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Irrespective of their effects on ongoing host protein synthesis, productive replication of the representative
alphaherpesvirus herpes simplex virus type 1, the representative gammaherpesvirus Kaposi’s sarcoma her-
pesvirus, and the representative betaherpesvirus human cytomegalovirus [HCMYV] stimulates the assembly of
the multisubunit, cap-binding translation factor eIF4F. However, only HCMYV replication is associated with an
increased abundance of eIF4F core components (eIF4E, eIF4G, eIF4A) and the elF4F-associated factor poly(A)
binding protein (PABP). Here, we demonstrate that the increase in translation factor concentration was readily
detected in an asynchronous population of HCMV-infected primary human fibroblasts, abolished by prior UV
inactivation of virus, and genetically dependent upon viral immediate-early genes. Strikingly, while increased
mRNA steady-state levels accompanied the rise in eIF4E and eIF4G protein levels, the overall abundance of
PABP mRNA, together with the half-life of the polypeptide it encodes, remained relatively unchanged by
HCMY infection. Instead, HCMV-induced PABP accumulation resulted from new protein synthesis and was
sensitive to the mMTORC1-selective inhibitor rapamycin, which interferes with phosphorylation of the mnTORC1
substrate p70 S6K and the translational repressor 4E-BP1. While virus-induced PABP accumulation did not
require p70 S6K, it was inhibited by the expression of a dominant-acting 4E-BP1 variant unable to be
inactivated by mTORCI. Finally, unlike the situation in alpha- or gammaherpesvirus-infected cells, where
PABP is redistributed to nuclei, PABP accumulated in the cytoplasm of HCMV-infected cells. Thus, cytoplas-
mic PABP accumulation is translationally controlled in HCMV-infected cells via a mechanism requiring

mTORC1-mediated inhibition of the cellular 4E-BP1 translational repressor.

Herpesvirus mRNAs contain methyl-7-GTP caps and 3’
polyadenylate tails like their host cell counterparts and are
primarily translated by a cap-dependent mechanism. Assembly
of the cap-binding protein eIF4E, eIF4G, and the RNA heli-
case elF4A into the active, cap-binding, multisubunit transla-
tion initiation factor eIF4F represents a key step regulating
translation (reviewed in reference 33). In addition to control-
ling small ribosome subunit recruitment to the mRNA 5’ end,
whereupon a scanning mechanism commences to locate the
initiator AUG codon, eIF4F assembly is responsive to a di-
verse assortment of cell stress and signaling inputs, including
viral infection (24). Typically, eIF4E is bound to the transla-
tional repressor 4E-BP1. Hyperphosphorylation of 4E-BP1 by
activated mTORCI relieves this repression, releasing eIF4E
and exposing the binding site for elF4G, a large assembly
platform bound to eIF4A. eIF4G also binds elF3, which di-
rectly associates with the 40S ribosome subunit. The cellular
poly(A) binding protein (PABP) and the eIF4E kinase Mnk
are elF4F-associated proteins that physically associate with
elF4G and act to stimulate translation. Bound to both the 3’
poly(A) tail and eIF4G, PABP mediates an interaction be-
tween the mRNA 3’ and 5’ ends (reviewed in reference 33). To
ensure that their mRNAs are effectively translated and the
proteins required for their productive replication are synthe-
sized, herpesviruses go to great lengths to successfully com-
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mandeer eIF4F. Despite the fundamental nature of this task,
notable similarities and differences have emerged in how
elF4F is regulated in cells infected with different herpesvirus
subfamily members, most notably, human cytomegalovirus
(HCMV).

Productive HCMYV replication, like the replicative growth of
the representative alphaherpesvirus herpes simplex virus type 1
(HSV-1) and the representative gammaherpesvirus Kaposi’s
sarcoma herpesvirus (KSHV), promotes the binding of eIF4E
to eIF4G and thereby stimulates eIF4F assembly (2, 14, 38,
40). In all cases, this involves inactivation of the 4E-BP1 trans-
lational repressor by virus-encoded functions that activate
mTOR signaling and promote 4E-BP1 hyperphosphorylation.
‘While each virus uses a distinct mechanism to activate mTOR,
differences in the sensitivity of 4E-BP1 hyperphosphorylation
to the mTORCI-selective inhibitor rapamycin have been ob-
served (14, 15, 25, 32, 38, 40). An additional step controlling
elFAF assembly has been defined in HSV-1-infected cells,
where a direct interaction between eIF4G and the virus-en-
coded protein ICP6 stimulates binding of eIF4G to eIF4E (39).
Finally, eIF4F assembly in representative alpha-, beta-, and
gammaherpesvirus-infected cells is accompanied by Mnk-medi-
ated elF4E phosphorylation. Moreover, interfering with eIF4E
phosphorylation inhibits productive replication of the represen-
tative herpesvirus family members examined (2, 38-40).

