JIP1 (left) and KSR1 (right), on the SRE-dependent transcriptional response to EGF
in HeLa cells. ***, P � 0.001. The error bars indicate standard deviations. (B) Effects of siVRK2 and siKSR1 on the SRE-dependent
transcriptional response to EGF in HeLa cells. **, P � 0.005; n.s., not significant. (C) Effect of VRK2A in response to EGF after knockdown of
KSR1 in MCF7 cells. *, P � 0.01. (D) Effects of KSR1 and VRK2 knockdown on phospho-Erk levels in MDA-BB-231 cells in the presence of
EGF. The effect on the activation of the SRE promoter is also shown (right). The change in luciferase activity resulting from activation of the
SRE-luc reporter coincides with the result for phospho-ERK (left).
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plexes inhibits EGFR and Ras signaling in breast cancer cells
(12). Also, thyroid receptor �1 blocks the response to EGF,
IGF1, and transforming growth factor � (TGF-�) functioning
as a suppressor of tumor invasion (32). The VRK2A protein,

by interacting with the JIP1 scaffold protein, blocks JNK acti-
vation in response to interleukin 1� or hypoxia (6, 7).

Blocking of EGF or its receptor (ErbB) at the membrane
level by monoclonal antibodies or small-molecule tyrosine ki-

FIG. 6. (A) Colocalization of KSR1 with calnexin, an endoplasmic reticulum marker, in three cell lines. Bars, 10 �m. (B) Colocalization of
VRK2 and KSR1 in HeLa cells by confocal microscopy. Bars, 10 �m.

FIG. 7. (A) Interaction between VRK2A and the KSR1 scaffold. 293T cells were transfected with plasmid pCMV-Flag-KSR1 or pCMV-Flag
(control) and pCEFL-GST-VRK2A or pCEFL-GST, the cell extract was immunoprecipitated (IP) with an anti-Flag antibody, and the proteins present
in the immunoprecipitate were detected with antibodies for the epitopes. For the pulldown (PD) assay, cells were transfected with pCEFL-GST-VRK2A
or pCEFL-GST, and endogenous KSR1 was detected with a specific antibody. (B) Interaction of VRK2A with MEK. HEK293T cells were transfected
with plasmid pCEFL-GST VRK2A or pCEFL-GST as a control, in combination with plasmid pCEFL-HA-MEK. The lysates were used for pulldown,
and proteins (right) were detected by immunoblotting. (C) Direct interaction between endogenous MEK1 and VRK2 proteins in MCF7 cells.
Endogenous MEK1 was immunoprecipitated with 9G3 monoclonal antibody (Ab), and the endogenous VRK2 protein present in the immunoprecipitate
was detected by Western blotting.
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nase inhibitors blocks any pathway downstream of the ligand-
receptor complex. In contrast, interference with the signal at a
downstream level can alter the balance among the different
pathways responding to that signal, thus generating functional
heterogeneity that may affect proliferation, quiescence, mobil-
ity, survival, or apoptosis. Physiologically, this modulation can
be achieved through protein-protein interactions with any
downstream component, altering the signal distribution among
alternative pathways. In this regard, homodimerization of the
scaffold KSR1 and heterodimerization of MEK1 and MEK2

have been shown to mediate ERK activation and inhibition,
respectively (11). Mechanistically this effect may be achieved
by alternative mechanisms that are currently under investiga-
tion, such as competition between VRK2A and ERK for in-
teraction with KSR1, recruitment of a phosphatase by
VRK2A, or interference with activated MEK1. Furthermore,
KSR1 is inhibited by Nm23-H1 (41), and recently, it was found
that the activation of the KSR1–B-Raf complex (39) can also
be inhibited by direct interaction between c-Raf and
B-Raf(V600E) (23). The incorporation of VRK2 in signaling

