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Expression of many early viral genes during human cytomegalovirus (HCMV) infection is dependent on
cellular transcription factors. Several immediate-early and early viral promoters contain DNA binding sites for
cellular factors such as CREB, AP-1, serum response factor, and Elk-1, and these transcription factors can be
activated by phosphorylation via the cellular mitogen-activated protein kinase (MAPK) signal transduction
cascade. To determine if the extracellular signal-regulated MAPKs, ERK1 and ERK2, play a role in tran-
scription factor activation during infection, we tested for ERK activity during viral infection. We found that
HCMV infection resulted in the maintenance of previously activated ERK1 and ERK2 by a mechanism which
appears to involve the inhibition of a cellular phosphatase activity. ERK phosphorylation and activity were
sustained for at least 8 h after infection, whereas in mock-infected cells, ERK activity steadily declined by 1 h
postinfection. The activity of at least one cellular substrate of the ERKs, the protein kinase RSK1, was also
maintained during this period. UV inactivation experiments suggested that viral gene expression was required
for sustained ERK activity. In turn, activation of the ERKs appeared to be important for viral gene expression,
as evidenced by the observed decrease in the transcriptional activity of the HCMV UL112-113 promoter during
infection in the presence of the MEK inhibitor PD98059. These data suggest that HCMV utilizes cellular signal
transduction pathways to activate viral or cellular transcription factors involved in the control of early viral
gene expression and DNA replication.

Human cytomegalovirus (HCMV), a member of the beta-
herpesvirus family, is an important opportunistic pathogen in
immunocompromised individuals and is recognized as a major
viral cause of birth defects (8). Like other herpesvirus genes,
HCMV genes are expressed in a temporal pattern upon infec-
tion (14, 36, 59, 67, 68). The immediate-early (IE) class of
genes are the first genes expressed after infection and do not
require de novo protein synthesis, whereas the early class of
RNAs depends on IE protein expression. The late genes re-
quire early protein production as well as viral DNA synthesis
for their expression. Both IE gene expression and early gene
expression require the host cell transcriptional machinery, in-
cluding various host-encoded regulatory transcription factors.
For example, the UL112-113 promoter is regulated by an ATF/
CREB binding site (50, 54), and the promoter for the 1.2-kb
class of RNAs is regulated by an AP-1 binding site (65). In
addition, the major IE promoter (MIEP), which drives expres-
sion of the transcriptional regulatory proteins, IE86 and IE72,
contains binding sites for several host transcription factors,
including NF-kB, CREB, serum response factor (SRF), and
the Ets family of transcription factors (12, 39).

Many of the host transcription factors involved in controlling
HCMV gene expression are regulated by phosphorylation
events. The prototypical mitogen-activated protein kinase
(MAPK) pathway, the ERK (extracellular signal-regulated ki-
nase) pathway, can regulate the activity of SRF/Ets, AP-1, and
CREB (16, 21, 27, 46, 72, 73). The MAPK pathways are acti-
vated by extracellular signals and transmit the signals intracel-

lularly to the nucleus (for recent reviews, see references 13, 23,
35, and 49). In the case of the ERK pathway, mitogen-receptor
interaction leads to Ras-dependent, sequential activation of
Raf, MEK (MAPK/ERK kinase), ERK and RSK (ribosomal
S6 kinase). Activation of these kinases is transient, and cellular
phosphatases begin to inactivate them within minutes to hours
after stimulation, depending on the cell type and stimulus (23,
35). ERK1 and ERK2 can directly phosphorylate the AP-1
subunits Fos and Jun and the Ets family members Elk-1 and
SAP1a (4, 24, 25, 34, 47). RSK1 can directly phosphorylate
SRF, Fos, and Jun (4). In some cell types, CREB phosphory-
lation correlates with ERK activation, and all three RSK family
members (RSK1, RSK2, and RSK3) are capable of phosphor-
ylating CREB in vitro and in vivo at the regulatory site, Ser-133
(46, 72, 73). The ERK pathway has been implicated in the
regulation of cell growth, and uncontrolled stimulation of the
pathway leads to cellular transformation and oncogenesis (26,
37, 45, 52). Cellular proto-oncogenes such as c-fos, c-jun, and
c-myc, which are up-regulated in response to mitogenic stimuli,
are also stimulated by HCMV infection (5, 6, 18). Further-
more, 12-O-tetradecanoylphorbol-13-acetate (TPA), which
stimulates the ERK pathway, has been shown to activate the
HCMV MIEP (12).

The ERK pathway has been implicated in the regulation of
viral gene expression for simian virus 40 (SV40), adenovirus,
and hepatitis B virus. The SV40 small tumor antigen (small t)
interacts with protein phosphatase 2A (PP2A) and alters its
activity (for a review, see reference 43). Since PP2A can de-
activate the ERKs, the small t-PP2A interaction leads to in-
creased activation of the ERKs and, in turn, stimulates AP-1
activity in SV40-infected cells. ERK activity is stimulated upon
infection with adenovirus, and the ERKs are capable of phos-
phorylating the adenovirus E1A protein (9, 70). This phos-
phorylation event is involved in the activation of the adenovi-
rus E4 promoter. Furthermore, the human hepatitis B virus X
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protein induces ERK activity, which leads to increased AP-1
activity (3). Thus, several viruses have evolved various mech-
anisms to alter cellular signal transduction pathways which may
ultimately be beneficial to viral replication.

