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Signaling mediated by the cellular kinase mammalian target of rapamycin (mTOR) activates cap-dependent
translation under normal (nonstressed) conditions. However, translation is inhibited by cellular stress re-
sponses or rapamycin treatment, which inhibit mTOR kinase activity. We show that during human cytomeg-
alovirus (HCMV) infection, viral protein synthesis and virus production proceed relatively normally when
mTOR kinase activity is inhibited due to hypoxic stress or rapamycin treatment. Using rapamycin inhibition
of mTOR, we show that HCMV infection induces phosphorylation of two mTOR effectors, eucaryotic initiation
factor 4E (eIF4E) binding protein (4E-BP) and eIF4G. The virally induced phosphorylation of eIF4G is both
mTOR and phosphatidylinositol 3-kinase (PI3K) independent, whereas the phosphorylation of 4E-BP is
mTOR independent, but PI3K dependent. HCMV infection does not induce mTOR-independent phosphory-
lation of a third mTOR effector, p70S6 kinase (p70S6K). We show that the HCMV-induced phosphorylation of
eIF4G and 4E-BP correlates with the association of eIF4E, the cap binding protein, with eIF4G in the eIF4F
translation initiation complex. Thus, HCMV induces mechanisms to maintain the integrity of the eIF4F
complex even when mTOR signaling is inhibited.

The cellular kinase mammalian target of rapamycin (mTOR)
(6, 19) is a major regulator of cap-dependent translation initi-
ation (12, 18). Under metabolically favorable conditions, mTOR
kinase is activated by phosphorylation, leading to active trans-
lation. Activated mTOR kinase phosphorylates three major ef-
fectors: eucaryotic initiation factor 4E (eIF4E) binding protein
(4E-BP), eIF4G, and p70 S6 kinase (p70S6K) (Fig. 1) (11, 12).
Phosphorylation of 4E-BP prevents it from binding eIF4E, the
cap binding protein. This permits eIF4E to join the eIF4F
complex (Fig. 1), which also contains eIF4A, Mnk1, and the
scaffolding protein eIF4G. In the eIF4F complex, eIF4E binds
capped mRNAs productively, promoting cap-dependent trans-
lation. The significance of eIF4G phosphorylation by active
mTOR remains to be established; it is possible that eIF4G
functions more effectively as a scaffold to maintain an active
eIF4F complex when it is phosphorylated. Activated mTOR
kinase also phosphorylates and activates p70S6K, resulting in
phosphorylation of ribosomal protein S6; this correlates with
increased ribosome biogenesis, which supports increased pro-
tein synthesis (Fig. 1) (11, 12).

As intracellular parasites, viruses like human cytomegalo-
virus (HCMV) are highly dependent on the maintenance of
translation for synthesis of their proteins. Given the central
role of mTOR in controlling cap-dependent translation, we
hypothesized that HCMV may actively preserve the phosphor-
ylation of mTOR and/or its downstream effectors during the
course of viral infection to ensure the integrity of the eIF4F
complex. Activation of mTOR occurs via a number of signaling
pathways, including phosphatidylinositol 3-kinase (PI3K)/Akt
(8, 11, 12, 14). It has previously been shown that HCMV

infection and the HCMV major immediate-early proteins
(MIEPs) can activate PI3K/Akt signaling (16, 25, 26), poten-
tially resulting in mTOR phosphorylation and activation under
normal infection conditions. However, mTOR activation, and
the resulting phosphorylation of its effectors, can be inhibited
by cellular stress responses that may occur during a viral in-
fection, such as nutrient deprivation or hypoxia (1).

To determine whether HCMV induces a mechanism(s) to
maintain mTOR signaling, even when mTOR activation is
prevented, we utilized the drug rapamycin, which prevents
activated mTOR from phosphorylating its downstream effec-
tors (9–12, 22). We also utilized hypoxia to determine whether
HCMV has a mechanism for counteracting the mTOR inhibi-
tion resulting from virus-induced stress responses.

In the following studies we show that HCMV infection ac-
tivates mTOR signaling under normal conditions. However, by
inhibiting mTOR activity with rapamycin or hypoxia, we find
that HCMV induces mTOR-independent mechanisms for the
phosphorylation of 4E-BP and eIF4G. The virally induced
phosphorylation of eIF4G is also PI3K independent. HCMV
infection does not induce mTOR-independent activation of a
third mTOR effector, p70S6K. Our data suggest that a major
consequence of HCMV infection is the phosphorylation of
mTOR effectors to promote the formation and integrity of the
eIF4F complex (Fig. 1), thus ensuring the maintenance of cap-
dependent translation even when mTOR activity is inhibited.

