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As a viral opportunistic pathogen associated with serious disease among the immunocompromised and
congenital defects in newborns, human cytomegalovirus (HCMV) must engage the translational machinery
within its host cell to synthesize the viral proteins required for its productive growth. However, unlike many
viruses, HCMYV does not suppress the translation of host polypeptides. Here, we examine how HCMYV regulates
the cellular cap recognition complex eIF4F, a critical component of the cellular translation initiation apparatus
that recruits the 40S ribosome to the 5’ end of the mRNA. This study establishes that the cap binding protein
elF4E, together with the translational repressor 4E-BP1, are both phosphorylated early in the productive viral
growth cycle and that the activity of the cellular eIF4E kinase, mnk, is critical for efficient viral replication.
Furthermore, HCMYV replication also induces an increase in the overall abundance of eIF4F components and
promotes assembly of eI[F4F complexes. Notably, increasing the abundance of select eIF4F core components
and associated factors alters the ratio of active eIF4F complexes in relation to the 4E-BP1 translational
repressor, illustrating a new strategy through which members of the herpesvirus family enhance eIF4F activity

during their replicative cycle.

Although innocuous in most healthy individuals, human cy-
tomegalovirus (HCMYV) is a widespread opportunistic patho-
gen responsible for severe disease among the immunocompro-
mised, including bone marrow and solid organ transplant
recipients and AIDS patients. In addition, congenital HCMV
infection is the leading viral cause of birth defects in newborns
(reviewed in references 22 and 24). Finally, it has been sug-
gested, although not proven that HCMYV infection might play
a role in the pathogenesis of vascular disease, notably athero-
sclerosis and restenosis (21, 40). A member of the betaherpes-
virus subfamily, HCMV establishes a latent infection charac-
terized by a restricted gene expression program in myeloid
progenitor cells for the duration of the host’s life (6, 12, 32, 33).
Periodically, in response to a variety of cues, the virus re-
emerges from this latent state and replicates productively, ex-
pressing many of its >200 genes and ultimately killing the host
cell. To achieve this end, HCMV must successfully engage the
host cells’ translational machinery.

Like all viruses, HCMV is completely dependent upon the
translational machinery in the host cell to synthesize the viral
proteins necessary for its productive growth. While it does not
completely suppress the synthesis of host polypeptides in in-
fected cells (34), it must have a mechanism to ensure that its
mRNAs, most of which are capped on their 5" ends, can com-
pete effectively with host mRNAs for translation initiation
factors and ribosomes. Recognition of the 5’ cap structure and
recruitment of the 40S ribosome to the mRNA requires the
activity of eIF4F, a critical translation initiation factor and a
prime target for regulating translation initiation (31).
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elF4F is a complex of cellular polypeptides (2) whose core is
composed of a cap binding protein (eIF4E), a large scaffolding
subunit (eIF4G), and an RNA helicase (eIF4A). Depending
upon their abundance, a family of small eIF4E binding pro-
teins (4E-BPs) can sequester eIF4E in a phosphorylation-
dependent manner (3). In their hypophosphorylated form, 4E-
BPs inhibit cap-dependent translation. Hyperphosphorylation
of the 4E-BPs by the mammalian target of rapamycin (mTOR)
kinase results in the release of eIF4E, allowing the cap binding
protein to associate with eI[F4G and assemble an active eIF4F
complex. In addition, the cap binding protein eIF4E is phos-
phorylated by the eIF4G associated kinase mnk (25, 30, 37).
While not essential for translation initiation, eIF4E phosphor-
ylation is thought to play a regulatory role, although the details
of how this is achieved and which mRNAs are most susceptible
are poorly understood (29). Finally, the cellular poly(A) bind-
ing protein (PABP), while itself not a core component of
elF4F, physically interacts with eIF4G in the eIF4F initiation
complex, bridging the 5" and 3’ ends of the mRNA and gen-
erating a circular topology which possibly serves as a check-
point to ensure the mRNA is both capped and polyadenylated
prior to translation initiation (7, 10, 38).