To better understand the mechanisms that control early
HCMV gene expression, we sought to determine the role of
signal transduction pathways and phosphorylation events in
regulating HCMV promoter activity. Since the ERK pathway
can regulate the activity of several cellular transcription factors
that are involved in HCMV early gene regulation, we asked if
this pathway was involved in regulating viral promoter activity
during infection. We find that if the ERK pathway is previously
activated, HCMV infection results in a sustained activation of
the ERKs through 8 h postinfection. Viral infection does not
directly activate the ERK pathway but instead appears to result
in inhibition of an ERK-specific phosphatase activity. Inhibi-
tion of the ERK pathway with the MEK inhibitor PD98059
results in decreased expression from the UL112-113 promoter.
Taken together, these data suggest that the ERK pathway is
involved in regulating HCMV early gene expression and that
specific virus-host cell interactions alter the regulation of the
pathway to benefit viral replication.

MATERIALS AND METHODS

Cells and virus. Human foreskin fibroblasts (FFs) were maintained in mini-
mum essential medium with Earle’s salts (MEM-Earle’s) containing 10% fetal
bovine serum (FBS). HCMV Towne strain was obtained from the American
Type Culture Collection. Methods for cell culture have been described elsewhere
(61). All infections were performed with a multiplicity of infection (MOI) of 1 to
5. Cells were made quiescent by being grown to confluence and serum starved
overnight in medium without serum. Where indicated, cells were stimulated with
medium containing 10% FBS either 15 min before or at the time of infection with
HCMV. Two hours after infection, cells were washed with phosphate-buffered
saline (PBS) and incubated in medium without serum unless otherwise indicated.
UV-inactivated virus was prepared as described previously (28).

For infections in the absence of serum, virus was first pelleted at 25,000 rpm
in an SW27 rotor (Beckman) for 2 h at 4°C. The pellet was then gently washed
in serum-free medium, resuspended in serum-free medium, and pelleted as
described above for 1 h. The virus pellet was resuspended in serum-free medium,
dimethyl sulfoxide (DMSO) was added to 1%, and the virus was stored at 280°C.

For infections in the presence of PD98059 (New England Biolabs), cells were
pretreated with drug for 1 h prior to infection. Cells were then stimulated by
dropwise addition of FBS and infected by dropwise addition of virus. Cells were
maintained in PD98059 for the duration of the experiment. PD98059 was solu-
bilized in DMSO, and all dilutions were made such that each dish of cells
received an equal volume of DMSO.

For quantitation of UL112-113 promoter activity in the presence of PD98059,
cells were infected with recombinant HCMV v358-CAT (50) at an MOI of 1. Cell
lysates were analyzed for chloramphenical acetyltransferase (CAT) activity 8 h
after infection as described previously (58). CAT levels were quantitated by
phosphorimager analysis.

Western blot analysis. To detect ERK phosphorylation by Western blotting
mock- or virus-infected FFs were harvested at the indicated times by lysis directly
on the plate in Laemmli sample buffer, and lysates were electrophoresed on
12.5% low-cross-linking polyacrylamide protein gels (32). After transfer to an
Immobilon membrane (Millipore) and blocking in 5% milk, membranes were
incubated with an antibody directed against ERK1 (sc-093; Santa Cruz Biotech-
nology), followed by incubation with a horseradish peroxidase (HRP)-coupled
secondary antibody (Amersham) and detection with enhanced chemilumines-
cence (Pierce) according to standard methods. Polyclonal antiserum BSA 2-9
(71) was used to detect UL112-113 proteins, and IE proteins were detected by
using the monoclonal antibody CH16.0 (a gift from L. Pereira).

To verify immunoprecipitated protein levels in immune complex kinase assays,
immunoprecipitated kinases were electrophoresed on standard protein gels,
transferred to Immobilon membranes, and blocked as described above. After
incubation with primary antibody, membranes were incubated with a protein
A/G-HRP conjugate (Pierce) and proteins were detected by chemiluminescence.

Immune complex kinase assays. At the indicated time points, mock- or virus-
infected cells were washed with PBS and lysed directly on the plate in radioim-
munoprecipitation assay (RIPA) buffer (50 mM Tris-Cl [pH 8.0] 150 mM NaCl,
1.0% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate).
For ERK assays, lysates were incubated with an agarose-conjugated antibody
directed against ERK2 (sc-154 AC; Santa Cruz Biotechnology) for 2 to 3 h at
4°C. Immunoprecipitates were washed three times in RIPA buffer and twice in
assay buffer (25 mM Tris-Cl [pH 7.4], 5 mM b-glycerophosphate, 2 mM dithio-
threitol, 0.1 mM Na3VO4, 10 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride).

