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Marek’s disease virus, an avian alphaherpesvirus, has been used as an excellent model to study herpesvirus
oncogenesis. One of its potential oncogenes, MEQ, has been demonstrated to transform a rodent fibroblast cell
line, Rat-2, in vitro by inducing morphological transformation and anchorage- and serum-independent growth
and by protecting cells from apoptosis induced by tumor necrosis factor alpha, C2-ceramide, UV irradiation,
or serum deprivation. In this report, we show that there is a cell cycle-dependent colocalization of MEQ protein
and cyclin-dependent kinase 2 (CDK2) in coiled bodies and the nucleolar periphery during the G,/S boundary
and early S phase. To our knowledge, this is the first demonstration that CDK2 is found to localize to coiled
bodies. Such an in vivo association and possibly subsequent phosphorylation may result in the cytoplasmic
translocation of MEQ protein. Indeed, MEQ is expressed in both the nucleus and the cytoplasm during the
G,/S boundary and early S phase. In addition, we were able to show in vitro phosphorylation of MEQ by CDKs.
We have mapped the CDK phosphorylation site of MEQ to be serine 42, a residue in the proximity of the bZIP
domain. An indirect-immunofluorescence study of the MEQ S42D mutant, in which the CDK phosphorylation
site was mutated to a charged residue, reveals more prominent cytoplasmic localization. This lends further
support to the notion that the translocation of MEQ is regulated by phosphorylation. Furthermore, phos-
phorylation of MEQ by CDKs drastically reduces the DNA binding activity of MEQ, which may in part account
for the lack of retention of MEQ oncoprotein in the nucleus. Interestingly, the localization of CDK2 in coiled
bodies and the nucleolar periphery is observed only in MEQ-transformed Rat-2 cells, implicating MEQ in
modifying the subcellular localization of CDK2. Taken together, our data suggest that there is a novel

reciprocal modulation between the herpesvirus oncoprotein MEQ and CDK2.

Marek’s disease virus (MDV), an avian alphaherpesvirus, is
one of the most potent oncogenic herpesviruses. It elicits the
rapid onset of malignant T-cell lymphomas in chickens within
several weeks after infection (reviewed in references 11, 35,
and 57). The short course of development and polyclonal na-
ture of MDV-induced lymphomas suggest that one or more
viral oncogenes are directly involved in the transformation
process. Several candidate genes located on the BamHI D, H,
12, L, and Q2 fragments of the MDV genome have been
implicated in oncogenesis (8, 61, 63, 67). Among them, MEQ
(for “MDYV Eco Q) is most consistently detected in all tumor
samples and cell lines (32, 67). MEQ encodes a 339-amino-acid
protein with an N-terminal basic region-leucine zipper (bZIP)
domain and a C-terminal transactivation domain (32). The
bZIP domain has significant homology to that of Jun/Fos fam-
ily proteins with two stretches of basic residues, termed basic
regions 1 and 2 (BR1 and BR2). The transactivation domain is
characterized by 2.5 proline-rich repeats. There are at least two
sets of DNA response elements to which MEQ binds (59),
namely, MEQ response element 1 (MERE1l; GAGTGATGA
[C/G]TCATC) and MERE2 (PuACACAPy). Heterodimers of
MEQ and c-Jun proteins bind the MEREI1 site located within
the promoter region of the MEQ gene and activate MEQ
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transcription (58). Consistent with its being a transcription
factor, MEQ protein is found in the nucleus (39). The major
nuclear localization signal (NLS) has been mapped to BR2.
However, MEQ protein can localize to the nucleolus and
coiled bodies as well. This novel subnuclear localization sug-
gests that MEQ may be involved in more than transcription. As
shown by Xie et al. (75), MEQ expression is required to main-
tain the transformed phenotype of an MDYV tumor cell line,
MSBL. In addition, overexpression of MEQ leads to transfor-
mation of a rodent fibroblast cell line, Rat-2 (40). MEQ not
only induces morphological transformation and anchorage-
and serum-independent growth of Rat-2 cells but also protects
the transformed cells from apoptosis induced by a variety of
means, including tumor necrosis factor alpha, C2-ceramide,
UV irradiation, and serum deprivation. At least part of the
mechanism seems to be attributed to the induction of bcl-2
expression and the suppression of bax expression by MEQ at
the transcriptional level.

In efforts to further understand the transformation mecha-
nism, we examined the cell cycle regulation of MEQ. Here, we
report the intriguing observation of a cell cycle-dependent
colocalization of MEQ and cyclin-dependent kinase 2 (CDK2)
in coiled bodies and the nucleolar periphery during the G,/S
boundary and early S phase. We also showed that CDK can
phosphorylate MEQ at serine 42, diminishing the DNA bind-
ing capacity of MEQ, which may facilitate the nuclear export of
MEQ and account for the observed cytoplasmic location of a
fraction of MEQ during early S phase. Furthermore, the lo-
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calization of CDK2 to coiled bodies and the nucleolar periph-
ery is found only in MEQ-transformed Rat-2 cells but not in
their untransformed counterparts, implicating MEQ in the al-
teration of the subcellular localization of CDK2. As discussed
below, such a translocation may lead to CDK2 activation,
which in turn promotes the G,/S transition and in part ac-
counts for the transforming potential of MEQ.

MATERIALS AND METHODS

Cells. Rat-2, COS-1, and CV-1 monkey kidney cells (American Type Culture
Collection) were maintained in Dulbecco modified Eagle medium (high glucose)
supplemented with 10% (vol/vol) calf serum.