Recently, we established that a related human alphaherpes-
virus, herpes simplex virus type 1 (HSV-1) can activate the
translational machinery in resting, primary human cells
through the action of a viral gene product and that this is
critical for productive viral growth (36). Despite numerous
global similarities between the productive growth cycles of
alpha- and betaherpesviruses, considerable differences exist.
Notably, in addition to its significantly protracted life cycle
compared to HSV-1, host polypeptide synthesis is not sup-
pressed in HCMV-infected cells, whereas it is strongly inhib-
ited in HSV-1-infected cells (34; reviewed in reference 27).
Our understanding of how HCMYV interacts with the transla-
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tional machinery of the host and how this influences productive
viral growth, however, remains relatively underexplored. Here,
we examine how HCMV engages the cellular cap recognition
complex, eIF4F, and establish that eIF4E is phosphorylated
early in the productive viral growth cycle; moreover, the activ-
ity of the cellular eIF4E kinase mnk is critical for viral repli-
cation. The translational repressor 4E-BP1 is also phosphory-
lated in HCM V-infected cells and released from eIF4E. This is
followed by an increase in the overall abundance of elF4E,
elF4G, and PABP, along with enhanced assembly of elF4F
complexes. This is the first demonstration that viral infection
can induce the accumulation of eIF4F core and associated
components; furthermore, it illustrates how different members
of the herpesvirus family use discrete strategies to enhance
elF4F activity during their replicative cycle.

MATERIALS AND METHODS

Cells, viruses, antibodies, and chemicals. Primary normal human diploid fi-
broblasts (NHDFs; Clonetics, Walkersville, MD), were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 5% fetal bovine serum (FBS) and
growth arrested by being serum starved in 0.2% serum for 72 h as previously
described (36). Under these conditions, >98% of the cells were in the G, phase
of the cell cycle, as revealed by propidium iodide staining followed by flow
cytometry (36). The AD169 strain of HCMV was obtained from the American
Type Culture Collection and propagated according to standard protocols. Cell-
free virus was diluted from concentrated stocks such that a final serum concen-
tration of 0.2% was maintained at all times during infections. Mock lysates were
prepared in an identical manner from uninfected cells. Sucrose density gradient-
purified HCMYV strain AD169 was purchased from ABI, Inc. (Columbia, Mary-
land) and used where indicated. UV-inactivated virus was prepared as previously
described (36). Antibodies and chemicals were as described in reference 36 or
were purchased from the following vendors: anti-pp28 (ABI, Inc.), anti-IE1/2
(Mab810; Chemicon, Int.), anti-PABP (ABCAM), anti-pp65 (Virusys), anti-actin
(Oncogene, Inc.), and ganciclovir (GCV; Sigma).

Immunoblotting, isoelectric focusing, and analysis of eIF4E binding proteins
by batch chromatography on 7-methyl GTP-Sepharose. These procedures were
essentially performed as previously described (36) with the following minor
modifications. NLB buffer containing 50 mM HEPES (pH 7.5), 100 mM NaCl,
1.5 mM MgCl,, 2 mM EDTA, 2 mM Na,;VO,, 25 mM glycerophosphate, 0.25%
NP-40, and complete mini protease inhibitor cocktail (Roche) was used to lyse
cells prior to 7-methyl GTP-Sepharose chromatography. To quantify the signal
on immunoblots, chemiluminescent images were captured and analyzed with a
Bio-Rad Chemidoc XRS5 system.

Multicycle growth experiments. NHDF cells (8 X10° cells/dish) were seeded,
serum starved, and treated with either dimethyl sulfoxide (DMSO) or CGP5730
as previously described (36). At 7 days postinfection with HCMV (multiplicity of
infection [MOI] = 0.05), cell-free lysates were prepared by freeze-thawing, and
the amount of virus recovered was quantified by plaque assay on NHDF cells.