Irrespective of these similarities, significant differences re-
garding how eIF4F core and associated components are regu-
lated distinguish cells infected with HCMV from cells infected
with alpha- or gammaherpesviruses. Ultimately, these features
may have an impact upon how ongoing cellular mRNA trans-
lation is managed in herpesvirus-infected cells.
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In HSV-1- and KSHV-infected cells, host mRNA translation
is impaired and steady-state eIF4F subunit and PABP levels
remain unchanged (2, 38). However, PABP accumulates in the
nucleus and is excluded from eIF4F complexes (2, 5, 16, 29,
40). In contrast, host protein synthesis proceeds and overall
steady-state levels of certain translation initiation factors, in-
cluding eIF4E, eIF4G, elF4A, and PABP, rise dramatically in
growth-arrested, HCM V-infected cells (11, 34, 40). Here, we
explore the basis for this unprecedented elevation in host
elF4F concentration and establish that alteration of cellular
translation initiation factor homeostasis in HCMV-infected
cells requires viral gene expression. While augmented eIF4E
and elF4G protein levels were accompanied by elevated
mRNA abundance, increased PABP levels were regulated
translationally. This translation-driven increase in PABP was
rapamycin sensitive and independent of the mTORCI1 sub-
strate p70 S6K but was inhibited by the expression of a dom-
inant-acting 4E-BP1 allele that could not be phosphorylated by
mTORCI. Finally, PABP accumulated in the cytoplasm of
HCMV-infected cells and did not detectably accumulate in
nuclei, as reported for HSV-1- and KSHV-infected cells. To-
gether, these findings demonstrate that HCMV increases host
PABP cytoplasmic levels via a mechanism requiring inactiva-
tion of the cellular translational repressor 4E-BP1.

MATERIALS AND METHODS

Cell culture, viruses, and chemicals. Primary normal human dermal fibroblasts
(NHDFs; Clonetics, Walkersville, MD) were propagated in 5% CO, incubators
with Dulbecco’s modified Eagle’s medium (DMEM) plus 5% fetal bovine serum
(FBS) or serum deprived as described previously (38). Retroviruses expressing
wild-type (WT) and AA mutant (a double-mutant derivative with alanine sub-
stituted for each of the critical T37 and T46 phosphoacceptor residues) FLAG-
hemagglutinin (HA)-4E-BP1 were produced using a pBABE retroviral vector
(gifts from Robert Schneider; see reference 3) and used to infect early-passage
NHDFs. HCMV strain AD169 and the murine cytomegalovirus (MCMV) Smith
strain were obtained from ATCC. HCMYV was propagated or UV inactivated as
previously described (40). S6K1(—/—)/S6K2 (—/—) doubly deficient primary
mouse embryo fibroblasts (MEFs) and WT parental MEFs (28) were provided by
S. Kozma and G. Thomas (University of Cincinnati). Antibodies and chemical
inhibitors were described previously (37, 38, 40), except for anti-MCMV IE1
mouse monoclonal CROMA 101 (gift of S. Jonic, University of Rijeka) and the
eEF2 (no. 2332), S6 (no. 2217), and S6K1/2 (no. 9430) antibodies from Cell
Signaling Technology (Beverly, MA).

Metabolic labeling and protein half-life determinations. NHDFs were seeded
into 12-well plates in DMEM plus 5% FBS, infected at a high multiplicity of
infection (MOI) with HCMV, metabolically labeled, and analyzed for total
protein synthesis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously (40). For pulse-chase experiments, NHDFs
were infected with HCMV (MOI = 5), incubated for 48 h, pulse-labeled for 2 h
in methionine- and cysteine-deficient DMEM supplemented with 70 pCi/ml
[**S]methionine-cysteine (Express; Perkin-Elmer), washed with phosphate-buff-
ered saline (PBS), and chased with fresh complete DMEM for the indicated
times. Cells were washed with PBS and harvested in 250 pl of cold NP-40 lysis
buffer (NLB), and extracts were prepared as described previously (40). After
preadsorbing extracts with normal rabbit serum and protein A-Sepharose (PAS),
2 pl anti-PABP antibody was added to the precleared supernatants and the
samples were incubated for 1 h at 4°C. PAS (0.1 ml, 10% slurry in NLB) was
added, and the incubation was continued for an additional 1 h with rocking.
Beads were collected by centrifugation and washed three times with 0.4 ml of
NLB. Radiolabeled proteins were separated by SDS-PAGE, visualized by auto-
radiography, and quantified by densitometry.