Antibodies. Mouse anti-MEQ monoclonal antibody (MAb) was used at a 1:100
dilution, rabbit anti-MEQ polyclonal antibodies were used at a 1:200 dilution,
rabbit anti-p80-coilin polyclonal antibodies was used at a 1:500 dilution, mouse
anti-CDK2 (Transduction Lab.) and anti-CDK1 (Oncogene Science) MAbs were
used at a 1:100 dilution, and mouse anti-bromodeoxyuridine (BrdU) MAb (Am-
ersham) was used undiluted for immunofluorescent staining. Rabbit anti-MEQ
polyclonal antibodies were used at a 1:4,000 dilution for Western blotting.

Cell cycle synchronization and flow cytometry analysis. Cell cycle synchroni-
zation was accomplished by serum deprivation for 3 days to arrest cells at the
Gy/G; phase; 1 mM hydroxyurea was used to block cells at the G,/S boundary
and/or early S phase; 2 wM etoposide was used to block cells at the G, phase; and
0.4 pg of nocodazole per ml was used to block cells at the M phase. Cells
synchronized at different stages of the cell cycle were then subjected to cell cycle
profile analysis by a flow cytometer (Becton Dickinson).

BrdU incorporation assay. DNA synthesis activity was monitored by incorpo-
ration of BrdU (Amersham). Briefly, cells were grown on coverslips inside the
six-well plates. Serum deprivation was imposed for 3 days before 50 pM BrdU
was added to the medium for 12 h. The cells were fixed with 1% formaldehyde
in phosphate-buffered saline (PBS) for 20 min, washed with PBS, and treated
with 1 N HCl for 10 min. They were then washed, blocked with 3% bovine serum
albumin (BSA)-PBS for 1 h, and stained with anti-BrdU MAb (Amersham) for
1 h at 37°C followed by fluorescein isothiocyanate (FITC)-conjugated anti-mouse
immunoglobulin G (IgG) for 1 h at room temperature.

Indirect immunofluorescence assays and confocal laser scanning microscopy.
Immunofluorescence staining was performed as described previously (39).
Briefly, cells were seeded at 5 X 10° cells/well in six-well plates with coverslips
inside the plates. The medium was aspirated, and the cells were washed with PBS
twice before being fixed with 1% formaldehyde-PBS for 20 min. After another
PBS wash, the cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min
and blocked with 3% BSA-0.1% Tween 20-PBS for 1 h. The cells were then
incubated with primary antibodies for 1 h. After the cells were given two washes
with PBS containing 0.1% Tween 20, the secondary antibodies conjugated with
FITC or Texas red (Vector Labs) were applied for another 1 h, and the cells were
analyzed with a Zeiss confocal laser scanning microscope (100X objective).

In vitro mutagenesis. In vitro mutagenesis was performed by the method
described for the Transformer site-directed mutagenesis kit (Clontech). Prim-
ers S TGGAGGGGGCGTTGGGGA3' (S42A), S'TGGAGGGGTCGTTGGG
GA3' (S42D), 5'"CATCCCCAACGGGCCCTCCAAAC3’ (S42G), 5'CTTTC
TGGGCCCAGACGGAAAAAAAGG3' (STS29P), and 5'CGCAGGAAGCA
GGTCGACTATGTAGAC3' (T79V) were used to generate point mutations in
the MEQ protein.

In vitro kinase assays. His-tagged MEQ deletion/mutant proteins were first
purified with Talon (Clontech). Kinase reactions were carried out in a total
volume of 20 pl containing 4 pl of 5X kinase buffer (250 mM Tris [pH 7.4], 125
mM MgCl,, 25 mM MnCl,), 5 pl of CDKI1-cyclin B complex (Upstate Biotech-
nology Inc. [UBI]) or mitogen-activated protein kinase (MAPK; UBI), 1 pg of
MEQ protein, and 10 p.Ci of [y-**P]JATP (Dupont NEN) at 37°C for 30 min. The
reactions were terminated by addition of 10 pl of 50% (vol/vol) acetic acid. Each
sample was then resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (12.5% polyacrylamide), and the gels were wrapped in
Saran Wrap and exposed to X-ray films (Kodak XAR-5) for 3 min (15 min for
MAPK). For cyclic AMP-activated protein kinase (PKA; Sigma), the kinase
assay was performed in kinase buffer (30 mM potassium phosphate [pH 7.0],
1 mM dithiothreitol, 1 mM EDTA, 150 mM KClI) at room temperature for 30
min. For protein kinase C (PKC; UBI), the kinase reaction was conducted in
50 mM Tris (pH 7.5)-10 mM MgSO,—1 mM dithiothreitol-100 pM CaCl, in the
presence of 40 pg of phosphatidylserine per ml at 37°C for 30 min. The wrapped
gels were exposed to X-ray films for 5 min.

In vivo phosphorylation. CV-1 monkey kidney cells were transfected with meg
in the context of an EE (EEEEYMPME) epitope-tagged pTM1 expression
vector (cloned into Ncol-EcoRI sites) and infected with recombinant vTF7-3
vaccinia virus as described previously (76). The cells were washed, incubated for
4 h in phosphate-free Dulbecco modified Eagle medium supplemented with 2%
(vol/vol) dialyzed calf serum, and then labeled for 2 h with fresh medium con-
taining 250 wCi of [y->*P]ATP per ml.

Immunoprecipitation. EE epitope-tagged MEQ and cyclin A, B, and E pro-
teins were expressed in CV-1 cells with the vaccinia virus-T7 polymerase expres-
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sion system and immunoprecipitated with 20 pl of EE epitope MAb-conjugated
Affi-Gel 10 beads (Bio-Rad) as described previously (24).