Analysis of protein synthesis in HCMV-infected cells. NHDFs were seeded in
35-mm dishes (3 X 10° cells/dish) in DMEM plus 10% FBS. After attaching
overnight, the cells were growth arrested by serum starvation for 72 h in DMEM
plus 0.2% FBS as described in reference 36. Cells were either mock infected or
infected with HCMV (AD169) at an MOI of 5 for 1 h at 37°C in DMEM plus
0.2% FBS. The cells were subsequently refed with DMEM plus 0.2% FBS. One
hour prior to the indicated time points, the infected cells were overlaid with
DMEM lacking methionine and cysteine but containing 50 to 70 wCi/ml 35S
Express (a commercial mixture of 3S-labeled methionine and cysteine from
Perkin-Elmer), and the incubation continued for 1 h at 37°C. A master stock of
labeling mixture was prepared in advance from which aliquots were removed for
each time point and stored frozen at —80°C until needed to ensure that the
specific activity of the mixture used for each time point would be identical. Total
cellular protein was solubilized in 1X Laemli sample buffer and boiled for 3 min,
and a portion was fractionated in a 12.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Following electrophoresis, the gel was fixed in
25% methanol-10% acetic acid, dried, and exposed to Kodak XAR film.
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RESULTS

Enhanced phosphorylation of eIF4E in HCMV-infected
cells. To determine the effect of HCMV infection on elF4E
phosphorylation, lysates from NHDFs growth arrested by se-
rum starvation were fractionated by isoelectric focusing and
analyzed by immunoblotting. An increase in the ratio of phos-
phorylated eIF4E, relative to the faster-migrating unphosphor-
ylated species, was evident as early as 1 h postinfection and was
maintained through day 7 (Fig. 1A and data not shown). Al-
though the cellular eIF4E kinase mnk was stimulated by signals
transmitted through p38 and extracellular signal-regulated ki-
nases 1 and 2 (ERK1/2) and p38 and ERK1/2 have been
reported to be activated in HCM V-infected cells, we felt it was
important to evaluate their activation state in our experimental
system, as their activation kinetics have not been directly com-
pared in a single study, nor have they been examined with
respect to eIF4E phosphorylation (8, 26). The increase in
elF4E phosphorylation correlated with sequential activation of
ERK1/2, peaking from 1 to 4 h postinfection, followed by
activation of p38 in a tighter peak from 4 to 8 h postinfection
(Fig. 1A). Although reduced from their maximum points, ac-
tivated ERK1/2 and p38 levels greater than those seen with
mock-infected cells were detectable in cells as late as 7 days
postinfection, while the total abundance of ERK1/2 with p38
remained relatively constant throughout the complete course
of the experiment (Fig. 1A). The pattern of cellular and viral
polypeptides synthesized during this 7-day period appears in
Fig. 1C. Consistent with prior reports (34), the overall pattern
of proteins produced was altered following HCMYV infection
but host protein synthesis was not completely impaired.

The role of the cellular kinases ERK1/2 and p38 in activating
the cellular eIF4E kinase mnk was established through the use
of pharmacological inhibitors specific for each kinase. While
the mnk inhibitor CGP57380 (11) effectively blocked eIF4E
phosphorylation, PD98059, which prevents ERK activation,
and the p38 inhibitor SB203580 were unable to completely
prevent eIF4E phosphorylation individually. They were, how-
ever, effective when combined, demonstrating that ERK1/2
and p38 both participate in activating mnk to phosphorylate
elF4E in HCMV-infected cells (Fig. 1B).