RNA interference (RNAi). To interfere with IE2-86 or UL38 expression, small
interfering RNA (siRNA) transfections were performed as previously reported
(41) and cultures were subsequently infected with HCMV (MOI = 5). IE2 (sense
target, 5'-AAACGCAUCUCCGAGUUGGAC-3’; efficacy demonstrated in ref-
erence 41), and control, nonsilencing siRNAs were composed of synthetic 21-
nucleotide complementary RNAs with 2-nucleotide overhangs (Dharmacon).
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Immunofluorescence microscopy. NHDFs seeded onto 22-mm coverslips were
allowed to grow for 24 h, subsequently serum starved for 72 h in 0.2% FBS
DMEM, and then infected with HCMV (MOI = 5). At specified times, cells were
washed once with PBS, fixed with 3.7% formaldehyde-PBS at room temperature
for 20 min, and permeabilized with 0.1% Triton X-100-PBS for 20 min, and
nonspecific binding was blocked with PBS plus FBS plus saponin at 37°C for 30
min. Cells were incubated with the diluted primary antibody (PABP at 1:600 or
pp28 at 1:600) for 60 min at 37°C, washed with PBS (three times, 5 min), and next
incubated with the secondary antibody (fluorescein isothiocyanate-conjugated
anti-mouse [Vector Laboratories] or anti-rabbit Alexa Fluor 633 [Molecular
Probes] antibody) for 60 min at 37°C. After washing with PBS (three times, 5
min), fluorescence images were collected with a Zeiss LSM510 Meta confocal
laser scanning microscope.

Real-time PCR. Total RNA was isolated using Tri-reagent (MRC, Inc.). RNA
quality and quantity were determined by agarose gel electrophoresis and Nano-
Drop spectrophotometry. Following reverse transcription (RT) to obtain first-
strand cDNA using specific primers for eIF4GI, eIF4E, PABP1, and B-actin,
cDNAs were amplified by real-time PCR. All real-time PCR quantification was
performed using the Bio-Rad iCycler iQ system, and double-stranded DNA was
measured by fluorescence assay using SYBR green I fluorogenic dye (Sigma). A
fluorescence cycle threshold (C;) value was calculated for each sample and
normalized against the C; value obtained for B-actin. The relative expression
ratio [ratio = 27 (ACT sample = ACT controh] waq ysed to determine the n-fold
induction for each mRNA.

RESULTS

HCMV-triggered increase in host translation initiation fac-
tor concentration requires viral gene expression. Increased
abundance of cellular translation initiation factors eIF4E,
elF4G, elF4A, and PABP was initially observed upon HCMV
infection of growth-arrested primary human cells, raising the
possibility that this resulted from simply infecting quiescent
cells (40). To discern if increased translation initiation factor
levels were a coincidental effect of CMV generally upregulat-
ing S-phase proliferation and housekeeping genes, an asyn-
chronous population of subconfluent, actively dividing NHDFs
was mock infected or infected with HCMV. Total protein
isolated at different times postinfection was analyzed by im-
munoblotting using antibodies specific for eIF4E, elF4G,
elF4A, or PABP (Fig. 1A). Significantly, steady-state PABP,
eIF4E, elF4A, and eIF4G levels all increased in HCMV-in-
fected, asynchronously growing, subconfluent cells continu-
ously maintained in full serum (Fig. 1A). Thus, exit of growth-
arrested primary cells from quiescence upon HCMV infection
was therefore unlikely to account for increased translation
factor abundance. Instead, the possibility that viral gene ex-
pression specifically induced the accumulation of certain trans-
lation initiation factors was considered.

Besides introducing the viral genome into the nucleus, her-
pesviruses deliver a complex polypeptide mixture into the host
cytoplasm that acts prior to viral gene expression (23). While
UV inactivation precludes expression from incoming viral ge-
nomes, it does not prevent virus entry and virion protein dep-
osition into the cytoplasm. To determine if increased transla-
tion factor abundance requires viral gene expression, NHDFs
were mock infected, infected with active HCMV, or infected
with UV-inactivated HCMV. Total protein was harvested at
various times postinfection, and overall viral (IE1, IE2, pp28)
and cellular antigen levels were evaluated by immunoblotting
(Fig. 1B). The increase in PABP, eIF4E, and eIF4G levels
easily seen by 48 h postinfection (hpi) with active virus was
substantially impaired, even after 72 hpi with UV-inactivated
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FIG. 1. Elevation of the translation initiation factor concentration
in HCMV-infected cells requires viral gene expression. (A) Asynchro-
nous, subconfluent NHDFs were mock infected (0 h.p.i.) or infected
with HCMV. At the indicated times postinfection, total protein was
isolated, fractionated by SDS-PAGE, and analyzed by immunoblotting
with the indicated antisera. (B) UV inactivation of HCMV abrogates
the increase in translation initiation factor levels. NHDFs were either
mock infected (M) or infected (MOI = 5) with WT or UV-inactivated
(UV) HCMV. At the indicated times postinfection, total protein was
analyzed by immunoblotting as described for panel A.

virus. This supports the notion that viral gene expression was
required to increase the host translation factor concentration.