FIG. 8. ErbB2 and VRK2 proteins in human breast carcinomas detected by immunohistochemistry. (A) Detection of ErbB2 and VRK2 in five
cases representing the two groups identified. Bars, 200 �m. (B) Distribution of cases in different groups depending on the level of VRK2 protein
within ErbB2-positive and -negative groups. The score was determined by multiplying the scores from each tumor, representing the number of
positive cells, and the intensity of the signal. Immunohistochemistry methods and statistics used the chi-square method, as previously reported
(42, 47).
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complexes assembled on KSR1, and its regulation, is a process
that will need to be further characterized, since KSR1 also
interacts with members of the 14-3-3 protein family, which
modulates signal transduction (20), and these alternative com-
plexes can modify the balance among different signals and
biological effects. The subcellular location of KSR1 in the
cytoplasm is partly dispersed and partly colocalized with en-
dogenous calnexin, an endoplasmic reticulum marker, but the
proportions vary depending on the cell line (Fig. 6A). KSR1 is
mostly cytoplasmic and has no membrane-spanning sequence
or hydrophobic region (35, 51). Thus, its association with the
endoplasmic reticulum must occur through interactions with
proteins anchored to the endoplasmic reticulum, as is the case
with VRK2A (4), or with common interacting proteins that
function as a bridge between them.

In ErbB2� breast tumors, we have detected a significant
reduction in VRK2 levels, but not lack of expression, which
functionally may alter the balance among EGF- or ErbB2-
dependent pathways. VRK2 downregulation resulted in in-
creased levels of p-ERK-, p-RSK-, and SRE-dependent tran-
scriptional response, while overexpression of VRK2 had the
opposite effect. This is a consequence of blocking the MAPK
signaling pathway at the level of its last component; thus, not
all EGF response routes are likely to be affected, as is the case
with the AKT-mediated response. Hence, the low level of
VRK2 in ErbB2� tumors suggests that the proliferative signal
is stronger, and thus, the likelihood of a more aggressive tumor
is increased. The identification of VRK2A as a downstream
modulator of ErbB2 can have wider implications than those
related to breast carcinoma. The alteration of MAPK signaling
by mutation of some of its components is common to many
carcinomas. Thus, a specific B-Raf(V600E) mutation is com-
monly detected in melanomas (38), and Ras mutations are
detected in many types of carcinomas (8). In these cancers, the
prediction is that the level of VRK2A will be downregulated in
tumors with any of these mutations compared with those that
do not have alterations in MAPK signaling. This is consistent
with the loss of heterozygosity detected in the VRK2 locus in
the lung (3) and adrenocortical carcinomas (25).

In this work, we have shown that VRK2A, a cytoplasmic
kinase, is able to reduce the signal from ErbB2 or EGF. Thus,
in those tumors, like breast carcinomas, that have amplified
ErbB2, its signal could be potentiated if there was a reduction
in the levels of VRK2A, which functions as an inhibitor. The
effect of removing an inhibitor of the MAPK route is consistent
with the relative importance of this signaling pathway in car-
cinomas. Thus, in colon carcinomas treated with cetuximab, if
there is an activating Ras mutation, the effect of the antibody
is reduced, pointing to the importance of the route (2, 22). The
use of targeted therapies directed at kinases (40) will require
the characterization of the mutational status of signaling mol-
ecules downstream in the pathway, such as Ras or B-Raf, as
well as that of modulators of the signal, such as VRK2, par-
ticularly in the subgroup with high ErbB2 and VRK2 levels.
However, at this time, it is not known if this VRK2 downregu-
lation will identify a subpopulation of ErbB2� tumors or if
therapeutic decisions will be affected by this change. Better
selection of patients based on signaling criteria might contrib-
ute to achieving better clinical responses to current inhibitors,
either antibodies or small molecules. Thus, identification of

new regulators opens up an area for potential intervention in
those tumors that, because of downstream mutations, such as
in Ras or Raf, can make patients less responsive to current
therapies directed at the EGF/ErbB2 signaling pathway.
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