Accumulation of eIF4F core components and associated fac-
tors in quiescent cells infected with HCMYV. Significantly, the
overall amount of activated ERK1/2 and p38 kinase was re-
duced by 4 days postinfection. Lower levels of these activated
kinases could potentially account for the observed reduction in
the ratio of phosphorylated eIF4E to unphosphorylated eIF4E
observed from 72 to 120 h postinfection relative to the greater
ratios observed at earlier times. Alternatively, a change in the
overall abundance of elF4E in HCMV-infected cells might
also contribute to the ratio of phosphorylated to unphosphor-
ylated eIF4E. To determine if this change in the distribution of
phosphorylated eIF4E isoforms resulted solely from the ob-
served alterations to ERK and p38 or also involved changes in
the total amount of eIF4E present in HCM V-infected cells, the
overall steady-state levels of eIF4F core and associated factors
were evaluated by immunoblotting. Figure 2 clearly demon-
strates that the abundance of eIF4E began increasing some-
where between 24 and 48 h postinfection relative to actin, a
control antigen whose abundance is unaffected by HCMV in-
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FIG. 1. Activation of mnk by both ERK and p38 is required for eIFAE phosphorylation in HCMV-infected cells. Growth-arrested, serum-
starved NHDFs were mock infected (0-h time point) or infected with HCMV AD160 (MOI = 5), and total protein was harvested at the indicated
times postinfection. (A) To analyze eIF4E phosphorylation, lysates were fractionated by isoelectric focusing, transferred to a membrane support,
and immunoblotted with antisera directed against eIF4E. Chemiluminescent images were captured and analyzed with a Bio-Rad Chemidoc XRS5
system to quantify the percentage of phosphorylated eIF4E relative to the total amount of eIF4E present at each time point (% P-4E). To evaluate
the abundance and phosphorylation state of ERK1/2 and p38, lysates were fractionated by SDS-PAGE and analyzed by immunoblotting with
antisera specific for total ERK1/2, total p38, or their phosphorylated forms [(P) ERK or (P)p38]. The portion of the blot probed with an anti-actin
antibody served as a loading control. (B) To assess the impact of inhibiting ERK activation, p38, or mnk on eIF4E phosphorylation in
HCMV-infected cells, cultures were treated with either DMSO, PD98059, SB203580, or CGP57380, and eIF4E phosphorylation was analyzed as
described above. (C) At the indicated time points, cultures of mock (0-h) or HCMV-infected (MOI = 5) growth-arrested, serum-starved NHDFs
were radiolabeled with **S-labeled methionine and cysteine for 1 h. Total protein was isolated, fractionated by SDS-PAGE, and visualized by

autoradiography.

fection. Overall levels of eIF4E increased between four- to
fivefold by 96 h postinfection. Moreover, during this same time
frame, the levels of the translational repressor 4E-BP1 ap-
peared to decrease by a factor of twofold from 12 to 72 h
postinfection before recovering somewhat by 96 to 120 h
postinfection. Although small in magnitude, it is likely that this
reduction in 4E-BP1 abundance is significant, as it becomes
more pronounced at an MOI of 10, where a four- to sixfold
reduction in 4E-BP1 levels was observed. In addition, the pro-
teasome inhibitor MG132 prevented this decline of 4E-BP1
abundance (data not shown). Examination of other eIF4F core
components revealed that eIF4G levels increased by four- to
fivefold at 96 h postinfection, whereas eIF4A abundance only
increased by a factor of 2 to 2.5. Finally, levels of PABP, an
elF4G-associated protein that is thought to mediate an inter-
action between the 5" and 3’ ends of the mRNA during trans-
lation, also increased six- to eightfold. Thus, HCMV induces a

substantial increase in elF4E, eIF4G, and PABP late in the
productive growth cycle, increasing the abundance of these
components relative to the translational repressor 4E-BP1. In
contrast, continued incubation of mock-infected cells in re-
duced serum resulted in a substantial reduction in the overall
abundance of elF4E, elF4G, elF4A, and PABP relative to
actin, a control antigen whose abundance remained constant
(data not shown). This most likely reflects the continued pro-
gression of these growth-arrested, serum-starved cells into a
deeper quiescent state.

Phosphorylation of the translational repressor 4E-BP1 in
HCMV-infected cells is insensitive to rapamycin. Depending
on its abundance relative to the cap binding protein eIF4E, the
translational repressor 4E-BP1 can bind to eIF4E and regulate
its availability (3). However, only the hypophosphorylated
form of 4E-BP1 is able to bind and subsequently sequester
elF4E. To assess the level of phosphorylated 4E-BP1, lysates
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FIG. 2. Increased abundance of eIF4G, eIF4E, and PABP in HCMV-
infected cells. NHDFs that were growth arrested by serum starvation were
mock infected (0-h time point) or infected with HCMV AD169 (MOI =
5), and total protein was harvested at the indicated times postinfection.
Lysates were fractionated by SDS-PAGE and analyzed by immunoblot-
ting with the indicated antisera. The illustration at the top of the panel
depicts the eIF4F complex and associated factors bound to the mRNA.
Upon binding the 7-methyl guanine cap (7m) at the 5" end of the mRNA,
elF4E (4E) recruits eIF4G and elF4A to assemble the eIF4F complex.
The 40S ribosome is recruited through its association with eIF3. eIF4G
also interacts with the poly(A) binding protein (PABP) bound to the 3’
end of the mRNA and the eIF4E kinase mnk-1, which phosphorylates
elF4E (depicted as a “P”).