MATERIALS AND METHODS

Cell culture. Life-extended human foreskin fibroblasts (LEHFFs) (5) were
cultured at 37°C in 5% CO2 and atmospheric oxygen in D10 medium (Dulbecco’s
modified Eagle medium supplemented with 10% fetal calf serum, 100 U of
penicillin per ml, 100 �g of streptomycin per ml, and 2 mM Gluta-Max [all from
GIBCO-BRL, Gaithersburg, Md.]). All cells used in experiments were between
passages 9 and 14. For hypoxia experiments, cells were incubated in an InVivo2
hypoxic workstation (Biotrace, Inc.) with 1.5% O2 and 5%CO2 at 37°C or in a
hypoxic incubator under similar conditions. All serum starvation experiments
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were done in D0 medium, which is D10 medium without the serum. Under serum
starvation conditions, confluent monolayers were incubated in D0 medium
for 48 h prior to infection and maintained in D0 medium throughout the in-
fection.

Antibodies and reagents. Rapamycin was purchased from Sigma (St. Louis,
Mo.), and LY294002 (LY) was purchased from Cell Signaling Technologies
(Beverly, Mass.). Both were dissolved in dimethyl sulfoxide (DMSO) according
to the manufacturers’ protocols; thus, all controls were done with DMSO without
drug. 7Me-GTP-Sepharose 4B was purchased from Amersham Biosciences (Pis-
cataway, N.J.). Anti-eIF4G (sc-11373) was purchased from Santa Cruz Biotech-
nology (Santa Cruz, Calif.); antiactin antibody was purchased from Chemicon
International, Inc. (Temecula, Calif.); antibody to ICP36 was purchased from
Advanced Biotechnologies, Inc. (Columbia, Md.); and anti-rabbit immuno-
globulin G secondary antibodies were purchased from Pierce Biotechnologies
(Rockford, Ill.). All other antibodies used were obtained from Cell Signaling
Technologies, except for anti-exon2/3, a polyclonal antiserum prepared for this
laboratory by Cocalico Biologicals, Inc. (Reamstown, Pa.); it recognizes the
common 85 amino acids in all HCMV MIEPs (13).

Virus stock preparation and virus purification. All experiments were done
with a derivative of the Towne strain of HCMV that has been modified by
replacement of a nonessential gene with the green fluorescent protein (GFP)
gene expressed from the simian virus 40 early promoter (15). Virus stocks were
prepared from LEHFFs infected at a multiplicity of infection (MOI) of 0.02.
Infected plates were monitored for cytopathic effects (CPE), and fresh D10
medium was added to each plate when CPE was observed in 100% of the cells
(approximately 10 to 12 days). After an additional 3 to 4 days, the cells were
scraped into the medium, and media from all infected plates were collected and
pooled in sterile centrifuge bottles. The bottles were spun for 10 min at 10,000
rpm at room temperature in a Sorvall RC-5B centrifuge. All but 3 ml of the
supernatant was removed to a sterile glass bottle. The cell pellets were resus-
pended in the remaining 3 ml, sonicated 10 times with 1-s pulses, and then
centrifuged at 13,000 rpm for 5 min in a Biofuge Pico Microcentrifuge. The
supernatant from the sonicated cells were pooled with the rest of the collected
supernatent. Viruses were purified by layering the supernatants over a D-sorbitol
cushion (20% sorbitol, 50 mM Tris-HCl [pH 7.2], 1 mM MgCl2, 0.1 �g of
Bacitracin per ml) and pelleting the viruses through the cushion by ultracentrif-
ugation. Virus pellets were resuspended in D0 medium and again layered over a
D-sorbitol cushion and pelleted. The final pellet was suspended in D0 medium,
aliquoted, flash frozen in liquid nitrogen, and stored at �80°C.

Viral growth in the presence or absence of rapamycin. LEHFFs (2 � 105) were
grown in two six-well plates and infected at an MOI of 2 in the presence or
absence of 50 nM rapamycin either with or without serum starvation as described
above. After a 2-h incubation, the cells were washed three times with medium,
and then 2 ml of medium with or without 50 nM rapamycin was added to each
well. At designated time points, 1 ml of medium was removed from one well of
each plate and placed in a 15-ml conical tube. The cells in the well were scraped
into the remaining 1 ml of medium, sonicated as described above, and centri-

fuged for 10 min in a microcentrifuge at 4°C. The supernatant were combined
with previously collected medium, aliquoted, and stored at �80°C.

Viral growth in hypoxia. Cells (2 � 105) were plated in 10 35-mm-diameter
dishes in D10 medium and infected at an MOI of 2 with purified HCMV in D10
medium. Five dishes were incubated at 37°C in 5% CO2 and atmospheric oxygen
(normoxia), and five dishes were incubated in an InVivo2 hypoxic workstation at
37°C in 5% CO2 and 1.5% O2 (hypoxia). After a 4-h incubation, all dishes were
washed three times with D0 medium and replaced with 3 ml of D10 medium.
Conditions of normoxia or hypoxia were maintained. At designated time points
after infection, one dish from the normoxic and hypoxic conditions was harvested
for viruses as described above.