Electrophoretic mobility shift assays. Electrophoretic mobility shift assays
were performed as described previously (59). Briefly, a double-stranded MERE1
(TRE) probe, 5’AATTCAAAAACACATAACATTCGTATATATTTC3', was
labeled with [y->*P]ATP by Klenow fragment and purified on spin columns. The
purified probes (10,000 cpm/reaction) were incubated with MEQ-bZIP protein
phosphorylated by a variety of kinases in a buffer containing 25 mM HEPES (pH
7.9), 100 mM KClI, 0.5 mM MgCl,, 1 mg of BSA per ml, 10% glycerol, 5 mM
dithiothreitol, and 0.1 mg of poly(dI-dC) in the presence of cold ATP at 37°C for
30 min before being loaded onto a 10% nondenaturing polyacrylamide-Tris-
glycine gel.

RESULTS

Cell cycle-dependent cytoplasmic translocation of MEQ
proteins. To study the biochemical and transformation prop-
erties of MEQ in isolated form, we previously established
Rat-2 (MEQ) cells, a pool of clones overexpressing MEQ.
These cells exhibited distinct transformed phenotypes, includ-
ing morphological alterations, anchorage- and serum-indepen-
dent growth, and resistance to apoptosis (40). We also showed
that MEQ is localized primarily in the nucleus, especially in the
nucleolus and coiled bodies (39). However, some cytoplasmic
staining of MEQ was also observed (Fig. 1A, left panel). One
of the hallmarks of transforming proteins is their ability to
interact with cellular growth-signaling components and cell
cycle regulators. In this study, we set out to examine the sub-
cellular localization of MEQ at different stages of the cell cycle
and under different growth conditions. To this end, Rat-2
(MEQ) cells were treated with several cell cycle-blocking
agents, which have been routinely used in cell cycle synchro-
nization studies and do not interfere with protein localization
per se, and then subjected to indirect immunofluorescence
assays to monitor the subcellular localization of MEQ during
the course of cell cycle progression. As shown in Fig. 1, the vast
majority of MEQ proteins localized to the nucleus and the
nucleolus in serum-deprived Rat-2 (MEQ) cells, which are
composed of cells primarily arrested in the G,/G, phase (see
below). By contrast, cytoplasmic and nuclear localization of
MEQ protein was observed in hydroxyurea-treated cells, which
are mostly in early S phase. Likewise, the cytoplasmic localiza-
tion of MEQ was also detected to a lesser extent in etoposide-
treated cells, which are blocked mainly at the S/G, transition.
These preliminary results suggested that subcellular localiza-
tion of MEQ protein might be cell cycle dependent. During
G,/G, phase, MEQ is strictly localized to the nucleus and
nucleolus. As the cell cycle progresses from G, to early S
phase, a significant fraction of MEQ exits into the cytoplasm.
We have also analyzed the overall expression levels of MEQ
protein during cell cycle progression by Western blotting, as
shown in Fig. 1B. Total lysates of Rat-2 (MEQ) cells, which
were withdrawn from serum for 3 days (Fig. 1B, lane 1) and
released from serum withdrawal for 12 h (lane 2) or 24 h (lane
3) were collected and resolved by SDS-PAGE. As reported
previously (40), three bands representing different forms of
MEQ were evident, and their levels do not fluctuate as cells
progress from G,/G; to S phase. The cytoplasmic accumulation
of MEQ is therefore more probably due to nuclear export than
to de novo synthesis. To ensure that our interpretation was
accurate, we examined the cell cycle profile of Rat-2 (MEQ)
cells compared with that of vector-infected Rat-2 [Rat-2 (Vec-
tor)] cells by using cell cycle-blocking agents. As analyzed by
flow cytometry (Fig. 2), without any treatment there was a 21%
increase in the number of Rat-2 (MEQ) cells in the G,/M
phase compared to the number of Rat-2 (Vector) cells, indi-
cating that MEQ transformation perturbs cell cycle control. As
also shown in Fig. 2, only 65% of serum-starved Rat-2 (MEQ)
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FIG. 1. Subcellular localization of MEQ protein. (A) Rat-2 (MEQ) cells were grown in the presence of serum or treated with a variety of cell cycle-blocking vehicles,
including serum withdrawal, 1 mM hydroxyurea, 2 wM etoposide, and 0.4 g of nocodazole per ml. Indirect immunofluorescence assays were performed with rabbit
anti-MEQ polyclonal antibodies (1:200 dilution), followed by FITC-conjugated anti-rabbit IgGs (1:600 dilution), and the cells were examined under a fluorescence
microscope. Final magnification, X240. (B) Expression of MEQ protein as determined by Western blotting. Total cell extracts of Rat-2 (MEQ) cells undergoing serum
withdrawal for 3 days (lane 1) and released from serum withdrawal for 12 h (lane 2) or 24 h (lane 3) were resolved by SDS-PAGE and transferred to a polyvinylidene
difluoride membrane. The blot was probed with rabbit anti-MEQ polyclonal antibodies (1:4,000 dilution) followed by alkaline phosphatase-conjugated goat anti-rabbit

IgGs (1:3,000 dilution).

cells were arrested at the Gy/G, phase. This observation is
consistent with the previously published finding that MEQ is
capable of triggering serum-independent growth (40). Mean-
while, 86% of Rat-2 (MEQ) cells treated with 1 mM hydroxyu-
rea, a ribonucleotide reductase inhibitor, were blocked at early
S phase. Conversely, when Rat-2 (MEQ) cells were treated
with 2 wM etoposide, a topoisomerase II inhibitor, 58% of the
cells were blocked in S phase and 12% were blocked at the
G,/M phase. More than 50% of the Rat-2 (MEQ) cells were
blocked at G,/M phase when treated with an inhibitor of mi-
crotubule formation, 0.4 pg of nocodazole per ml. Together
with the results of immunofluorescence assays shown in Fig. 1,
these data suggest that a fraction of MEQ oncoproteins are
localized in the cytoplasm during early S phase.