from HCM V-infected cells were resolved by SDS-PAGE with
17.5% gels and visualized by immunoblotting. Following infec-
tion of growth-arrested NHDFs with HCMV, two waves of
4E-BP1 modification were apparent over the first 96 h of in-
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FIG. 3. Phosphorylation of the 4E-BP1 translational repressor in
HCMV-infected cells is partially resistant to rapamycin. (A) Quiescent
NHDFs were mock infected (0-h time point) or infected with HCMV
AD169 (MOI = 5), and total protein was harvested at the indicated
times postinfection. Lysates were fractionated by SDS-PAGE and an-
alyzed by immunoblotting with antisera specific for 4E-BP1. (B) Rapa-
mycin, an mTOR inhibitor, was added 1 h prior to infection where
indicated. As a control to demonstrate that rapamycin effectively pre-
vents 4E-BP1 phosphorylation, quiescent cells were stimulated with
serum in the presence (+) and absence (—) of rapamycin prior to
harvesting.

fection, as shown by an altered distribution of immunoreactive
bands over time (Fig. 3A). The first of these waves occurred
between 3 and 4 h postinfection, during which time the hypo-
phosphorylated, faster-migrating forms of 4E-BP1 accumu-
lated. Slower-migrating, hyperphosphorylated forms of 4E-
BP1 began to increase at 7 h postinfection and were the
predominate form through 96 h. By 72 h, hypophosphorylated
forms were again observed, but were by no means as abundant
as the hyperphosphorylated forms. Importantly, in all cases,
4E-BP1 phosphorylation in HCMV-infected cells was only par-
tially sensitive to the mTOR inhibitor rapamycin, whereas the
induction of 4E-BP1 phosphorylation in response to serum
stimulation was completely sensitive to rapamycin (Fig. 3B).
Thus, it is possible that the properties of mTOR, the cellular
4E-BP1 kinase, are altered in HCMV-infected cells or that
4E-BP1 phosphorylation is achieved through a different path-
way.

Recruitment of eIF4G and PABP into eIF4F complexes is
enhanced in quiescent cells infected with HCMYV. As a single
surface on eIF4E is responsible for either engaging 4E-BP1
and establishing a repressive complex or binding to eIF4G and
assembling an eIF4F complex (5, 18, 19), the protein compo-
sition of eIF4E-containing complexes in HCMV-infected cells
was examined by batch chromatography on 7-methyl GTP-
Sepharose, followed by immunoblotting. In growth-arrested,
serum-starved cells harvested at the 0-h time point, the amount
of PABP and elF4G associated with eIF4E was barely detect-
able. A clear increase in levels of PABP, together with eIF4G
found associated with eIF4E, was observed by 24 h postinfec-
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FIG. 4. Assembly of eIF4F complexes and recruitment of PABP in
quiescent cells is enhanced following HCMV infection. (A) Serum-
starved, growth-arrested, primary human NHDF cells were either
mock infected (0-h time point) or infected with wild-type HCMV
ADI169 in the presence of DMSO or rapamycin. At the indicated
times, cell extracts were prepared, and proteins bound to 7-methyl
GTP-Sepharose 4B were fractionated by SDS-PAGE, immunoblotted,
and visualized with the indicated antibodies. (B) Assembly of eIF4G
into an elF4E-containing complex is not accompanied by PABP re-
cruitment in HSV-1-infected cells. NHDFs growth arrested by serum
starvation were either mock infected or infected with HSV-1 (MOI =
5). Cell extracts were prepared at 10 h postinfection, and proteins
bound to 7 methyl GTP-Sepharose 4B were fractionated by SDS-
PAGE and analyzed by immunoblotting with the indicated antisera.
Serum-stimulated cells were included as a control to demonstrate
recruitment of both eIF4G and PABP into an eIF4E-containing com-
plex.