Reactions were initiated by resuspending immunoprecipitates in 30 ml of assay
buffer containing 20 mM unlabeled ATP, 15 mCi of [g-32P]ATP, and 7.5 mg of
myelin basic protein (MBP; Sigma). Reaction mixtures were incubated at 30°C
for 15 min, reactions were terminated by the addition of 12 ml of 43 Laemmli
sample buffer, and reaction products were electrophoresed on a 15% polyacryl-
amide protein gel and transferred to an Immobilon membrane, which was then
cut at the 30-kDa molecular mass marker. The bottom portion was exposed to
film and quantitated by phosphorimager analysis; the top portion was subjected
to Western blot analysis (as described above) to compare levels of immunopre-
cipitated proteins.

RSK1 assays were performed with an S6 kinase assay kit (Upstate Biotech-
nology). Lysates were incubated with antibody directed against RSK1 (sc-231;
Santa Cruz Biotechnology) for 2 to 3 h at 4°C. Protein A-Sepharose beads were
added, and incubation was allowed to continue for 1 h. Immunoprecipitates were
washed three times in RIPA buffer, washed twice in S6 assay buffer, and resus-
pended in 40 ml of S6 assay buffer; 10 ml was used in a total reaction volume of
40 ml containing 10 mCi of [g-32P]ATP and an S6 kinase recognition site peptide
as specified by the manufacturer’s protocol. After 10 min at 30°C, reactions were
terminated by spotting 20 ml onto P81 filter paper. Filters were washed five to six
times in 0.75% phosphoric acid and once in acetone, and radioactivity incorpo-
rated into bound peptide was quantitated in a scintillation counter.

32P pulse-chase analysis. Serum-starved FFs (1.3 3 106/100-mm-diameter
dish) were pulsed for 45 min in 3 ml of phosphate-free, serum-free Dulbecco’s
modified Eagle’s medium containing 1.0 mCi of [32P]orthophosphate per ml.
Cells were then stimulated by the addition of 300 ml of FBS. After a 15-min
incubation, the cells were washed in MEM-Earle’s containing 10% FBS and then
mock or virus infected. At 2 h postinfection, the cells were washed with serum-
free MEM-Earle’s, and further incubation was performed in serum-free medium.
Cells were harvested at the indicated time points by washing with PBS and lysing
in 1 ml of RIPA buffer directly on the plate. ERK2 was immunoprecipitated from
the lysates by incubation with an agarose-conjugated antibody directed against
ERK2, whereas MEK1 was immunoprecipitated by incubation with antibody
directed against MEK1 (sc-219; Santa Cruz Biotechnology) followed by incuba-
tion with protein A-Sepharose beads. Immunoprecipitates were washed five
times in RIPA buffer, resuspended in Laemmli sample buffer, and electropho-
resed on 10% polyacrylamide protein gels. 32P-labeled proteins were detected by
autoradiography and quantitated by phosphorimager analysis.

RESULTS

ERK phosphorylation and activity during HCMV infection.
Many IE and early HCMV genes are activated by cellular
transcription factors such as CREB, AP-1, NF-kB, and SRF/
Ets (12, 50, 53, 54, 65). Since the activity of each of these
transcription factors is regulated by various signal transduction
pathways within the cell, we sought to determine whether cell
signaling pathways were involved in regulating HCMV gene
expression. We focused on the ERK (Raf-MEK-ERK) path-
way since this pathway has been shown to regulate the activity
of SRF/Ets, AP-1, and CREB (16, 21, 27, 46, 72, 73). To
determine if the ERK pathway was involved in HCMV gene
regulation, we first asked if this pathway was active during
infection. Since ERK activity correlates with its phosphoryla-
tion on regulatory Thr and Tyr residues (48), we checked for
ERK phosphorylation during HCMV infection by using a gel
system capable of resolving phosphorylated ERK from non-
phosphorylated ERK. Serum stimulation of cells followed by
mock or virus infection resulted in complete phosphorylation
of ERK1 and ERK2 by 15 min postinfection (Fig. 1A). At 1, 4,
and 8 h after mock infection, about 50% of ERK1 and ERK2
was converted to the nonphosphorylated form. However, in the
virus-infected samples, nearly 100% of the ERKs remained in
the phosphorylated form at these time points. This effect was
observed only at early times during the infection, since by 24 or
48 h postinfection the ERKs were dephosphorylated to similar
extents in the virus- and mock-infected samples (Fig. 1B).
These data suggest that HCMV infection results in the sus-
tained phosphorylation of the ERKs early during infection.