To substantiate that MEQ proteins are exported into the
cytoplasm during the G,/S transition, BrdU incorporation in
hydroxyurea-treated Rat-2 (MEQ) cells was measured. Briefly,
cells were treated with both 1 mM hydroxyurea and 50 pM
BrdU for 12 h after 3 days of serum withdrawal and then
doubly labeled with antibodies against MEQ (rabbit polyclonal
antibodies) and BrdU (mouse MAD). The results, analyzed by
a confocal laser scanning microscopy (Fig. 3), show that MEQ
protein is expressed in the nucleus or nucleolus in cells without
BrdU incorporation (G,/G; phase). By contrast, cytoplasmic
localization of MEQ protein was found in some cells with

BrdU incorporation (early S phase) but not in others (the
far-left cell).

Colocalization of MEQ and CDK2 in coiled bodies. Since
the subcellular localization of MEQ protein is cell cycle de-
pendent and the CDK-cyclin complexes are key regulators of
cell cycle progression, we sought to explore the possible in-
volvement of CDK-cyclin complexes in the regulation of MEQ
protein. Antibodies specific for various CDKs and MEQ were
differentially labeled, and the subcellular localization of the
respective molecules was examined by indirect immunofluo-
rescent staining assays. Most of the CDKs such as CDK1 were
dispersed throughout the nucleoplasm and/or cytoplasm (Fig.
4), which is different from the intense staining of MEQ in the
nucleoli and coiled bodies. However, a significant portion of
CDK2 colocalizes prominently with MEQ in the nucleolar
periphery and nuclear foci resembling coiled bodies (Fig. SA).
In our previous publication (39), we demonstrated the local-
ization of MEQ in coiled bodies by using MAb against fibril-
larin as a marker. Since fibrillarin is expressed in both the
nucleolus and coiled bodies, we chose to use in the present
study rabbit antisera against p80-coilin, a structural protein
specific for the coiled body, to confirm that these nuclear foci
are coiled bodies in double-labeling assays. As shown in Fig.
5B and C, much of the MEQ protein or CDK2 colocalizes with
p80-coilin in coiled bodies. However, some MEQ proteins do
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Cell Type Rat-2 (Vector) Rat-2 (MEQ)
Cell Cycle G0/G1 S G2M | GO/G1 S G2/M
No Treatment 68.1% 282% 3.7% | 41% 31.3% 24.7%
Serum Withdrawal| 77.9%  16.1% 5.9% | 64.8% 205% 14.7%
Hydroxyurea 87.1% 11.7% 1.2% 82%  85.8% 6.0%
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FIG. 2. Cell cycle profiles of Rat-2 (MEQ) cells. Rat-2 (MEQ) cells similarly
treated with different cell cycle-blocking reagents as described in the legend to
Fig. 1 were harvested by trypsinization and incubated with 125 pg of propidium
iodide per ml by the method described in the Cycle Test Plus DNA reagent kit
(Becton Dickinson), and their cell cycle profiles were analyzed with a flow cytom-
eter (Becton Dickinson).

not localize to coiled bodies and some coiled bodies in which
MEQ is not expressed (Fig. 5B). We interpret this to mean that
the localization of MEQ in coiled bodies is not mediated by
association with p80-coilin per se but, rather, with another
limiting cellular factor(s). We are currently investigating other
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subnuclear compartments to which MEQ may localize, one of
which might be the PML body.

The localization of CDK2 in coiled bodies is also cell cycle
dependent. Additional experiments demonstrate that the lo-
calization of CDK?2 in coiled bodies is cell cycle dependent.
Rat-2 (MEQ) cells were blocked at different phases of the cell
cycle as described above. As shown in Fig. 6, the colocalization
of MEQ and CDK?2 in coiled bodies and the nucleolar periph-
ery is observed only during the G,/S boundary and early S
phase, whereas CDK2 is dispersed in punctate foci throughout
the nucleoplasm and cytoplasm during G,/G, phase. It is con-
ceivable that colocalization of MEQ and CDK2 in coiled bod-
ies and the nucleolar periphery during the G,/S boundary and
early S phase could lead to phosphorylation of MEQ protein
and its consequential cytoplasmic retention.

The number and size of coiled bodies usually reflect the
proliferation state and metabolic activity of the cells (5).
Therefore, it is not surprising to find fewer and smaller coiled
bodies in untransformed Rat-2 (Vector) cells than in Rat-2
(MEQ) cells (Fig. 7). Interestingly, in Rat-2 (Vector) cells,
CDK2 molecules are not concentrated in coiled bodies with
the exception of one (Fig. 7). These data indicate that the
localization of CDK2 in coiled bodies may be mediated by
MEQ and/or may be transformation associated.