To rule out nonspecific effects of UV inactivation, viral gene
expression was interrupted by an independent means using
RNAI (41). IE2 was targeted, as it is essential for viral repli-
cation and IE2-deficient viruses do not express early or late
genes (36). Encoded by the HCMV major immediate-early
(IE) gene region, IE2 is one of two master regulators (IE1,
IE2) whose synthesis begins at IE times and continues
throughout infection (reviewed in reference 23). After trans-
fection of nonsilencing control siRNA or IE2 siRNA, cells
were infected with HCMYV, total protein was harvested at the
indicated times, and the abundance of certain antigens was
measured by immunoblotting. In control siRNA-transfected
cells, eIF4E, elF4A, elF4G, and PABP levels all increased
over time (Fig. 2A). Similarly, IE2 accumulated and viral gene
expression progressed into the late phase, as evidenced by
accumulation of the late protein pp28 (Fig. 2A). IE2 siRNA,
however, precluded IE2 protein accumulation and blocked
progression of the viral life cycle into the late phase, as evi-
denced by the inability to detect pp28 at 48 hpi. Significantly,
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FIG. 2. HCMV-mediated translation factor accumulation is depen-
dent upon viral IE gene expression. (A) Inhibition of translation factor
accumulation by RNAi-mediated IE2 silencing. NHDFs transiently
transfected with control noninterfering siRNA (C), IE2 siRNA (IE2),
or no siRNA (—) were either mock infected (M) or infected with
HCMYV (MOI = 5). Total protein was harvested at the indicated times
postinfection and analyzed by immunoblotting with the indicated an-
tisera. (B) Quiescent NHDFs were either mock infected (M) or in-
fected with WT HCMV (Towne strain) or an IEl-deficient mutant
(AIE1L). Total protein was harvested at 60 hpi and analyzed by immu-
noblotting as described for panel A.

interfering with IE2 expression prevented eIF4E, elF4A,
elF4G, and PABP accumulation (Fig. 2A).

Additional genetic evidence supporting a role for viral gene
expression triggering increased host translation factor abun-
dance was obtained using a well-characterized IE1-deficient
virus (8). While IE1 is not essential for productive replication,
IE1-deficient viruses are replication impaired at lower MOls,
where it acts together with IE2 to stimulate viral gene expres-
sion. Indeed, eIF4E and PABP abundance in NHDFs infected
with an IE1-deficient virus remained comparable to levels in
mock-infected cells (Fig. 2B). This establishes that the ob-
served increase in the host translation initiation factor concen-
tration in HCMV-infected cells is IE1 dependent and there-
fore under the genetic control of the virus, as it requires viral
gene expression. Furthermore, since the IE1 mutant is in a
Towne strain background, it also demonstrates that the
HCMYV-mediated increase in translation factor abundance oc-
curs in different viral strains and was not limited to the com-
monly used AD169 laboratory strain. Thus, by multiple inde-
pendent criteria, HCMV gene expression was required to
increase host translation initiation factor levels in infected
cells, whereas virion protein deposition, which occurs normally
in cells infected with AIE1- or siRNA-treated cultures, was
insufficient. Finally, IE1 and IE2 individually were insufficient
to trigger translation initiation factor accumulation, as IE1
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FIG. 3. Translational control of PABP levels in HCMV-infected cells. (A) Analysis of eIF4E, eIF4G, and PABP mRNA abundance in
HCMV-infected cells. Serum-starved NHDFs were mock infected (0 h) or infected with HCMV (MOI = 5). At 0 hpi (black bars), 70 hpi (white
bars), and 96 hpi (gray bars), total protein (left) was fractionated by SDS-PAGE and analyzed by immunoblotting with the indicated antisera.
Chemiluminescence images were captured and quantified with a Bio-Rad ChemiDoc XRS5 system. Total RNA (right) was isolated, and eIF4G1,
elF4E, and PABP mRNA levels were determined by real-time RT-PCR (normalized to actin). (B) Stimulation of new PABP synthesis in
HCM V-infected cells. NHDFs were infected as described for panel A. At 24 hpi, cultures were pulse-labeled for 2 h with [*>S]Met-Cys, and PABP
was immunoprecipitated. Immune complexes were fractionated by SDS-PAGE and visualized by autoradiography. (C) PABP stability is similar in
both mock- and HCMV-infected cells. NHDFs infected as described for panel A were pulse-labeled at 50 hpi as described for panel B and then
returned to unlabeled medium for the indicated chase times. Total protein was subsequently isolated, and PABP was immunoprecipitated and
analyzed as described for panel B. The mobility of molecular mass standards (in kilodaltons) is shown to the left. The percentage of [*>S|PABP
remaining over time was quantified by densitometry. In each case (mock versus HCMV infection), the amount of radiolabeled PABP after the

pulse (0 h chase) was set at 100%.

levels in IE2-silenced cultures and IE2 levels in AIE1-infected
cells were near WT levels (Fig. 2A and B).