To determine if the ERKs were functionally active during
the infection, we assayed for ERK activity at various time
points after infection by using an immune complex kinase
assay. After serum stimulation and mock or virus infection,
ERK2 was immunoprecipitated from cell lysates prepared at
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15 min, 4 h, and 8 h postinfection. The immunoprecipitates
were incubated with [g-32P]ATP and MBP as a substrate, and
the reactions were resolved by polyacrylamide gel electro-
phoresis. At 15 min after infection, the mock- and virus-in-
fected samples showed similar ERK activities, as demonstrated
by equivalent levels of 32P-labeled MBP (Fig. 2A). However,
by 4 h ERK activity had declined in the mock-infected samples,
whereas it remained high in the virus-infected samples at least
through 8 h after infection. Since, Western blot analysis dem-
onstrated that equivalent levels of ERK were immunoprecipi-
tated from each sample, the reduced level of phosphorylated
MBP was due to decreased ERK activity rather than decreased
ERK protein levels (Fig. 2B). Quantitation of the 32P incor-
porated into MBP in each reaction revealed that there was
four- to fivefold more ERK activity in the virus-infected sam-
ples than in the mock-infected samples harvested at 4 and 8 h
postinfection (Fig. 2C). These data demonstrate that ERK
activity is also sustained early during HCMV infection.

As an indication of whether the active ERKs were function-
ing normally in the infected cells, we assayed for the activity of
RSK1, a normal cellular substrate of the ERKs. An immune
complex kinase assay was performed with an S6 peptide sub-
strate and RSK1 immunoprecipitated from lysates prepared at
15 min, 4 h, and 8 h after virus and mock infection. Quantita-
tion of 32P-labeled peptide demonstrated that there was more
active RSK1 in the virus-infected samples at 4 and 8 h postin-
fection than in the mock-infected samples (Fig. 3). Thus, RSK1
activity correlated with ERK activity at each time point tested,
indicating that the ERKs were functioning normally early dur-
ing HCMV infection. Collectively, these data suggest that the
ERKs are active early after infection at a time when they could
contribute to the regulation of transcription factors involved in
early HCMV gene expression.

ERK activity during infection with UV-inactivated virus.
Since specific ligand-receptor interactions result in activation
of the ERK pathway, we asked whether virus binding to the
cell surface was sufficient to result in the sustained activation of
the ERKs early during HCMV infection. To address this ques-
tion, we used UV-inactivated virus, which can bind to and
enter the cells but fails to undergo viral gene expression (22).

At each time point after inoculation with UV-inactivated virus,
the ERKs were only about 50% phosphorylated, which was
similar to what was observed with mock-infected samples (Fig.
4). However, in non-UV-treated virus-infected samples, the
ERKs remained 100% phosphorylated. Thus, sustained ERK
activity during infection was not due simply to virus binding to
the cell surface. Furthermore, since viral gene expression does
not occur in cells inoculated with UV-inactivated virus, these
results suggest that a newly synthesized viral gene product is
involved in the maintenance of ERK activity early after
HCMV infection.

Inhibition of a cellular phosphatase activity during infec-
tion. In the previously described experiments, conditions were
such that the ERKs were completely active at the time of
infection. To determine if HCMV infection resulted in the
activation of a kinase which could directly or indirectly lead to
ERK activation, we infected cells with virus in the absence of
serum. Cells were grown to confluence and serum starved for
18 to 24 h in an attempt to infect the cells when the ERKs were
inactive. This treatment resulted in substantial but not com-
plete inactivation of ERK activity. At 15 min and 1 h after
infection of starved cells, there were low levels of phosphory-
lated ERK which were identical between mock- and virus-
infected samples (Fig. 5A), suggesting that the events occur-
ring in the initial stages of the infection did not directly activate

FIG. 1. Western blot analysis of phosphorylated ERK levels during HCMV
infection. (A) ERK levels early during infection. Total protein from either mock
(M)- or virus (V)-infected cells was harvested at the indicated times, separated
on 12.5% low-cross-linking polyacrylamide gels, and transferred to Immobilon.
Phosphorylated ERK (p-ERK1 and p-ERK2) and nonphosphorylated ERK
(ERK1 and ERK2) were detected with antibody directed against ERK1. Time
postinfection is indicated above the blot. (B) ERK levels late during infection.
Total protein from mock- or virus-infected cells was harvested at the indicated
times postinfection and analyzed by Western blotting as described above.
“Starved” indicates a lysate from cells that were grown to confluence and serum
starved for 24 h. Time postinfection is indicated above the blot.