Serine 42 of MEQ is the primary site of phosphorylation by
CDKs. Having demonstrated the cell cycle-dependent colocal-
ization of MEQ and CDK?2 in vivo, we asked whether there is
a direct interaction between CDK2 and MEQ and, specifically,
whether MEQ is phosphorylated by CDK2. We showed first
that MEQ is phosphorylated in vivo (see Fig. 9D). In vitro
immune complex kinase assays showed that MEQ protein is a
substrate for phosphorylation by a variety of CDK-cyclin com-
plexes, including CDK1-cyclin B, CDK2-cyclin A, and CDK2-
cyclin E, isolated from CV-1 cells with EE epitope MAD-
conjugated Affi-Gel 10 beads (Fig. 8). To identify the
phosphorylation site(s), we constructed a series of mutants
with lesions at serine and threonine residues. We noticed that
there is a potential CDK phosphorylation consensus site
(S42PSK) located between the BR1 and BR2 regions of MEQ
protein. An S42G mutant and two other mutants, STS29P (3
amino acids for one mutation) and T79V, with mutations in the
serine or threonine residues were then constructed. In addi-
tion, an array of deletion mutants of MEQ carrying various

BrdU

MEQ

FIG. 3. Cell cycle-dependent cytoplasmic translocation of MEQ oncoprotein during the S phase. Rat-2 (MEQ) cells were serum starved for 3 days before being
treated with 1 mM hydroxyurea and 50 uM BrdU. The cells were subsequently doubly labeled with rabbit anti-MEQ polyclonal antibodies (1:200 dilution) and mouse
anti-BrdU MAD (undiluted) followed by secondary antibodies and analyzed with a confocal microscope. MEQ protein is expressed in the nucleus or nucleolus in cells
without BrdU incorporation (yellow arrows); it is found in the cytoplasm in some cells with BrdU incorporation (early S phase) (blue arrows) but not in others (far-left
cell). Final magnification, X690.

BrdU + MEQ
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FIG. 4. CDKI1 does not colocalize with the MEQ oncoprotein. Rat-2 (MEQ) cells were doubly labeled with mouse anti-CDK1 MAb (1:100 dilution) and rabbit
anti-MEQ polyclonal antibodies (1:200 dilution) followed by secondary antibodies and analyzed with a confocal microscope. Final magnification, X1,000.

truncations was developed. To ensure that the phosphorylation
detected is due to CDK-cyclin and not to contaminating ki-
nases, we used the purified system. Since purified CDK2-cyclin
A and CDK2-cyclin E are not available, we used purified
CDKIl-cyclin B complex (UBI) as the phosphorylating kinase.
This is justified because CDKIl-cyclin B and CDK2-cyclins
have similar substrate specificities in vitro (77) and our data
corroborated that the CDKl1-cyclin B complex displayed a ki-
nase specificity similar to that of immunoprecipitated CDK-
cyclin complexes based on tryptic digestion and two-dimen-
sional gel electrophoresis (data not shown). Figure 9 confirms
that MEQ protein is an excellent substrate for CDK phosphor-
ylation. Furthermore, different truncation mutants (as illus-
trated in Fig. 9A), namely, MEQ-bZIP, MEQ-bZIP (ABR1),
and MEQ-bZIP (ABR2), whose S42PSK sequences are still
intact continue to be strongly phosphorylated by CDK1-cyclin
B, as does the STS29P mutant (Fig. 9B). By contrast, the
phosphorylation is significantly reduced in the S42G mutant,
supporting the notion that the S42 residue is the primary CDK
phosphorylation site. Based on the amounts of MEQ proteins
loaded in individual lanes (Fig. 9B), we estimated there is at
least a 10-fold reduction of phosphorylation compared to that
in MEQ-bZIP. Intermediate phosphorylation is observed in
the T79V mutant, which suggests that RKQT79DY might be a
minor CDK phosphorylation site in vitro. Figure 9C showed
that the MEQ-bZIP (S42G) mutant protein was phosphory-
lated by PKA, PKC, and MAPK at a level comparable to that
of wild-type MEQ-bZIP protein, suggesting that the S42 resi-
due is a specific site for CDK phosphorylation.

Regulation of MEQ by CDK phosphorylation. Phosphory-
lation by serine/threonine protein kinases affects the function
of transcription factors in many ways, including their DNA-
binding property, transactivation potential, and nuclear import
and/or export (reviewed in references 7 and 25). Described
below are two such properties of MEQ that have been altered
by CDK phosphorylation.

(i) Nuclear export of MEQ proteins is facilitated by CDK
phosphorylation. CDK phosphorylation promotes cytoplasmic
retention of a number of nuclear proteins in a cell cycle-
dependent manner (27, 28, 47, 52, 62). Having demonstrated
that MEQ colocalizes with CDK2 in coiled bodies and the
nucleolar periphery during S phase and that MEQ is phosphor-
ylated by CDK substantially in vitro at the S42 residue, we
wished to explore the possible effects of CDK phosphorylation
on subcellular localization of MEQ protein. As shown above,

only a fraction of wild-type MEQ is expressed in the cytoplasm
of Rat-2 (MEQ) cells during S phase. We hypothesize that the
cytoplasmic translocation of MEQ is dependent on its acces-
sibility to CDK phosphorylation and that only MEQ proteins
phosphorylated by CDK2 in coiled bodies and the nucleolar
periphery would be exported to the cytoplasm. To test our
hypothesis, we first mutated the S42 residue into either alanine
(A) to render the residue unphosphorylatable or aspartic acid
(D) to simulate the constitutively phosphorylated state. MEQ
(S42A) and MEQ (S42D) mutants in the context of the pSVL
vector were then transiently transfected into COS1 cells. Im-
munofluorescent staining was performed 2 days after transfec-
tion. Figure 10 shows that MEQ (S42A) mutant protein local-
izes to the nucleus and nucleolus like wild-type MEQ protein.
By contrast, the cytoplasmic localization of MEQ (S42D) mu-
tant proteins is clearly enhanced compared to that of wild-type
MEQ. Since CDK?2 is known to be a kinase that is active during
the G,/S transition and S phase and since the cytoplasmic
localization of MEQ occurs only during early S phase (see
above), these results implicate CDK2 in the regulation of cy-
toplasmic translocation of MEQ by phosphorylation of its S42
residue.