Viral titration. Viral titration was carried out by the 50% tissue culture infec-
tive dose method (15).

Microscopy. LEHFFs (2.5 � 105) were plated onto 35-mm-diameter dishes
containing glass coverslips. After reaching confluency, the cells were serum
starved for 48 h for the experiments done with rapamycin or maintained in D10
medium for the experiments done with hypoxia. Cells were then mock infected
or infected with purified HCMV at an MOI of 3 in the presence or absence of
50 nM rapamycin or under hypoxic conditions, as described above. At designated
time points, dishes were removed and washed three times with ice-cold standard
phosphate-buffered saline and then fixed for 30 min in 4% paraformaldehyde.
Coverslips were stained with 4�,6�-diamidino-2-phenylindole (DAPI), mounted
on slides, and examined with a Nikon Eclipse E600 microscope.

Time course viral infections. LEHFFs (106) were seeded onto 100-mm-diam-
eter dishes and allowed to grow to 90% confluency. Cells were then serum
starved for 48 h. One hour prior to infection, medium was removed from the
plates and replaced with D0 medium containing either 50 nM rapamycin or an
equivalent volume of DMSO (vehicle control). Cells were then either mock
infected with D0 medium containing either 50 nM rapamycin or DMSO or
infected with purified HCMV at an MOI of 2 in D0 medium containing either 50
nM rapamycin or DMSO. The time courses commenced with the addition of the
viruses. Mock-infected plates were pretreated with serum starvation and rapa-
mycin similarly to cells to be infected; D0 medium was added to the mock-
infected cells at 0 h, and the cells were immediately harvested as described below.
For several experiments we harvested mock-infected plates after 24 h, but we
never noted significant differences in cellular proteins between the 0- and 24-h
mock-infected samples. At designated time points after infection, the plates were
harvested by washing three times with ice-cold phosphate-buffered saline, fol-
lowed by a 10-min incubation at 4°C in cell lysis buffer (200 mM Tris-HCl
[pH 7.5], 140 mM NaCl, 1% NP-40, 10 mM NaF, 1 mM EDTA, 200 �M NaVO4,
2 mM phenylmethylsulfonyl fluoride, 1.5 �g of aprotinin per ml, and 1 �g of
leupeptin per ml). Cells were scraped and lysates were centrifuged for 10 min at
13,000 rpm in a Eppendorf microcentrifuge at 4°C. The supernatants were
transferred to microcentrifuge tubes and stored at �80°C. Experiments with LY
were performed as described above but with 50 �M LY replacing rapamycin and
infection with purified HCMV at an MOI of 10. All hypoxia experiments were
done in D10 medium with no serum starvation. When rapamycin was used with
hypoxia, there was a 1-h preincubation with either 50 nM rapamycin or DMSO
in D10 medium as described above.

Western Analyses. Twenty micrograms of lysate protein was separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (8 or 12%
polyacrylamide) and transferred to nitrocellulose. The membranes were blocked
for 1 h in 5% nonfat dry milk in standard Tris-buffered saline (TBS) with 0.1%
Tween 20. Specific proteins were detected by incubating the membranes over-
night at 4°C with appropriate antibody diluted in 5% bovine serum albumin in
TBS with 0.1% Tween 20. Transfers were then incubated for 1 h with horseradish
peroxidase-conjugated secondary antibody diluted in 5% nonfat dry milk in TBS
with 0.1% Tween 20. Specific proteins were visualized with ECL reagents (Am-
ersham Biosciences) and autoradiography.

7Me-GTP Affinity Purification. LEHFFs (8 � 105)were serum starved and
infected in the presence or absence of rapamycin as described above. Cells were
lysed and harvested in complete affinity purification buffer (0.5% Triton X-100,
50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1.5 mM EDTA, 20 mM �-glycero-
phosphate, 10 mM NaF, 200 �M NaVO4, 2 mM phenylmethylsulfonyl fluoride,
1.5 �g of aprotinin per ml, and 1 �g of leupeptin per ml). Two hundred micro-
grams of extract protein was incubated in a 25% slurry of 7Me-GTP Sepharose
beads in affinity purification buffer for 4 h at 4°C with rocking. After three washes
in ice-cold complete affinity purification buffer, beads were boiled in 20 �l of 3�
SDS loading buffer (187.5 mM Tris-HCl [pH 6.8], 6% SDS, 30% glycerol, 0.025%
bromphenol blue, 473 �M 2-mercaptoethanol). The eluted proteins were sepa-
rated by SDS–12% polyacrylamide gel electrophoresis and analyzed by Western
analysis as described above.