FIG. 2. ERK activity during HCMV infection, determined by an immune
complex kinase assay. ERK was immunoprecipitated from starved cells (Starved)
or from lysates at the indicated times after mock (M) or viral (V) infection. After
incubation of immunoprecipitated ERK with [g-32P]ATP and MBP, the reaction
mixtures were run on a 15% polyacrylamide gel and the products were trans-
ferred to Immobilon. (A) Autoradiography of 32P-labeled MBP. The bottom
portion of the blot (below 30 kDa) was exposed to film to detect 32P-labeled
MBP. The bracket indicates MBP and breakdown products. (B) Western blot
analysis of immunoprecipitated ERK. The top portion of the blot was treated
with antibody to ERK1 followed by protein A/G-HRP secondary antibody
(Pierce) and detection by chemiluminesence. The antibody to ERK2 (C-14)
preferentially precipitates ERK2, which can be detected with the antibody to
ERK1 (C-16). Immunoprecipitated ERK1 can be detected on longer exposures.
(C) Quantitation of ERK activity in mock- and virus-infected cells. Kinase
activity stabilization is a measure of ERK activity in virus-infected cells versus
mock-infected cells at a specific time after infection. It is defined as the amount
of radioactivity incorporated into MBP in an immune complex kinase assay from
virus-infected samples divided by that in mock-infected samples. The values were
determined by phosphorimager analysis of the blot from panel A.
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the ERKs. The low level of ERK activation at 15 min was
probably due to the presence of DMSO in the inoculum since
in a separate serum starvation experiment, in which DMSO
was not present, there was no ERK activation at the early time
points (Fig. 5B). At 4 and 8 h after infection, more phosphor-
ylated ERK was detected in virus-infected samples than in
mock-infected samples. Although this result may be due to
direct activation of the ERK pathway or other effects from
serum starvation, it could also be obtained by an inhibition of
cellular phosphatase activity coupled with low-level activity of
the ERK pathway. Indeed, elimination of phosphatase activity
eventually results in the accumulation of activated ERKs (20,
43, 60).

To determine if the sustained ERK activation observed dur-
ing HCMV infection was due to inhibition of phosphatase
activity, we performed a pulse-chase analysis to monitor phos-
phorylated ERK during the infection. Cells were pulsed with
[32P]orthophosphate for 1 h prior to infection. After serum
stimulation to incorporate 32P into the ERKs, the labeling
medium was removed and the cells were infected. Cells were
harvested at 15 min, 4 h, and 8 h postinfection, the ERKs were
immunoprecipitated and electrophoresed on a polyacrylamide
gel, and 32P-labeled ERK was detected by autoradiography
(Fig. 6A). After a 4- or 8-h chase period, we observed more

32P-labeled ERK in the virus-infected cells than in the mock-
infected cells, suggesting that phosphatase activity was com-
promised during infection. To determine if the dephosphory-
lation of other members of the ERK pathway was affected, we

FIG. 3. RSK1 activity during HCMV infection. RSK1 activity was deter-
mined by an immune complex kinase assay. RSK1 was immunoprecipitated from
serum-starved cell lysates and mock- or virus-infected cell lysates at the indicated
times postinfection. RSK1 activity was detected by using an S6 kinase assay kit
(Upstate Biotechnology) and [g-32P]ATP. Bars represent the average of two
independent assays depicted as counts per minute of 32P-labeled peptide bound
to filters as quantitated by scintillation counting; error bars represent half of the
range of the two values.

FIG. 4. Western blot analysis of phosphorylated ERK levels during inocula-
tion with UV-inactivated HCMV. FFs were inoculated with UV-inactivated
HCMV (UV), mock infected (M), or HCMV infected (V). Cell lysates were
harvested at the indicated times after infection, and Western blot analysis was
performed as described in the legend to Fig. 1.

FIG. 5. Western blot analysis of phosphorylated ERK levels during HCMV
infection of serum-starved cells. (A) FFs were grown to confluence, starved in
medium without serum for 24 h, and then infected with virus which had been
pelleted and resuspended in medium without serum. Mock infections were
performed with serum-free medium containing equivalent concentrations of
DMSO as virus-infected samples. Lysates were prepared at the indicated time
points and subjected to Western blot analysis as described in the legend to Fig.
1. (B) Serum-starved FFs were mock or virus infected in the absence of DMSO.
Western blot analysis was performed as described above.

FIG. 6. 32P pulse-chase analysis of phosphorylated ERK and MEK. (A)
Maintenance of phosphorylated ERK during infection. ERK2 was immunopre-
cipitated from 32P-labeled, mock (M)- or virus (V)-infected cell lysates after the
indicated chase periods and resolved on a 10% polyacrylamide gel. 32P-labeled
ERK2 was detected by autoradiography. (B) Phosphorylated levels of MEK
during infection. MEK1 was immunoprecipitated from 32P-labeled, mock (M)-
or virus (V)-infected cell lysates after the indicated chase periods and resolved on
a 10% polyacrylamide gel. 32P-labeled MEK1 was detected by autoradiography.
(C) Quantitation of 32P-labeled ERK and MEK during infection. Stabilization of
32P-labeled ERK and MEK is a measure of phosphorylated ERK and MEK
remaining in virus-infected samples versus mock-infected samples after the in-
dicated chase times. It is defined as the amount of 32P-labeled ERK or MEK in
virus-infected samples divided by that in mock-infected samples. Quantitation of
the gels in panels A and B was performed by phosphorimager analysis.
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also assayed for phosphorylation of MEK1, the kinase that
phosphorylates and activates ERK. Immunoprecipitation of
MEK1 from the same 32P-labeled lysates as used in the assay
described above demonstrated that MEK1 dephosphorylation
in virus-infected cells occurred at a similar rate as in mock-
infected cells (Fig. 6B). Quantitation of the immunoprecipi-
tates by phosphorimager analysis revealed that there was about
three- to fourfold more 32P-labeled ERK in the virus-infected
cells than in the mock-infected cells at 4 or 8 h after infection,
whereas at each time point, the level of phosphorylated MEK
was the same in mock- and virus-infected samples (Fig. 6C).
Taken together, these results suggest that an ERK-specific
phosphatase may be preferentially inhibited during HCMV
infection.