Transcriptional and posttranscriptional mechanisms ac-
count for the HCMV-induced increase in eIF4F core and as-
sociated proteins. To determine if elevated mRNA abundance
contributes to increased translation factor levels, total RNA
was isolated from mock-infected or HCMV-infected NHDFs
and the overall amount of ¢IF4E, eIlF4G, or PABP mRNA
relative to that of a control (actin) mRNA was evaluated by
real-time PCR. Increased total eIF4E and eIF4G protein levels
were both accompanied by 4- to 7-fold increases in steady-state
mRNA levels (Fig. 3A). Remarkably, while PABP polypeptide
levels increased 7-fold by 96 hpi, PABP mRNA abundance did
not significantly change under conditions where 2-fold differ-
ences were readily detected (Fig. 3A). This suggested that
increased PABP levels in HCM V-infected cells did not require
mRNA abundance changes but instead involved altering either
protein stability or mRNA translation.

To examine if increased PABP abundance was accompanied
by new PABP synthesis, mock-infected and HCMV-infected
cultures were metabolically labeled with **S-labeled amino
acids and PABP was immunoprecipitated from cell-free lysates
and analyzed by SDS-PAGE. Indeed, HCMYV infection stim-
ulated new PABP synthesis, as evidenced by **S-labeled amino
acid incorporation (Fig. 3B). To determine if PABP stability
was affected, pulse-labeled cultures were chased by the addi-

tion of excess unlabeled amino acids and the incubation was
continued for 39 h. PABP half-life was approximately analo-
gous, irrespective of HCMYV infection (Fig. 3C). The minor
stabilization of PABP after the 39-h chase was marginal com-
pared to the observed increase in overall abundance. Together,
these data suggest that new PABP synthesis in CMV-infected
cells is controlled posttranscriptionally and is primarily respon-
sible for the increasing PABP abundance observed.
Stimulation of PABP mRNA translation in HCMV-infected
cells is rapamycin sensitive and requires site-specific 4E-BP1
phosphorylation. mTOR is a critical cellular component that
integrates a wide variety of physiological inputs, including nu-
trient availability and stress, to properly regulate translation
initiation. The catalytic mTOR subunit is a component of at
least two discrete kinase complexes, mM”TORC1 and mTORC2
(43). Substrates of both complexes have the potential to influ-
ence protein synthesis, as mMTORC2 phosphorylates Akt while
mTORC1 targets p70 S6K and 4E-BP1. To determine if
mTORCI signaling contributes to the HCMV-induced PABP
increase, the ability of the mTORC1-selective inhibitor rapa-
mycin to interfere with this process was examined. At various
times, proteins synthesized in HCMV-infected NHDFs were
metabolically labeled with **S-labeled amino acids with or
without rapamycin. Cell extracts were prepared, and PABP
immunoprecipitates were analyzed by SDS-PAGE followed by
autoradiography (Fig. 4A). As a control, PABP was immuno-
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FIG. 4. Rapamycin sensitivity of HCMV-induced PABP mRNA
translation and p70RSK activation. (A, top) Growth-arrested NHDFs
were either serum stimulated (+ serum) or infected with HCMV
(MOI = 5). At 26 or 46 hpi, HCMV-infected cells were treated with
either DMSO or rapamycin (rapa) for 30 min and subsequently pulse-
labeled with [**S]Met-Cys with (+) or without (—) rapa for 1.5 h.
Uninfected cells (with or without rapa) were similarly metabolically
labeled following stimulation with 20% FBS for 20 min. Total protein
(top) and PABP immunoprecipitates (bottom) were fractionated by
SDS-PAGE and visualized by autoradiography. The migration of mo-
lecular mass standards (in kilodaltons) is shown on the left. (B, C)
Lysates from panel A were fractionated by SDS-PAGE and analyzed
by immunoblotting using the indicated antibodies. The hyper- and
hypophosphorylated 4E-BP1 forms are designated. p-p70, phosphory-
lated p70 S6K.

Lo

precipitated from parallel cultures of serum-stimulated
NHDFs. Whereas both serum and HCMYV infection stimulated
global *S incorporation into protein, rapamycin was more
effective in reducing bulk protein synthesis in uninfected, se-
rum-stimulated cells (Fig. 4A). This correlated with the effec-
tiveness of rapamycin in preventing hyperphosphorylation and
inactivation of the translational repressor 4E-BP1. Consistent

J. VIROL.

with other reports, 4E-BP1 phosphorylation was only partially
rapamycin sensitive in HCMV-infected cells (Fig. 4B), impli-
cating other mMTORC complexes in the phosphorylation of
4E-BP1 (14, 15, 40). Rapamycin also prevented p70 S6 kinase
activation (S6K) and, most significantly, inhibited new PABP
synthesis in response to both serum and HCMV infection (Fig.
4A and C). Thus, HCMV-induced PABP synthesis and S6K
activation were similarly sensitive to the mTORCI inhibitor
rapamycin.