(ii) DNA binding activity of MEQ is reduced by CDK phos-
phorylation. Another aspect in which transcription factors
could be regulated by kinase phosphorylation is in their DNA-
binding activity. We previously demonstrated that MEQ pro-
tein binds to specific DNA sequences, designated MERE1 and
MERE?2 (59). A MEREI (TRE) probe was used in our assays
to evaluate the potential regulation of MEQ DNA binding by
serine/threonine kinase phosphorylation. MEQ-bZIP protein
was first phosphorylated in vitro by CDKl1-cyclin B complex,
PKA, PKC, or MAPK. The subsequent electrophoretic mobil-
ity shift assay shows that MERE1-binding activity of MEQ is
diminished by CDK1 phosphorylation compared to the activ-
ities of unphosphorylated MEQ or of MEQ phosphorylated by
other kinases (Fig. 11). On the other hand, the DNA-binding
activity of PKC-phosphorylated MEQ is elevated. These data
suggest that the DNA-binding activity of MEQ is negatively
regulated by CDK phosphorylation.

DISCUSSION

There is considerable evidence to suggest that MEQ is one
of the key components involved in cellular transformation by
MDYV. We are beginning to understand the mode of action of
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FIG. 5. Colocalization of MEQ oncoprotein and CDK2 in coiled bodies and the nucleolar periphery. Rat-2 (MEQ) cells were doubly labeled with mouse anti-CDK2 MAb
(1:100 dilution) and rabbit anti-MEQ polyclonal antibodies (1:200 dilution) (A), mouse anti-MEQ MADb (1:100 dilution) and rabbit anti-p80 coilin polyclonal antibodies (1:500
dilution) (B), and mouse anti-CDK2 MADb (1:100 dilution) and rabbit anti-p80 coilin polyclonal antibodies (1:500 dilution) (C). FITC- or Texas red-conjugated secondary
antibodies (1:600 and 1:300 dilutions, respectively) were then applied, and the cells were analyzed with a confocal microscope. Final magnification, X1,000.
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CDK2
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MEQ
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CDK2 + MEQ

FIG. 6. Colocalization of MEQ oncoprotein and CDK2 is cell cycle dependent. Rat-2 (MEQ) cells were serum deprived for 3 days to be growth arrested at the
Gy/G; phase or treated with 1 mM hydroxyurea to block at the S phase as described in Materials and Methods. These cells were subsequently doubly labeled with mouse
anti-CDK2 MAD (1:100 dilution) and rabbit anti-MEQ polyclonal antibodies (1:200 dilution) followed by secondary antibodies and analyzed with a confocal microscope.

Final magnification, X1,000.

MEQ during the transformation process (40, 58). Given the
strong homology of the bZIP domain of MEQ to the Jun/Fos
family of transcription factors and its ability to form dimers
with Jun and Fos, it is tempting to speculate that MEQ, like
v-jun and v-fos, may transform cells by transcriptional de-
regulation and subverting the c-jun/c-fos pathways. Indeed,
we showed that MEQ is a potent transcriptional regulator
which targets TRE and CRE motifs in viral and cellular pro-
moters (59). On the other hand, DNA tumor virus oncopro-
teins often evolve to converge multiple routes to interfere with
cellular pathways, including cell growth and differentiation, apo-
ptosis, and cell cycle regulation of the host cells (see below). In
our previous studies, we noticed that MEQ is localized in the
nucleolus and coiled bodies and occasionally in the cytoplasm
(39) and that it exhibits strong antiapoptotic effects (40). These
unique features, which are not shared by c-Jun and c-Fos, sug-
gest that MEQ is engaged in activity other than transcription.
This study was aimed at exploring the novel functions of MEQ
aside from its being a transcriptional regulator. We found that
MEQ colocalizes with CDK2 in coiled bodies and that such co-
localization is cell cycle dependent. Although the precise func-
tions of coiled bodies remain elusive, the presence of splicing
factors such as small nuclear ribonucleoproteins as well as many
nucleolar proteins in coiled bodies has led to the suggestion of
its possible participation in mRNA splicing and rRNA synthe-

sis. Coiled bodies may serve as the reservoirs for assembly, ma-
turation, transport, and recycling of splicing factors and nu-
cleolar proteins (reviewed in references 5, 19, and 43). The
involvement of coiled bodies during the transformation pro-
cess is even more obscure. It is known, however, that the for-
mation of coiled bodies, like that of nucleoli, parallels the
proliferation state and metabolic activity of cells. Therefore,
more and larger coiled bodies are expected to be observed in
transformed cells than in untransformed cells (5) (Fig. 7).
To our knowledge, our report is the first to document the
localization of CDK2 in coiled bodies. However, CDK2 is not
the first kinase to be identified in coiled bodies. PKA (68),
DAI/PKR (31), a double-stranded RNA-activated protein ki-
nase, and CDK7-cyclin H-MAT1 complexes (33) have all been
detected in coiled bodies. CDK7-cyclin H-MAT1 complexes
are especially relevant to our study, since they are not only part
of the TFIIH subunit of RNA polymerase II but also include
CAK, the CDK-activating kinase (66). CAK is known to acti-
vate CDK2 by phosphorylating the T160 residue of CDK2. We
report here that CDK2 is localized in coiled bodies during the
G,/S boundary and early S phase. Since the antibodies against
rat cyclins A and E are not suitable for immunofluorescence,
we have studied the subcellular localization of cyclins in human
tumor cell lines such as HeLa and MCF-7. Our preliminary
data suggests that cyclin E instead of cyclin A is expressed in



VoL. 73, 1999

CDK2

HERPESVIRUS ONCOPROTEIN MEQ IS REGULATED BY CDK2 4215
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CDK2 + Coilin