Role of the ERK pathway during early HCMV gene expres-
sion. To determine if the ERK pathway is involved in regulat-
ing viral gene expression, we analyzed steady-state viral protein
levels in HCMV-infected cells treated with the specific MEK
inhibitor PD98059 (1, 15, 33, 44). Serum-starved FFs were
pretreated for 1 h with 0, 10, 25, 50, or 75 mM PD98059, serum
stimulated, and infected with HCMV at an MOI of 1. Steady-
state viral protein levels were determined 8 h postinfection by
Western blot analysis. The levels of the 43-kDa UL112-113
protein were lower after infection in the presence of 75 mM
PD98059 than after infection in the absence of drug, suggest-
ing that early viral gene expression was affected by specific
inhibition of the ERK pathway (Fig. 7A). This concentration of
drug did not inhibit overall protein synthesis, as determined by
[35S]methionine labeling after infection (data not shown). A
stepwise increase in the concentration of drug from 10 to 75
mM resulted in a sequential decrease in UL112-113 protein
levels. However, this drug had little if any effect on the steady-
state levels of IE72 and IE86, indicating that expression from
the MIEP was less affected by inhibition of ERK activity (Fig.
7B). Increasing concentrations of PD98059 also resulted in
decreased maintenance of phosphorylated ERKs, suggesting
that decreased UL112-113 protein levels correlated with de-
creased ERK activity (Fig. 7C).

To determine if the lower level of UL112-113 protein in the
presence of PD98059 was a result of decreased transcription,
UL112-113 promoter activity was quantitated by using the re-
combinant virus v358-CAT, which contains the CAT gene un-
der control of the UL112-113 promoter (50). Infection with
v358-CAT in the presence of 75 mM PD98059 resulted in a
threefold decrease in promoter activity when assayed 8 h after
infection compared to infection in the absence of drug (Fig.
7D). Taken together, these data suggest that there is a corre-
lation between the level of ERK activity and UL112-113 gene
expression and that the ERKs are involved in regulating early
viral gene expression.

DISCUSSION

Since CREB and AP-1 can both be activated by the ERK
pathway and both are involved in regulating early viral pro-
moter activity (16, 46, 50, 54, 65, 72, 73), we have focused on
the role of the ERK pathway in the regulation of early HCMV
gene expression. The ERK pathway can also regulate the ac-
tivity of SRF and the Ets family of transcription factors, which
can potentially regulate the activity of the HCMV MIEP (12).
Since IE gene expression is required for viral replication, signal
transduction pathways may be involved in ensuring a produc-
tive viral infection or reactivation from the latent state.

ERK activity during HCMV infection. We have demon-
strated here that regulation of the ERK pathway is altered
during HCMV infection. Normally, in response to extracellular

signals, the ERKs are stimulated by sequential activation of a
series of protein kinases and then rapidly attenuated by cellu-
lar phosphatases. However, our data suggest that phosphatase
activity is compromised during the infection, resulting in the
sustained phosphorylation and activation of the ERKs. The
maintenance of ERK activity results in the sustained activation
of at least one ERK substrate, RSK1, demonstrating that the
ERKs are functioning normally in infected cells. Therefore, it
is possible that other ERK substrates, such as transcription
factors, also remain in the active form longer in infected cells.
This sustained transcription factor activity presumably would

FIG. 7. Effect of inhibition of the ERK pathway on early viral gene expres-
sion. (A) Western blot analysis of UL112-113 protein levels during wild-type
HCMV infection in the presence of PD98059. FFs were grown to confluence and
serum starved for 24 h. After a 1-h pretreatment with the indicated concentra-
tions of PD98059, the cells were serum stimulated and infected. Cell lysates were
prepared 8 h after infection and subjected to Western blot analysis. The UL112-
113 43-kDa protein (indicated on the right) was detected by using antibody BSA
2-9 followed by HRP-conjugated secondary antibody and chemiluminescence.
(B) Western blot analysis of IE86 and IE72 protein levels during wild-type
HCMV infection in the presence of PD98059. The blot from panel A was
stripped and probed with antibody CH16.0 followed by HRP-conjugated second-
ary antibody and detection by chemiluminescence. IE86 and IE72 are indicated
by the arrows on the right. (C) Western blot analysis of phosphorylated ERK
levels during wild-type HCMV infection in the presence of PD98059. Lysates
from the experiment described for panel A were electrophoresed on 12.5%
low-cross-linking polyacrylamide gels and subjected to Western blotting as de-
scribed in the legend to Fig. 1A. Phosphorylated (p-ERK1 and p-ERK2) and
nonphosphorylated forms of ERK1 and ERK2 are indicated on the right. (D)
Analysis of CAT protein expression from the UL112-113 promoter during in-
fection with v358-CAT in the presence of PD98059. FFs were grown to conflu-
ence and serum starved for 24 h. After a 1-h pretreatment with the indicated
concentrations of PD98059, the cells were serum stimulated and infected with
the HCMV recombinant v358-CAT. Lysates were prepared 8 h postinfection and
assayed for CAT activity. Solid bars represent the average of two independent
infections; error bars represent half of the range of the two values.
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lead to higher levels of viral gene expression, which would be
beneficial for enhancing viral replication.