FIG. 1. The mTOR signaling pathway. The phosphorylation char-
acteristics of mTOR downstream effectors and the status of the eIF4F
complex when mTOR is either active or inactive are shown. The points
at which hypoxia and rapamycin inhibit mTOR are indicated. S6K,
p70S6 kinase; Mnk1, mitogen-activated protein kinase signal-integrat-
ing kinase 1.
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RESULTS

HCMV infection proceeds both in hypoxia and in the pres-
ence of rapamycin. To determine whether HCMV can produc-
tively infect cells under hypoxic conditions or in the presence
of rapamycin, LEHFFs (5) were grown on coverslips and then
infected with purified HCMV at an MOI of 3. After 4 h, the
viruses were removed and the cells were washed and fed. One
set of cultures was incubated under normal growth conditions
of atmospheric O2 (normoxia) and 5% CO2 at 37°C, another
set was placed in a hypoxia incubator (1.5% O2 and 5% CO2)
(1, 2) at 37°C, and a third set was incubated under normoxic
conditions with added rapamycin (50 nM). Mock-infected cul-
tures were incubated under the same conditions. Uninfected
LEHFFs maintained viability under hypoxic conditions and in
rapamycin for at least 144 h, the longest time point we have
tested (data not shown). Coverslips were removed at various
times after infection or mock infection and fixed for micro-
scopic examination and nuclear staining with DAPI. The de-
rivative of the HCMV Towne strain used contains a GFP gene
transcribed from the simian virus 40 early promoter, inserted
in place of a nonessential gene (15). Thus, fluorescence mi-
croscopy was used to detect GFP, which served as an indicator
of viral infection and spread through the culture.

The micrographs in Fig. 2A show cells infected and main-
tained under hypoxic conditions for 72 h. The DAPI-stained
nuclei are shown in red, and the infected cells are green due to
expression of GFP. These images were superimposed on dif-
ferential interference contrast micrographs; overlap of the red
and green shows the infected cell nuclei as yellow. Note that in
the normal 72-h infection, the viruses have spread throughout
most of the culture, since adjacent cells are infected. In addi-
tion, the infected cells are enlarged, which is indicative of CPE.
At 48 h after infection (not shown), there were many fewer
green cells and less CPE. Under hypoxic conditions, the in-
fected cultures appeared to be very similar to those grown
under normoxic conditions, in terms of both extent of infection
(green cells) and CPE. This result suggests that HCMV man-
ages to conduct a relatively normal infection despite hypoxia.

Figure 2B shows the effects of 48 or 72 h of rapamycin
treatment on HCMV infection. The presence of rapamycin
clearly lowered the rate of infection after 48 h, since there were
fewer infected (green) cells in the rapamycin-treated samples
than in the untreated (normal) samples. However, after 72 h of
rapamycin treatment this difference was not as apparent (com-
pare the number of infected cells in the panels for the 72-h
normal and rapamycin-treated samples), suggesting that by this
time the virus has overcome the inhibitory effects of rapamy-
cin.

This conclusion is supported by the viral growth curves
shown in Fig. 3. LEHFFs were infected as described above and
then maintained under normal conditions, under hypoxic con-
ditions, or in the presence of rapamycin. At various times after
infection, the cells and medium were harvested and the viral
titers were determined. In the presence of rapamycin there was
at least a 12-h delay before the first detection of progeny
viruses compared to normal growth conditions (36 h for nor-
mal conditions compared to at least 48 h with rapamycin).
However, once viral production initiated in the rapamycin-
treated cells it increased rapidly, with a final yield only 0.5 log

unit below that under the normal conditions. The onset of
growth in the rapamycin-treated cultures is not due to decay of
the drug, since we have shown that 50 nM rapamycin maintains
the ability to inhibit mTOR over the time course used in these

FIG. 2. HCMV infects and spreads in LEHFF cells under hypoxic
conditions and in the presence of rapamycin. (A) LEHFFs were mock
infected (Uninfected) or infected with HCMV (Infected) for 72 h in
the presence of serum under normoxic or hypoxic conditions. Cells
were fixed and stained with DAPI (red) for nuclear visualization. The
Towne strain of HCMV contains an inserted GFP gene which indi-
cated the infected cells (green). The images were superimposed on
differential interference contrast micrographs; overlap of the red and
green shows the infected cell nuclei as yellow. (B) Serum-starved
LEHFFs were mock or HCMV infected and maintained in serum-free
medium with or without 50 nM rapamycin for 48 or 72 h. Microscopy
was the same as for panel A.
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experiments (not shown). Under hypoxic conditions, there was
no delay in the appearance of progeny viruses and the yield was
only 0.6 to 0.8 log unit less than under normoxic conditions.