tion, while the abundance of 4E-BP1 bound to elF4E was
markedly reduced (Fig. 4A). After the submission of the manu-
script, similar findings regarding the increase in eIF4G bound
to eIF4E, along with the elevated phosphorylation of 4E-BP1
within the first 24 h of HCMYV infection, were published (14).
Significantly, eIF4E levels remained constant over this initial
24-h period (Fig. 4A), suggesting that the release of 4E-BP1
from eIF4E was accompanied by the concomitant recruitment
of eIFAG and PABP into an eIF4E-containing complex. Fur-
thermore, the increase in abundance of eIF4G and PABP
associated with eIFE over the 96-h time course clearly ex-
ceeded any increase in eIFAE observed over the same period.
Importantly, levels of 4E-BP1 bound to eIF4E rose between 72
and 96 h postinfection (Fig. 4A), reflecting the reappearance of
hypophosphorylated forms of 4E-BP1 (Fig. 3A). Nevertheless,
the rise in levels of hypophosphorylated 4E-BP1 capable of

REGULATION OF elF4F IN HCMV-INFECTED CELLS 8061

binding to eIF4E was insufficient to preclude the incorporation
of eIF4G into the eIF4F complex. Inclusion of rapamycin in
the culture medium did not enhance binding of 4E-BP1 to
elF4E (Fig. 4A), consistent with the partial sensitivity of 4E-
BP1 phosphorylation to rapamycin in HCMV-infected cells
(Fig. 3B). Strikingly, while the release of 4E-BP1 from eIF4E
followed by the recruitment of eIF4G is also observed in qui-
escent cells infected with the related alphaherpesvirus HSV-1
(36), the overall abundance of PABP retained in an eIF4E-
containing complex only increased in HCMV-infected cells
(Fig. 4A and B).

Modification of eIF4F core and associated factors in
HCMV-infected cells requires viral gene expression and dis-
plays a differential sensitivity to GCV. The productive growth
cycle of betaherpesviruses such as HCMV is complex, and
much more protracted relative to related alphaherpesviruses
such as HSV-1 (22, 27). To determine the stage in the HCMV
life cycle during which ERK1/2 and p38 are activated, 4E-BP1
is phosphorylated, the abundance of core and associated eIF4F
components increase, and the assembly of eIFAF complexes
occurs, we monitored the status of these alterations in the
presence of GCV, an inhibitor of viral DNA replication that
arrests the viral life cycle prior to the late phase of the infec-
tious cycle (reviewed in reference 22). Figure SA demonstrates
that while ERK activation, p38 activation, and 4E-BP1 phos-
phorylation were unaffected by GCV and likely occurred early
in infection, the increase in the abundance of eIF4F core and
associated components was partially sensitive to GCV, suggest-
ing that this occurs later in the viral life cycle. Interestingly,
modification of eIF4E-containing complexes occurred at both
late and early times, as the recruitment of eIF4G and PABP
into eIF4F complexes was sensitive to GCV, while the ejection
of 4E-BP1 from the complex was resistant to GCV (Fig. 5B).
The latter alteration supports our earlier finding that 4E-BP1
phosphorylation is unaffected by GCV (Fig. 5A). pp28, an
HCMV-encoded late polypeptide whose accumulation de-
pends upon viral DNA synthesis (1), served as a control for the
efficacy of GCV treatment, whereas actin levels were unaf-
fected by the drug and served as a loading control (Fig. 5A).

To evaluate how early in the HCMYV life cycle eIF4E and
4E-BP1 were phosphorylated, infections were performed using
gradient-purified, UV-inactivated virus. In contrast to our find-
ings with nonirradiated virus, we were unable to detect eIF4E
phosphorylation in cells infected with UV-inactivated virus,
and 4E-BP1 phosphorylation was substantially impaired (Fig.
5C). While we also did not observe IE1 and IE2 expression
following infection of cells with UV-inactivated virus, we rou-
tinely detected the tegument protein pp65 in nuclei. These
controls established that the UV treatment effectively inhibited
viral gene expression and preserved the ability of the virus to
enter and deliver its tegument cargo into cells.