Our results suggest that one or more viral gene products are
involved in inhibiting an ERK-specific phosphatase activity
during infection. First, since little if any viral gene expression
occurs in cells inoculated with UV-inactivated virus, we have
demonstrated that viral gene expression is required to sustain
ERK activity through 8 h postinfection. The observation that
the sustained ERK activity can be detected as early as 1 h
postinfection suggests that an IE function may be involved.
Therefore, it is possible that the virus-encoded transcriptional
regulatory proteins, IE86 and IE72, are involved in phospha-
tase inhibition, but we cannot rule out the involvement of other
early viral functions. One example of a viral protein affecting
phosphatase activity is demonstrated by the inhibition of PP2A
activity by SV40 small t (43). This interaction results in the
activation of the ERKs and of the AP-1 transcription factor.

The evidence for phosphatase inhibition is provided by the
32P pulse-chase experiment. In this experiment, the 32P was
incorporated into the ERKs before infection. Since more 32P
remained incorporated into the ERKs after the 8-h chase pe-
riod in infected cells than in mock-infected cells, it seems likely
that phosphatase activity was compromised. An alternative
explanation is that ERK protein half-life is increased during
infection, resulting in less turnover of phosphorylated ERK.
However, 35S pulse-chase experiments reveal no difference in
ERK turnover rates between mock- and virus-infected cells
(51).

Current evidence suggests that the ERKs can be dephos-
phorylated by at least PP2A, MKP-1, MKP-2, MKP-3, MKP-4,
and PAC1 (17, 23, 38, 40–42, 60, 66). PP2A is a cytoplasmic
phosphatase which can also act on the MEKs (23), whereas
MKP-1, MKP-2, MKP-4, and PAC1 are dual-specificity phos-
phatases which reside in the nucleus and show some specificity
for the ERKs. Of particular interest is MKP-3, a dual-speci-
ficity phosphatase that is located in the cytoplasm and is highly
selective for inactivation of the ERKs (17, 40, 42). It has also
recently been shown that MKP-3 is activated by direct binding
to ERK2 (11). Our result that MEK1 dephosphorylation oc-
curs normally in infected cells suggests that inhibition of PP2A
is probably not responsible for the observed effects. However,
at this point, we do not know which, if any, of the above-
mentioned dual-specificity phosphatases might be affected by
HCMV infection.

There is evidence that receptor-mediated signaling cascades
may be initiated by contact between the virus and the host cell.
For example, the interaction of human immunodeficiency virus
type 1 envelope glycoproteins with cell surface CD4 causes
signaling events resulting in the activation of the ERK pathway
(7, 31). To rule out virus-receptor interaction as the cause of
sustained ERK activity during HCMV infection, we infected
cells with UV-inactivated virus, which can bind to and enter
cells but will not express its genes. Since our results show that
treatment of cells with UV-inactivated virus does not result in
sustained ERK activity, we believe that receptor-mediated sig-
naling is not responsible for the sustained ERK activity in
HCMV-infected cells. Moreover, in most of our experiments
serum was removed 2 h after infection. Since we still observed
high levels of ERK activity up to 8 h postinfection in the
absence of stimuli, it is unlikely that the ERK activity at 8 h is
due to recent stimulation of receptors. The more likely expla-
nation is that previously activated ERK remains in its active
form throughout the first 8 h of the infection.

Role of the ERK pathway in HCMV gene expression. To
determine if the sustained ERK activity played a role in early
viral gene expression, we focused on the effect of active ERK

on the HCMV UL112-113 promoter. This promoter is pre-
dominantly regulated by a CREB site early in infection, al-
though IE86 is also required for promoter activity (2, 30, 50,
54, 55). We used the specific MEK inhibitor PD98059 to as-
certain viral promoter activity when the ERKs were inactive.
Our results show that as the concentration of PD98059 was
increased, UL112-113 promoter activity decreased. We ob-
served a decrease in the steady-state UL112-113 protein levels
at 8 h after infection with wild-type virus, as well as lower CAT
activity from the UL112-113 promoter during infection with
the HCMV recombinant v358-CAT. The latter result demon-
strates that the inhibition was at the transcriptional level. At
the concentrations used, PD98059 did not affect overall pro-
tein synthesis (data not shown). PD98059 also did not have a
major effect on the MIEP, suggesting that the drug is not a
general inhibitor of transcription and does not affect viral entry
or uncoating. Although the MIEP contains an SRF/Ets site,
the presence of several other transcription factor binding sites
within the promoter and enhancer may overcome the loss of
ERK-stimulated SRF/Ets activity. Further support for this pos-
sibility comes from a recent study which indicates that the
MIEP can function normally in the absence of the SRF/Ets
sites (10). Since the levels of ERK phosphorylation and
UL112-113 promoter activity both decrease with increasing
concentration of PD98059, there is a correlation between ERK
activity and transcriptional regulation of at least one viral pro-
moter.