The data in Fig. 2 and 3 suggest that HCMV induces mech-
anisms which can counteract the inhibitory effects of hypoxia
and rapamycin, allowing it to conduct a relatively normal in-
fection with only modest reduction in the final yield.

In some of the experiments described below we examined
the phosphorylation of mTOR effectors during the course of
HCMV infection in the presence and absence of rapamycin. In
order to avoid effects of exogenous growth factors, we serum
starved the cells for 48 h prior to infection, infected the cells
with highly purified viruses in serum-free medium (see Mate-
rials and Methods), and maintained the infected cells in serum-
free medium. The growth curves in Fig. 3 show that virus
production in the absence of rapamycin and serum was nearly
identical to that in the presence of serum and rapamycin; in
both cases there was at least a 12-h delay in the first appear-
ance of progeny virions compared to that under normal con-
ditions, followed by a rapid rise in virus production, with a final
yield within 0.5 log unit of that under normal growth condi-
tions. However, the combination of serum starvation and rapa-
mycin did inhibit viral production. Besides the delay in the
first appearance of progeny virions, the growth rate was lower
throughout the time course, with a final virus yield 1 to 1.5 log
units less than that under normal growth conditions. However,
it is important to recognize that even under these very strin-
gent conditions (serum starvation and rapamycin treatment
prior to infection), a relatively robust infection was mounted.

The HCMV immediate-early and delayed-early proteins are
synthesized during hypoxia and rapamycin treatment. West-
ern analysis was used to show the accumulation of HCMV
MIEPs under normoxic and hypoxic conditions in HCMV-
infected LEHFF cells (Fig. 4A). In addition, we determined
the accumulation of the delayed-early protein ICP36 (UL44),

FIG. 3. HCMV viral growth curves. LEHFFs were infected under
normal conditions (�Rap, �serum), under hypoxic conditions (�O2,
�serum), and in the presence of rapamycin (�Rap, �serum) and
harvested at various times after infection up to 144 h. Virus titers at
each time point were determined by the 50% tissue culture infective
dose method. In addition, viral growth curves were generated under
conditions where the cells were serum starved for 48 h and then in-
fected and maintained in the absence of serum (�Rap, �serum) or in
the absence of serum with the addition of rapamycin (�Rap, �serum).

FIG. 4. The appearance and accumulation of HCMV immediate-early and early proteins occur with both hypoxia and rapamycin. (A) Cultures
of LEHFFs were grown under normal serum conditions and mock infected (uninfected) or HCMV infected under normoxic (Norm) and hypoxic
(Hyp) conditions for various times (hours) after infection (hpi). Extracts were analyzed by Western analysis for HCMV MIEP and delayed-early
ICP36 (UL44) protein synthesis. (B) A similar experiment showing only the 48-h time point examines MIEP and ICP36 production and mTOR
phosphorylation in the presence of rapamycin (Rap.) and hypoxia (Hypox.). The asterisk represents denatured viral MIEPs which result from
harvesting after hypoxia treatment.
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which requires the functions of the MIEPs for full expression
(20). There is little difference in the time of appearance and
accumulation of these viral proteins under hypoxic conditions
compared to normoxic conditions. MIEP (IEP72 and IEP86)
and ICP36 levels were determined at 48 h after mock or
HCMV infection in the presence of rapamycin or in the pres-
ence of hypoxia and rapamycin together (Fig. 4B). Again, there
were only modest decreases in the accumulation of the MIEPs
or ICP36 with rapamycin compared to normoxic conditions.
There appears to be less IE86 and IE72 in the hypoxia-plus-
rapamycin sample; however, we have noted that under these
conditions the MIEPs often denature and remain in the well.
We also note that IEP72 (IE1) from the hypoxia-plus-rapamy-
cin samples migrates slower than IEP72 in the other samples.
This suggests altered modification of the protein, e.g., increased
phosphorylation, under these conditions; we have not exam-
ined this further. Under the more severe conditions of hypoxia
plus rapamycin, we note a decrease in the levels of ICP36. In
sum, the data suggest that levels of synthesis of HCMV MIEPs
and ICP36 are not dramatically affected by hypoxia, rapamycin,
or the combination of hypoxia and rapamycin; this conclusion
is reiterated below with the rapamycin inhibition studies done
under serum starvation conditions.