Efficient replication of HCMYV in quiescent cells requires the
activity of the cellular eIF4E kinase mnk. To evaluate the
impact of eIF4E phosphorylation on the productive growth
cycle of HCMYV, quiescent NHDFs were infected in the pres-
ence and absence of CGP57380, an inhibitor of the cellular
eIF4E kinase mnk (11). After 7 days, cell-free lysates were pre-
pared, and the amount of virus produced was quantified by
plaque assay. Figure 6A establishes that CGP57380 reduced
HCMYV replication by >200 fold. The accumulation of pp28, a
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FIG. 5. GCV partially prevents changes in the abundance of eIF4F
components and the composition of eIF4F complexes, but it has no
effect on 4E-BP1 phosphorylation or activation of ERK1/2 and p38.
(A) Quiescent NHDFs were mock infected (M) or infected with
HCMYV AD169 (MOI = 5) in the presence or absence of ganciclovir
(150 uM). Total protein was harvested at 72 h postinfection, fraction-
ated by SDS-PAGE, and analyzed by immunoblotting using the indi-
cated antisera. (B) As in panel A, except that detergent extracts were
prepared at 72 h postinfection, and proteins bound to 7-methyl GTP-
Sepharose 4B were fractionated by SDS-PAGE, immunoblotted, and
visualized with the indicated antibodies. (C) NHDFs were either mock
infected (M), infected with gradient purified, UV-inactivated HCMV
AD169 (MOI = 5) (UV), or infected with wild-type untreated virus
(WT). Total protein was isolated at 12 h postinfection, fractionated by
isoelectric focusing (for eIF4E) or SDS-PAGE, and analyzed by im-
munoblotting with the indicated antisera. At 2 h postinfection, cells
were fixed and stained with a monoclonal antibody against the pp65
tegument protein to demonstrate that the UV-treated virus was still
capable of entering cells.

late viral protein, was also exquisitely reduced by CGP57380 or
by a combination of SB203580 plus PD98059 (Fig. 6B). Indi-
vidually, the p38 inhibitor SB203580 had little effect on overall
pp28 levels, while preventing ERK activation with PD98059
achieved a modest reduction in pp28 abundance. The fluctua-
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FIG. 6. Inhibiting eIF4E phosphorylation significantly reduces
HCMYV replication and the accumulation of late viral proteins in qui-
escent cells infected at low input doses of virus. (A) Primary human
fibroblasts (NHDF cells) were growth arrested by serum starvation and
infected (MOI = 0.05) in the presence or absence of the mnk inhibitor
CGP57380. After 7 days, cell-free lysates were prepared by freeze-
thawing, and the titer in NHDF cells was determined. (B) Cells were
infected as described in the legend to panel A. After 7 days, total
protein was isolated, fractionated by SDS-PAGE, and analyzed by
immunoblotting using antisera directed against pp28 or actin.

tions of pp28 levels in cultures treated with either PD98059 or
SB203580 paralleled the changes in eIF4E phosphorylation
presented in Fig. 1, while the more drastic reduction in pp28
levels resulting from SB203580 plus PD98059 or CGP57380
treatment were consistent with our earlier demonstration that
both ERK1/2 and p38 activation led to eIF4E phosphorylation
in HCMV-infected cells. Together, this establishes that the
activity of the elF4E kinase mnk is required for efficient
HCMYV replication in quiescent NHDFs and the accumulation
of wild-type levels of late proteins exemplified by pp28.

DISCUSSION

To ensure that their mRNAs can successfully engage the
cellular translational machinery, many viruses impair the syn-
thesis of host proteins by inactivating the cellular translation
factor eIF4F (31). HCMV is particularly interesting in this
regard, as it does not significantly inhibit host protein synthesis
(34), and as we establish in this study, it activates (as opposed
to inhibits) eIF4F. In addition to promoting the assembly of
elF4F complexes, the overall abundance of core eIF4F com-
ponents and associated factors relative to the translational
repressor 4E-BP1 increases in HCMV-infected cells. While
other viruses decrease the abundance of cellular translation
factors (4, 15, 39), this represents the first report of a virus that
induces the accumulation of eIF4F components, perhaps im-
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proving the ability of HCMV mRNAs to compete with cellular
mRNAs for translation initiation factors. Indeed, increasing
the availability of a rate-limiting factor can have a larger im-
pact on the efficiency with which less effectively translated
mRNAs are translated, as opposed to mRNAs that are trans-
lated at normal levels (9, 13, 17, 20, 23). Finally, 4E-BP1 and
elF4E are phosphorylated in HCMV-infected cells. Signifi-
cantly, the activity of the cellular eIF4E kinase mnk is critical
for efficient viral replication in quiescent cells.