At this point, it is not clear how the ERKs are involved in
regulating UL112-113 activity. Inhibition of ERK activity with
PD98059 could mean that CREB phosphorylation and activity
is reduced. We have shown that a CREB binding site is im-
portant for high levels of UL112-113 promoter activity early
during infection (50). However, Xing et al. have shown that
nearly complete inhibition of ERK activity with PD98059 re-
duces but does not eliminate CREB phosphorylation, impli-
cating other signaling pathways that are not affected by
PD98059 as contributing to CREB phosphorylation (73). This
most likely explains why UL112-113 activity is reduced rather
than eliminated in our experiments. Alternatively, our prelim-
inary experiments have demonstrated that ERK can phosphor-
ylate IE86 and IE72 in vitro (51), suggesting that ERK may
regulate the activity of these viral proteins during infection, in
turn affecting those promoters responsive to IE86 and IE72. In
this regard, we have also noted that PD98059 inhibits the
activity of the promoter for the 1.2-kb class of RNAs, which is
responsive to AP-1 as well as IE86 (51). After this report was
submitted for publication, Harel and Alwine (19) published
results demonstrating that ERK2 phosphorylates several do-
mains of IE86 in vitro. In addition, they showed that substitu-
tion of alanines for specific serines or threonines found in ERK
consensus sites within IE86 prevented ERK2-specific phos-
phorylation of those motifs in vitro and in vivo.

Although we have not yet investigated in depth the overall
effects of ERK inhibition on viral replication, we do note that
at 8 h postinfection in the presence of drug, some cytopathic
effects are evident and viral gene expression is occurring, albeit
at reduced levels. Thus, inhibition of ERK activity may delay
the infection only until sufficient levels of early gene products
are produced. Complete ERK inhibition was not achieved at
the concentrations of drug used in this study, as demonstrated
by the low levels of ERK phosphorylation at 8 h postinfection
in the presence of 75 mM PD98059. A more complete ERK
inhibition, preferably without the use of drugs, would be ben-
eficial in determining the role of the ERK pathway in HCMV
gene regulation.

Sustained ERK activity may also affect cellular gene expres-
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sion in the initial phases of HCMV infection. The mRNA
levels of the proto-oncogenes c-myc, c-jun, and c-fos as well as
the mRNA for the p105/p50 and p65 subunits of NF-kB are all
induced after HCMV infection (2, 29, 30, 50, 54, 55, 74). In
addition, c-fos promoter activity is regulated by the SRF/Elk-1
complex, which is activated by the ERK pathway (for a review,
see reference 64). Thus, keeping the ERKs active during in-
fection may lead to higher levels of cellular transcription fac-
tors such as AP-1, NF-kB, and Myc, resulting in enhanced
activation of both viral and cellular promoters.

Another aspect of HCMV biology that may be regulated by
the ERKs is reactivation from latency. In healthy HCMV car-
riers, monocytes have been identified as one site of persistence
of the HCMV genome (62). It has been reported that mono-
cytes of healthy seropositive individuals do not produce viral
RNAs and that in culture, the monocyte cell line THP-1 is
nonpermissive for viral infection (57, 63, 69). However, THP-1
cells become permissive for HCMV infection upon differenti-
ation by treatment with TPA (69). Furthermore, human ter-
atocarcinoma cells, which are normally nonpermissive for
HCMV infection, become permissive when differentiation is
induced by expression of oncogenic ras (56). Since, TPA and
oncogenic ras expression also activate the ERK pathway, these
data suggest that reactivation from latency in response to cel-
lular differentiation may be linked to activation of the ERK
pathway.

The results presented here indicate that the ERK pathway,
and possibly other signal transduction pathways, plays a role in
the regulation of viral gene expression and initiating a produc-
tive viral infection. It would be advantageous for the virus to
maintain activity of specific regulatory kinases, such as ERK1
and ERK2, to ensure that viral and cellular transcription fac-
tors involved in stimulating early viral genes remain in their
active form. In addition, signal transduction pathways may be
an important factor involved in reactivation of HCMV from
latency. Understanding how the ERK pathway is involved in
the initial stages of a productive viral infection, during either
primary infection or reactivation from latency, may prove to be
beneficial in preventing HCMV disease in immunocompro-
mised hosts.
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