Inhibition of mTOR phosphorylation by hypoxia is not re-
versed by HCMV infection. In the mock-infected cells (Fig. 4B),
hypoxia abolished the appearance of phosphorylated mTOR,
in agreement with previous data showing that hypoxia inhibits
mTOR phosphorylation and activation (1). Treatment with
rapamycin under normoxic conditions did not inhibit mTOR
phosphorylation, since rapamycin’s effect is to prevent activat-
ed mTOR from phosphorylating its downstream effectors. The
status of mTOR phosphorylation in hypoxia is not altered in
HCMV-infected cells. Significantly, under conditions of hypoxia
or hypoxia plus rapamycin, there was no detectable phosphory-
lation of mTOR in the HCMV-infected cells. These results sug-
gest that HCMV has no mechanism to overcome the hypoxia-
induced inhibition of mTOR phosphorylation (activation).

HCMV infection induces rapamycin-insensitive phosphor-
ylation of eIF4G. The above data suggest that HCMV infec-
tion can proceed when mTOR kinase is inactivated by hypoxia
or inhibited by rapamycin. Thus, we predicted that HCMV
may bypass mTOR by targeting its downstream effectors for
phosphorylation, in order to ensure the high rates of transla-
tion needed to sustain viral protein synthesis. Therefore we
examined the effect of HCMV on the levels and phosphoryla-
tion status of eIF4G, 4E-BP, p70S6K, and ribosomal protein
S6.

When mTOR kinase is inhibited by rapamycin, most 4E-BP,
p70S6K, and eIF4G should be hypophosphorylated at their
mTOR kinase sites; thus, increased phosphorylation of these
proteins during a viral infection in rapamycin would indicate a
virally induced, rapamycin-insensitive mechanism. To test this,
time course infections were done with serum-starved LEHFFs
as described above. The time course studies were done under
normal conditions (serum-free medium with no rapamycin) or
in cells which had been pretreated with serum-free medium
plus 50 nM rapamycin for 1 h before infection and maintained
in serum-free medium plus 50 nM rapamycin throughout the
time course of infection. Under these conditions, the virus
must face the inhibitory effects of serum starvation and rapa-

mycin pretreatment from the beginning of the infection; thus,
the experiment tests the ability of the infection to become
established under adverse conditions, for example, the condi-
tions which cause the lag in the growth curve with rapamycin
(Fig. 3).

Cell extracts were examined by Western analysis and probed
for HCMV proteins and both the total and phosphorylated
forms of mTOR effectors (Fig. 5A). Figure 5A shows that
rapamycin had little effect on synthesis of the MIEPs (IEP72
and IEP86) and the delayed-early protein ICP36, again sug-
gesting that HCMV infection can counteract the inhibitory
effects of rapamycin.

FIG. 5. Effect of HCMV infection on total levels and phosphory-
lation status of mTOR effectors in the presence and absence of rapa-
mycin. (A) Analysis of the MIEPs (IEP86 and IEP72), ICP36, eIF4G,
4E-BP, mTOR, and actin. LEHFFs were serum starved for 48 h and
then mock or HCMV infected in serum-free medium with or without
50 nM rapamycin. Cells were extracted at various times after infection
for up to 24 h, and the phosphorylation status (p) and/or total (Tot.)
levels of various proteins were determined by Western analyses as
described in Materials and Methods. Arrows mark the positions of
hyperphosphorylated forms of 4E-BP generated in the presence of
rapamycin. (B) Rapamycin inhibits serum-induced phosphorylation of
4E-BP over a 24-h time course. LEHFFs were serum starved for 48 h
and then changed to medium containing 10% fetal calf serum with or
without 50 nM rapamycin. At various times after the addition of
serum, the phosphorylation status of 4E-BP was determined by West-
ern analysis. Arrows indicate where hyperphosphorylated forms of
4E-BP should appear if they formed in the rapamycin-treated samples
(compare with arrows in panel A).
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The level of total eIF4G showed little variation throughout
the time course (Fig. 5A). Probing for eIF4G phosphorylated
on S1108 (a rapamycin-sensitive phosphorylation site), we
found little of the phosphorylated form in serum-starved,
mock-infected LEHFFs and even less in mock-infected cells
treated with rapamycin. The most intriguing aspect of these
data is that within 30 min after the addition of HCMV, a large
amount of phosphorylated eIF4G appeared. This elevated
level of the phosphorylated form was maintained throughout
the remainder of the infection time course. The rapid appear-
ance of phosphorylated eIF4G suggests that its phosphoryla-
tion is induced by viral attachment to cellular receptors. This
induced phosphorylation was only partially inhibited by rapa-
mycin, suggesting that the mechanism induced by viral attach-
ment is mTOR independent. Since activation due to viral
attachment is transient (4, 25), we suggest that other viral
proteins (tegument, IE, and early proteins) may maintain the
levels of phosphorylated eIF4G throughout the infection, even
in the presence of rapamycin.