Since S6K activation and new PABP synthesis in HCMV-
infected cells were both rapamycin sensitive, the requirement
for ribosomal protein S6 kinases was evaluated by infecting
murine cells deficient in the two S6 kinases (S6K1, S6K2) with
MCMYV. Growth-arrested parental (WT) or S6K1/S6K2 dou-
bly deficient (DKO) cells were mock infected, exposed to se-
rum for 20 min, or infected with MCMYV. Cell extracts were
prepared from metabolically labeled cells, and PABP immu-
noprecipitates were analyzed by SDS-PAGE followed by au-
toradiography. Serum stimulation and MCMYV infection in-
duced new PABP synthesis to similar extents, irrespective of
the DKO deficiency (Fig. 5A). As expected, neither p70
S6K1/2 nor phospo-S6 accumulation was detected in DKO
cells, and viral IE1 protein accumulation proved the DKO cells
were indeed infected (Fig. 5B). Finally, serum- or MCMV-
induced new PABP synthesis remained rapamycin sensitive in
DKO cells (Fig. 5C). In addition, whereas 4E-BP1 phosphory-
lation in serum-stimulated cells was rapamycin sensitive, it was
partially rapamycin sensitive in MCMV-infected cells (Fig.
5D), similar to findings in HCM V-infected cells (14, 40). Thus,
the rapamycin-sensitive target controlling new PABP synthesis
did not require the mTORCI substrate p70 S6K1/2.

Given that the HCMV-mediated PABP increase did not
require S6K but was rapamycin sensitive, a role for the
mTORCT1 substrate 4E-BP1 was considered. To determine if
phosphorylation of the 4E-BP1 translational repressor contrib-
uted to increasing PABP levels in HCMV-infected cells,
NHDFs were isolated that stably expressed epitope-tagged WT
4E-BP1 or a double-mutant derivative with alanine substituted
for each of the critical T37 and T46 phosphoacceptor residues
(AA mutant). Unable to be inactivated by mTORC]1, the AA
mutant behaves as a constitutively activated translational re-
pressor (6). Total protein was isolated from WT or AA mutant
4E-BP1-expressing NHDFs which were either mock infected
or HCMYV infected, and 4E-BP1 phosphorylation and PABP
accumulation were analyzed by immunoblotting. Using anti-
4E-BP1 antibody, both endogenous and ectopically expressed
4E-BP1 species were readily detected but the ectopically ex-
pressed protein was more abundant. While hyperphosphory-
lated endogenous 4E-BP1 accumulated in all WT and AA
mutant 4E-BP1-expressing cultures (Fig. 6, endogenous panel;
compare lanes 1 and 2 with 3 and 4), only epitope-tagged WT
4E-BP1 was hyperphosphorylated upon infection (Fig. 6, FH-
4E-BP1 panel; compare lane 1 with lane 3 and lane 2 with lane
4). Despite substantial overexpression of WT 4E-BP1, PABP
accumulation increased upon HCMYV infection (Fig. 6). How-
ever, significantly lower levels of AA-4E-BP1 suppressed
PABP accumulation in infected cells (Fig. 6). This demon-
strates that the HCMV-induced rise in PABP levels requires
phosphorylation and inactivation of the host translational re-
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FIG. 5. Induction of PABP mRNA translation by MCMYV is preserved in p70 S6K-deficient cells. (A) Growth-arrested WT or p70 S6K1/K2
doubly deficient primary MEFs (DKO) were mock infected (—), infected (+) with MCMV (MOI = 5), or serum stimulated. At 24 hpi, cultures
were metabolically labeled with [**S]Met-Cys for 2 h. Cell-free lysates (top) and PABP immunoprecipitates (bottom) were fractionated by
SDS-PAGE and analyzed by autoradiography. The mobility of molecular weight standards (in kilodaltons) is shown on the left. (B) Total protein
isolated from MEFs infected as described for panel A was fractionated by SDS-PAGE and analyzed by immunoblotting with the indicated
antibodies. S6-P, phospho-specific S6. (C) At 22 hpi, MEFs (infected as described for panel A) were pulse-labeled with [**S]Met-Cys for 2 h with
or without rapamycin. Cell-free lysates (top) and PABP immunoprecipitates (bottom) were analyzed as described for panel A. FBS, fetal bovine
serum. (D) Samples described in panel C were analyzed by immunoblotting with the indicated antisera. The hyper- and hypophosphorylated forms

of 4E-BP1 are indicated.