Like the related alphaherpesvirus HSV-1 (36), HCMV stim-
ulates mnk-1, resulting in eIF4E phosphorylation; moreover,
that mnk activation is required for efficient replication of both
alpha- and betaherpesviruses in resting cells illustrates its im-
portance, together with the phosphorylation of eIF4E, the only
mnk substrate identified to date in herpesvirus biology. Indeed,
both viruses establish life-long latent infections in different cell
types within their human host, characterized by a restricted
viral gene expression program (22, 27). Periodically, in re-
sponse to various stimuli, herpesviruses initiate an alternate
gene expression program that results in lytic viral replication,
the release of large amounts of progeny virus, and the destruc-
tion of the host cell. Perhaps their ability to phosphorylate
eIF4E and promote the assembly of eIF4F complexes plays a
crucial role in the ability of these viruses to engage the trans-
lational machinery of the host and reprogram it with viral
mRNASs upon commencing their productive growth cycle.

Although we have identified common themes by which al-
pha- and betaherpesviruses manipulate eIF4F core and asso-
ciated factors, HSV-1 and HCMV clearly use different strate-
gies to achieve these goals. In quiescent primary human cells,
HCMYV stimulates both ERK1/2 and p38 to activate mnk,
whereas HSV-1 relies exclusively on p38 (36). While the ratio
of eIF4F components to the 4E-BP1 translational repressor is
increased in cells infected with either HSV-1 or HCMYV, this is
achieved solely through proteasome-mediated degradation of
4E-BP1 in HSV-1-infected cells (36), while the abundance of
elF4F core and associated components increases markedly in
HCMV-infected cells. Likewise, eIF4G and PABP are re-
cruited into eIF4F complexes in HCMV-infected cells,
whereas only eIF4G is recruited into eIF4F complexes in cells
infected with HSV-1. It is likely that these variations reflect
fundamental differences in the life cycles of these two related
viruses or the distinct differentiated cell types that they nor-
mally colonize. For example, the finding that eIF4G, but not
PABP, is recruited into eIF4F complexes in HSV-1-infected
cells might be related to the inhibition of host protein synthesis
characteristic of HSV-1 lytic replication. The relative depen-
dence of HSV-1 mRNAs on PABP remains to be explored.
However, PABP is recruited into eIF4F complexes in HCMV-
infected cells, and host protein synthesis proceeds relatively
unimpaired. Finally, it is intriguing that both viruses promote
4E-BP1 phosphorylation, albeit by apparently different mech-
anisms. In HSV-1 infected cells, rapamycin prevents 4E-BP1
phosphorylation, implicating the involvement of the mTOR-
raptor complex (36). However, rapamycin does not inhibit
HSV-1 replication in quiescent fibroblasts, as the overall level
of 4E-BP1 in these cells is not sufficient to prevent eIF4E from
engaging elF4G and assembling eIF4F complexes. 4E-BP1
phosphorylation is resistant to rapamycin in HCMV-infected
cells; not surprisingly, the drug does not significantly impair
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HCMV replication (14; C. Perez and 1. Mohr, unpublished
observations). This could reflect the involvement of an alter-
native cellular mTOR complex, perhaps involving rictor (28)
or an HCMV-encoded component that is insensitive to rapa-
mycin.

While mnk activity appears critical for efficient replication of
alpha- and betaherpesviruses in resting cells, it is paradoxical
that it may in fact be dispensable for proper development.
Mice lacking functional mnk-1 and -2 genes develop normally,
as do Drosophila melanogaster flies containing mutant eIF4E
alleles that cannot be phosphorylated (16, 35). The flies, while
normal, are significantly smaller than animals with WT eIF4E
alleles, although no such defect has been identified in the mnk
knockout mice, cells from which do not contain detectable
levels of phosphorylated eIF4E. These studies clearly support
the notion that eIlF4E phosphorylation is not essential for
translation. However, they do not to address the potential
importance of eIF4E phosphorylation in controlling transla-
tion in response to various stimuli. Such a regulatory role is
consistent with our findings on the importance of mnk activity
for herpesvirus replication in quiescent cells.
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