We have also shown that high levels of phosphorylated
eIF4G were present in infected cells that had been pretreated
and maintained in hypoxia for 72 h, whereas there was no
phosphorylated eIF4G in uninfected hypoxic cell controls (not
shown). These data suggest that HCMV infection significantly
induces eIF4G phosphorylation by mechanisms that are inde-
pendent of mTOR kinase activity; this appears to be a very
early event in the viral infection which is maintained through-
out the infection.

It has been reported that eIF4G is targeted for proteolytic
cleavage by caspase 3 in apoptotic cells (17). In Fig. 5A smaller
bands, indicative of cleavage, are seen in both the total and
phosphorylated eIF4G panels. In the total eIF4G analysis,
these bands do not change in amount during the time course.
In the analysis of phosphorylated eIF4G, the amounts of the
smaller band are proportional to the amounts of the full-size
phosphorylated forms throughout the time course. Thus, there
are no data to suggest that the level of caspase cleavage of
eIF4G changes during the time course of infection.

HCMV induces rapamycin-insensitive phosphorylation of
4E-BP. Phosphorylation of 4E-BP occurs at a number of sites:
T37, T46, S65, T70, S83, S101, and S112 (reviewed in reference
14). The effects of phosphorylation at T37, T46, S65, and T70
are best understood. Phosphorylation of these sites occurs in
an ordered fashion; T37 and T46 are first and must be phos-
phorylated before T70 phosphorylation, which is followed by
S65 phosphorylation. Although mTOR is believed to phos-
phorylate T37 and T46, phosphorylation of T70 and S65 is
most reduced by rapamycin (14). T46 and S65 flank the eIF4E
binding domain, and phosphorylation of S65 greatly inhibits
eIF4E binding. Thus, it appears that the required order of
phosphorylation (T37, T46, T70, and S65) leads to the combi-
nation of phosphorylation events which inhibits 4E-BP from
binding to eIF4E. Thus, in the analysis of 4E-BP binding we
expect to detect multiple phosphorylated forms, where the ap-
pearance of slower-migrating forms would indicate the hyper-
phosphorylation required to inhibit 4E-BP binding to eIF4E.

The antibody used for Western analysis recognizes 4E-BP
phosphorylation at T37 and/or T46 and will also recognize the
forms that are additionally phosphorylated at T70 and S65. A
quantitative examination of the total phosphorylated forms (all

forms) shows a significant increase over the time course (Fig.
5A, p4E-BP). In the mock-infected samples there are two
phosphorylated forms which we suspect are phosphorylated
T37 and/or T46. Rapamycin inhibits 4E-BP phosphorylation,
as indicated by a decrease in the slower-migrating form. This
inhibition of 4E-BP phosphorylation by rapamycin continues
through the first 6 h of infection. Interestingly, there is a
marked accumulation of the faster-migrating, least phosphor-
ylated form in the rapamycin-treated samples; we have no
explanation for this at this time. However, by 8 h postinfection
in the untreated samples there is a dramatic increase in the
slower-migrating form, indicating virally induced phosphoryla-
tion, and the first appearance of an even slower-migrating,
hyperphosphorylated form which increases in intensity by 24 h
after infection. Thus, by 8 h in a normal viral infection, mech-
anisms which result in multiply phosphorylated forms of 4E-BP
are induced. These same multiply phosphorylated forms begin
to appear in the rapamycin-treated samples at 12 h and in-
crease by 24 h postinfection (Fig. 5A). These data suggest that
the mechanisms induced by the virus to multiply phosphorylate
4E-BP can function in the presence of rapamycin, although the
process is delayed and less efficient than in the infection in the
absence of rapamycin. We suspect that the multiply phosphor-
ylated forms are phosphorylated at T37, T46, T70, and S65;
thus, 4E-BP binding to eIF4E should be decreased in these
samples (see below).

The total amount of 4E-BP (Fig. 5A) increased no more that
two- to threefold over the course of the 24-h infection; thus,
the major effect of the viral infection on 4E-BP appears to be
phosphorylation and not an alteration of its total amount.

It is possible that the rapamycin-insensitive phosphorylation
of 4E-BP seen at 12 and 24 h after infection is due to a
declining effect of the drug or incomplete inhibition of mTOR.
To rule out this possibility, LEHFFs were serum starved for
48 h in the same manner used for the infections. The medium
was then changed to medium containing 10% fetal calf serum
to stimulate 4E-BP phosphorylation. This was done in the
absence and presence of rapamycin. Cells were extracted at
various times between 20 min and 24 h after serum addition,
and the phosphorylation status of 4E-BP was determined. As
shown in Fig. 5B, only the two least phosphorylated forms of
4E-BP were present in the serum starved samples (0 h); how-
ever, within 20 min (0.3 h) of serum addition the slower-
migrating hyperphosphorylated forms of 4E-BP were detected.
These hyperphosphorylated forms remained throughout the
time course, although they declined somewhat by 24 h. At all
time points the addition of rapamycin dramatically reduced the
hyperphosphorylated forms. Thus, the rapamycin-insensitive
phosphorylation of 4E-BP seen in infected cells at 12 and 24 h
postinfection (Fig. 5A) cannot be attributed to failure of the
drug or incomplete inhibition of mTOR.