pressor 4E-BP1. Moreover, it implies that 4E-BP1 is the target
that mediates the effects of mMTORC1 on PABP synthesis.
PABP accumulates in the cytoplasm of HCMYV-infected
cells. The remarkable overall increase in steady-state PABP
levels raises questions about its subcellular distribution, as
PABP is an RNA-binding protein capable of shuttling between
the nucleus and the cytoplasm (1). To determine how PABP
subcellular distribution responds to HCMV infection, NHDFs
were infected at a high MOI and processed for indirect immu-
nofluorescence assay using anti-PABP antibody at different
times postinfection. In uninfected cells (0 h), PABP exhibited
the expected distribution of a shuttling RNA-binding protein
and was readily detected throughout the cell in both the nu-
cleus and the cytoplasm (Fig. 7). Over time, the overall inten-

sity of PABP staining in the cytoplasm paralleled the overall
accumulation observed by immunoblotting. While increased
staining was observed throughout the cytoplasm, between 12
and 21 hpi, the protein accumulated the most in perinuclear
areas (Fig. 7). By 68 hpi, the cytoplasmic distribution ap-
peared more uniform. It is noteworthy that while the overall
intensity of cytoplasmic staining increased, detectable levels
within nuclei remained relatively constant (Fig. 7). This is
particularly striking as PABP is redistributed and accumu-
lates in nuclei of HSV-1- and KSHV-infected cells (2, 5, 16,
29). Thus, compared to alpha- and gammaherpesvirus-in-
fected cells, PABP homeostasis is remarkably different in
HCMV-infected cells, where its overall abundance in the
cytoplasm increases.
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FIG. 6. Regulation of PABP accumulation by 4E-BP1 phosphory-
lation in HCMV-infected cells. NHDFs stably expressing epitope-
tagged (FH) WT or AA mutant 4E-BP1 were growth arrested by
serum deprivation and either mock infected (0 h) or infected with
HCMYV (MOI = 5). After 48 h, total protein was isolated, fractionated
by SDS-PAGE, and analyzed by immunoblotting with anti-4E-BP1
antibody which recognizes both endogenous and ectopically expressed
(FH-4E-BP1) forms. Long and short exposures of the ectopically ex-
pressed 4E-BP1 protein are shown.

DISCUSSION

Unlike cells infected with alpha- or gammaherpesviruses,
where host protein synthesis is impaired in part due to accel-
erated global mRNA turnover (7, 26), host protein synthesis
proceeds uninterrupted in cells infected with the betaherpes-
virus HCMV (35). Curiously, overall steady-state levels of crit-
ical, limiting translation initiation factors eIF4E, eIF4G, and
PABP increase in HCMV-infected cells (40). Here, we estab-
lish that the increase in certain translation initiation factor
levels was not dependent upon prior growth arrest of the cells
and that viral gene expression was required. Furthermore, al-
though eIF4E and eIF4AG mRNA abundance was considerably
elevated in infected cells, PABP mRNA levels and protein
stability remained similar. The virus-induced PABP increase
was achieved by a translational control mechanism that was
rapamycin sensitive, independent of p70 S6K, and inhibited by
the expression of a 4E-BP1 derivative incapable of being phos-
phorylated by mTORCI. Finally, PABP accumulated in the
cytoplasm of infected cells, unlike the nuclear retention de-
scribed in HSV- and KSHV-infected cells. Thus, HCMV ma-
nipulates PABP homeostasis in a manner distinct from that of
other herpesvirus subfamily members, as it increases host
PABP cytoplasmic levels via a mechanism requiring inactiva-
tion of the cellular translational repressor 4E-BP1.

Among herpesviruses, cytomegalovirus has a distinct impact
on host translational regulatory circuits, as it does not impair
host protein synthesis during its acute-phase replication cycle
(35). Increasing steady-state eIF4E, eIF4G, and PABP levels
likely contribute to HCMV replication by allowing viral
mRNA translation to proceed concurrently with ongoing cel-
lular mRNA translation. Indeed, raising the initiation factor
concentration is thought to enable discrete classes of mRNAs
to better compete for limiting initiation factors (12, 13, 18-20,
22). Perhaps a similar strategy is operative in HCMV-infected

J. VIROL.
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FIG. 7. Cytoplasmic accumulation of PABP in HCMV-infected
cells. NHDFs were either mock infected (0 h) or infected with HCMV
(MOI = 5). At the indicated times postinfection (12 h, 21 h, 68 h), cells
were fixed and processed for indirect immunofluorescence assay using
anti-PABP.

cells to provide viral mRNAs better access to limiting host
initiation factors.