FIG. 7. CDK2 does not colocalize to coiled bodies in untransformed Rat-2 cells. Untransformed Rat-2 (Vector) cells were doubly labeled with mouse anti-CDK2
MAD (1:100 dilution) and rabbit anti-p80 coilin polyclonal antibodies (1:500 dilution) followed by secondary antibodies and analyzed with a confocal microscope. Two
representative fields are shown (top and bottom panels). Final magnification, X1,000.

coiled bodies (data not shown). CDK2-cyclin E is known to
trigger G,/S transition, and it also functions in the S phase,
including initiation of DNA synthesis (37). We hypothesize
that during the course of transformation, MEQ directly or
indirectly navigates the translocation of CDK2 to coiled bod-
ies, where they can be activated by CAK. Coincidentally, one
of the major substrates of CDK2, the pRb tumor suppressor
protein, localizes to PML bodies (65), which are often physi-

R
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FIG. 8. MEQ oncoprotein is an excellent substrate for phosphorylation by
different CDK-cyclin complexes. In vitro kinase assays were performed on puri-
fied MEQ-bZIP protein with EE epitope MAb-immunoprecipitated CDK1-cy-
clin B, CDK2-cyclin A, and CDK2-cyclin E complexes (24) in a final reaction
mixture of 20 pl containing 50 mM Tris (pH 7.4), 1 mM dithiothreitol 10 mM
MgCl,, and 10 wCi of [y->*P]ATP per reaction incubated at 37°C for 30 min. The
samples were subjected to SDS-PAGE (12.5% polyacrylamide) and exposed to
an X-ray film for 10 min.

cally in contact with coiled bodies (15, 26). This close spatial
relationship between the cell cycle regulators and gatekeepers
could thus confer an advantage to transformed cells in deregu-
lating cell cycle progression. Experiments to determine wheth-
er pRb proteins are indeed phosphorylated to a higher degree
in Rat-2 (MEQ) cells and whether MEQ is directly involved in
the translocation of CDK2 and the regulation of the kinase
activity and substrate accessibility are under way.

If MEQ indeed translocates CDK2 into coiled bodies to
promote cell cycle progression, it joins a growing list of DNA
tumor virus oncoproteins which utilize cell cycle deregulation
as a strategy to transform host cells. Several strategies are used
by these oncogenic viruses (30, 69). First, some viruses such as
adeno-associated virus type 2 (22), human papillomavirus
(HPV) type 16 (23), and simian virus 40 (SV40) (70) modulate
the expression of cell cycle-regulatory genes. Second, genomes
of some viruses encode cyclin homologs on their own, such as
the v-cyclin of herpes simplex virus type 1 (HSV-1) (34) and
human herpesvirus 8 (38). Third, they sequester tumor sup-
pressor proteins such as (i) Rb, as do SV40 large T antigen
(14), adenovirus E1A (74), HPV-16 E7 (16), Epstein-Barr vi-
rus EBNA-3C (54), and cytomegalovirus (CMV) IE1 (56) and
IE2 (21), or (ii) p53, as do SV40 large T antigen (12), Ad E1B
(78), HPV-16 E6 (73), and CMV IE2 (6) and mtrIl (48).
Fourth, they interact with and stabilize CDK-cyclin complexes,
as SV40 large T antigen does with CDK2-cyclin A (1), HSV-1
ICPO (36) and human T-cell leukemia virus type 1 (HTLV-1)
Tax (50) with cyclin D3, human immunodeficiency virus Tat
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FIG. 9. The serine 42 residue is the primary site of phosphorylation by CDKs. (A) An array of bacterially expressed truncation or point mutants of MEQ protein
was purified with Talon (Clontech). (B) MEQ-bZIP (S42G) is not appreciatively phosphorylated by CDK1-cyclin B. In vitro kinase assays were performed on MEQ
bZIP and mutant proteins with CDK1-cyclin B complex in the presence of [y-*?P]JATP at 37°C for 30 min. The samples were resolved by SDS-PAGE and exposed to
an X-ray film for 3 min. The same amount of MEQ mutant protein was loaded on a separate SDS-PAGE gel, and the Western blot was detected with rabbit anti-MEQ
polyclonal antibodies (1:4,000 dilution). (C) MEQ-bZIP and MEQ-bZIP (S42G) mutant proteins were also phosphorylated by other serine/threonine kinases, including
PKA, PKC, and MAPK, in vitro, and the gels were exposed to X-ray films at different intervals (5 min for PKA and PKC and 15 min for MAPK). (D) MEQ is a
phosphoprotein in vivo. MEQ, in the context of pTM1 vector with an EE epitope tag, was transfected into CV1 cells with recombinant vaccinia virus. At 24 h later,
the cells were labeled with [y->*P]JATP and MEQ protein was immunoprecipitated with EE epitope MAb-conjugated Affi-Gel 10 beads. Purified protein was resolved
by SDS-PAGE, and the blot was probed against MEQ polyclonal antibodies. CV-1 cells were also transfected with PTM1 vector alone as a negative control.

with CDK7 (13, 49) and CDK9-cyclin T (71), HPV-16 E7 with
CDK2-cyclin E (44) and CDK2-cyclin A (2), and HTLV-1 Tax
(4) and adenovirus E1A and VP16 with CDKS (20). Fifth, they
inactivate CDK inhibitors by association, as p16INK4A is in-
activated by HTLV-1 Tax (41, 64), p2IWAF1 by HTLV-1 Tax
(55) or HPV-16 E7 (18), and p27 KIP1 by adenovirus E1A (42)
or HPV-16 E7 (79). Finally, CMV, in a manner similar to that
of MDYV, induces the nuclear translocation of CDK2 in serum-

starved and contact-inhibited cells (9), although translocation
into coiled bodies is not reported. It thus seems that deregu-
lation of host cell cycle progression is a common and crucial
step during the transformation processes undertaken by DNA
tumor viruses. The ability of MEQ to interact with CDK2 in
coiled bodies adds yet another clever strategy.