Earlier microarray studies found increased eIF4E (4-fold)
and eIF4A (36-fold) mRNA abundance by 24 hpi, but changes
in e[F4G mRNA levels were not reported (44). Even though
increased eIF4E and eI[F4G mRNA abundance accompanied
the virus-induced rise in protein levels, a role for translational
control in regulating their protein levels cannot be completely
discounted. Nevertheless, mechanisms dependent upon the vi-
ral IE1/2 transactivators are probably responsible for increas-
ing elF4E and eIF4G mRNAs. Although never validated, a
5-fold decrease in PABP mRNA at 24 hpi was also reported
using microarrays (44). Our study clearly shows that HCMV
infection increased PABP levels without detectably altering
PABP mRNA abundance by using real-time PCR. Thus, trans-
lational control appears to be responsible for increasing the
PABP concentration, as the protein’s half-lives remains similar
in infected and uninfected cells.

An HCMV-encoded component(s) is likely required to trig-
ger the process that results in increased eIF4F core and asso-
ciated components, followed by eIF4F assembly, as viral gene
expression is required. Taken together, our experiments sug-
gest that one or more viral genes responsive to the master
regulatory gene products IE1/2 are potentially involved. Given
that IE2 accumulates in cells infected with an IE1-deficient
mutant and that IE1 is not essential for replication at high
MOIs (8), IE1/2 are unlikely to be directly involved. Instead,
downstream viral and/or cellular effectors responsive to IE1/2
are likely to cause the rise in translation factor levels. Indeed,
in HSV-1-infected cells, multiple viral gene products act to
regulate eIF4F assembly. While eIF4F assembly is dependent
upon the HSV-1 ICPO IE master regulatory protein, it is not
absolutely required at high MOIs, similar to IE1 in HCMV-
infected cells (38). In particular, the HSV-1 ICP6 gene, which
is responsive to ICP0, encodes a protein product that directly
associates with eIF4G, promotes binding to eIF4E, and facil-
itates active eIF4F complex assembly (39). Significantly, the
overall levels of eIF4F core and associated components remain
constant in HSV-1-infected cells (38). Our efforts to detect
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specific HCMV-encoded elF4G-associated proteins have been
unsuccessful to date (unpublished data), raising the possibility
that different strategies are utilized in HCMV-infected cells to
drive eIF4F assembly. In this regard, a coordinate rise in eI[F4F
core and associated factor subunit concentrations could con-
ceivably contribute to eIF4F assembly in HCM V-infected cells
and be a critical determinant controlling viral mRNA transla-
tion. Thus, HCMV-mediated increases in the translation initi-
ation factor concentration may promote viral replication, in
contrast to strategies used by other viruses that reduce the
active translation factor concentration (17).

Multiple distinct translational control pathways act to main-
tain PABP homeostasis in cells. Besides an adenine-rich auto-
regulatory sequence involved in repressing translation (42), the
PABP 5’ untranslated region contains a terminal oligopyrimi-
dine (TOP) element found in mRNAs whose translation is
stimulated in response to mitogenic, growth, and nutritional
stimuli (9, 10). While mechanistic details of both strategies are
under investigation, TOP mRNA translation is thought to in-
volve mTOR signaling, albeit in a raptor- or rictor-indepen-
dent manner in uninfected, insulin-treated cells (27). Conceiv-
ably, the recently identified HCMV-encoded UL38 mTOR
activator might play a role in increasing the PABP concentra-
tion in infected cells (25). This could, however, be complicated
by the altered substrate specificity of raptor-containing
mTORC1 versus rictor-containing mTORC2 complexes in
HCMV-infected cells (4, 15).

Unlike PABP abundance in alpha- and gammaherpesvirus-
infected cells, where it is constant and the protein is redistrib-
uted to the nuclei, PABP abundance increases in HCMV-
infected cells and the protein accumulates in the cytoplasm.
Furthermore, enhanced PABP association with elF4F com-
plexes is only evident in HCMV-infected cells (2, 5, 40). The
distinct subcellular distribution and elF4F association of
PABP in HCM V-infected cells, compared with those in alpha-
and gammaherpesvirus-infected cells, could be important for
the persistence of cellular mRNA translation in HCMV-in-
fected cells. Indeed, a strong correlation can now be made
involving PABP subcellular distribution, association of PABP
with elF4F, and impairment of host protein synthesis in her-
pesvirus-infected cells. Representative alpha- and gammaher-
pesviruses that impair host protein synthesis do not enhance
PABP binding to eIF4F and restrict PABP to nuclei, whereas
betaherpesviruses recruit PABP to eIF4F and accumulate cy-
toplasmic PABP. Finally, as the poly(A) tail contributes to
mRNA stability, PABP levels and subcellular distribution may
also influence mRNA decay (reviewed in references 21 and
31). While possibilities for future investigations abound, it is
likely that the unique features of PABP homeostasis in
HCMV-infected cells play a critical role in how the virus con-
trols the host translational machinery to benefit its productive
replication.
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