The interaction of MEQ with CDK2 has other important
consequences: MEQ becomes phosphorylated, binds weakly to
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MEQ (S42A)

MEQ (S42D)

FIG. 10. Phosphorylation on the S42 residue is crucial for the cytoplasmic translocation of MEQ oncoprotein. The S42 residue of MEQ protein was mutated into
either Asp or Ala in vitro and transfected into COSI cells in the context of pSVL vector. At 48 h posttransfection, S42A- and S42D-transfected COSI1 cells were stained
with rabbit anti-MEQ polyclonal antibodies (1:200 dilution) followed by FITC-conjugated secondary antibody (1:600 dilution) and examined under a fluorescence

microscope. Final magnification, x1,000.

DNA, and, perhaps as a consequence, exits into the cytoplasm.
Since only a portion of wild-type MEQ protein in Rat-2
(MEQ) cells interact with CDK2 in coiled bodies and the
nucleolar periphery, only a fraction would be phosphorylated
by CDK2 and consequently exported to the cytoplasm. By
contrast, the MEQ (S42D) mutant was designed to mimic the
activation by endogenous CDK2 phosphorylation. As a result,

N &
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@\@0 $)0 $)0 $)0 &0

FIG. 11. The DNA-binding activity of the MEQ oncoprotein is alleviated by
CDK phosphorylation. MEQ bZIP protein was phosphorylated by a variety of
serine/threonine kinases including CDK1, PKA, PKC, and MAPK, as described
in the legend to Fig. 9, but in the presence of cold ATP. Electrophoretic mobility
shift assays were used to evaluate the MERE1 (TRE)-binding activity of MEQ-
bZIP protein as described in Materials and Methods.

<+MERE]1 Probe

all the MEQ (S42D) mutant proteins are presumably in an
active state and their enhanced expression in the cytoplasm is
expected. Coincidentally, CDK phosphorylation of nuclear
proteins often leads to their cytoplasmic translocation (27, 28,
47, 52, 62), and MEQ is apparently affected in a similar fash-
ion. We have provided evidence that the major CDK2 phos-
phorylation site in vitro is serine 42, which is located between
BR1 and BR2. BR1 and BR2 are the NLS for MEQ protein
(39). Phosphorylation within or adjacent to these NLS by ki-
nases could potentially affect their interactions with importin-a
and importin-B, the NLS receptor on the nuclear membrane,
and hence their entry to the nucleus (reviewed in references 7
and 29). Alternatively, CDK2 phosphorylation of MEQ may
enhance the interaction between exportin and a nearby puta-
tive nuclear export signal of MEQ (130LTVTLGLL137) (17,
46, 72). Additionally, we have shown that phosphorylation by
CDK2 reduces the DNA-binding activity of MEQ (Fig. 11),
which may reduce the nuclear retention of this protein. The
above mechanisms are not mutually exclusive and must be
resolved by further development of MEQ mutants within the
specific domains involved in nuclear entry and export. How-
ever, one caveat should be borne in mind, i.e., that our hypoth-
esis is founded on the premise that CDK1-cyclin B and CDK2-
cyclin E complexes exhibit similar substrate specificities in vitro
(reference 77 and our unpublished results). The conclusive
proof requires the availability of purified CDK2-cyclin E com-
plex in the future.

A key question, then, is why MEQ needs to assume a cyto-
plasmic lifestyle during the S phase. We can only speculate that



4218 LIU ET AL.

MEQ, with its proline-rich domain which fits the consensus
binding site of the SH3 (Src homology) domain, may interact
with the cytoplasmic signaling molecule to facilitate transfor-
mation. Indeed, we found that MEQ can bind c-Src kinase,
although we have no direct evidence that this interaction is
functionally relevant to transformation. Alternatively, it is con-
ceivable that enhanced transport of MEQ may be relevant to
the maintenance of the latent state of MDV. We noticed that
MEQ is expressed early after infections (37a) and that there is
a MEQ-binding site at the putative origin of replication. Pre-
vious data showed that MEQ binds to this site and thus may
modulate the replication potential of the genome (10). Reduc-
ing the ability of MEQ to bind DNA and to exit to the cyto-
plasm may be one way to ensure that the viral genome stays
dormant in S phase. This explanation, however, is complicated
by the observation that a fraction of MEQ still remains in the
nucleus during the S phase. It is noteworthy that shuttling viral
proteins between the cytoplasm and nucleus is common for
several viruses, including ICP27 (60) and UL11 of HSV-11 (3),
human immunodeficiency virus Rev (45), HTLV-1 Rex (53),
and influenza virus NS2 (51). In most of these instances, they
help transport viral RNAs during replications. MEQ, given its
RNA-binding capability, may also be able to function that way.
The development of S42D and S42A mutants that have pref-
erences for cytoplasmic or nuclear locations enables us to
begin to probe the questions raised above.

In summary, MEQ, like other DNA tumor virus oncopro-
teins, is versatile and appears to interact with multiple cellular
pathways. While their significance is not fully appreciated yet,
we demonstrated here the novel interaction of MEQ with
CDK?2, their colocalization in coiled bodies, and the cell cycle-
dependent subcellular localization of MEQ. The information
reported and the mutants generated provide a framework for
future studies of the role of MEQ in cellular transformation as
well as in viral replication.
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