HCMV infection maintains eIF4E in the eIF4F complex
under conditions of mTOR kinase inhibition. The above data
suggest that HCMV infection induces mechanisms to maintain
the integrity of the eIF4F complex (Fig. 1) even if mTOR
kinase is inhibited. Specifically, 4E-BP is phosphorylated to
prevent it from binding eIF4E, and a major component of
eIF4F, eIF4G, is phosphorylated. The integrity of the eIF4F
complex can be determined by allowing eIF4E to bind to 7Me-
GTP eucaryotic cap analog coupled to Sepharose beads and
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isolating it along with its bound proteins. As shown in Fig. 6,
under translationally active (mTOR-active) conditions, the
eIF4E should be bound primarily to eIF4G, in the translation-
ally active eIF4F complex. Since 4E-BP is phosphorylated un-
der these conditions, little of it should be bound to eIF4E.
Under translationally inactive conditions (mTOR inactive, e.g.,
with rapamycin), the opposite is expected; 4E-BP should be
primarily bound to eIF4E, since 4E-BP is not phosphorylated.
Binding of 4E-BP to eIF4E removes eIF4E from eIF4G but
does not inhibit its ability to bind to the cap; thus, by using cap
binding to select eIF4E and its associated proteins, we can
determine by Western analysis whether eIF4E was bound to
4E-BP or eIF4G.

LEHFFs were mock infected or HCMV infected for 8 or
24 h in the presence or absence of rapamycin. The extracts
were incubated with Sepharose beads coupled to cap analog;
the beads were then washed, and the bound proteins were
subjected to Western analysis probing for eIF4E, 4E-BP, and
eIF4G (Fig. 6). The top panel of the gel in Fig. 6 shows that
equivalent amounts of eIF4E were selected from each sample.
In the mock-infected samples, in which 4E-BP is hypophos-
phorylated (Fig. 5A), eIF4E is bound primarily to 4E-BP, sug-
gesting translation inhibition, as expected in serum-starved
cells. By 8 h after infection in the absence of rapamycin,
increased amounts of eIF4G are detected, suggesting that
HCMV infection has induced the phosphorylation of 4E-BP,

thus releasing eIF4E and allowing eIF4E to bind with eIF4G.
eIF4E binding to eIF4G is significantly increased by 24 h in the
absence of rapamycin, coincident with a dramatic decrease in
eIF4E binding to 4E-BP. This is consistent with the 4E-BP
phosphorylation data in Fig. 5A, in which significant hyperphos-
phorylation of 4E-BP was observed by 24 h in the samples
without rapamycin. As also noted in Fig. 5A, hyperphosphor-
ylation of 4E-BP was delayed in the infected cells treated with
rapamycin; however, by 24 h there was a significant amount of
multiply phosphorylated 4E-BP. This is consistent with the cap
binding data for the rapamycin-treated samples (Fig. 6); by
24 h a significant amount of eIF4G is bound to eIF4E, and,
concomitantly, the amount of 4E-BP bound to eIF4E is signif-
icantly decreased.

These results suggest that the virus induces a mechanism
that drives the interaction between eIF4E and eIF4G in order
to maintain the translationally active eIF4F complex. This
mechanism appears to be mTOR kinase independent and cor-
relates with the virally induced, rapamycin-insensitive phos-
phorylation of eIF4G and 4E-BP.

HCMV does not induce an mTOR kinase-independent
mechanism to phosphorylate p70S6K but does induce a low
level of rapamycin-insensitive phosphorylation of ribosomal
protein S6. Activation of p70S6K requires phosphorylation on
T229, T389, and S371; T389 and S371 are targets for mTOR.
The anti-phospho-p70S6K antibody that we used for Western
analyses (Fig. 7) recognizes phosphorylation on T389. In the
untreated samples there was a modest increase in phosphory-
lated p70S6K by 1 h after infection compared with the mock-
infected sample. However, this increase was transient, and
phosphorylated p70S6K decreased to nearly undetectable lev-
els by 4 h; this was very reproducible. By 8 h, phosphorylated
p70S6K returned and was notably increased compared with
that in the mock-infected sample. However, the most signifi-
cant observation is that no phosphorylation of T389 was de-
tected in samples treated with rapamycin, suggesting that
HCMV induces no mechanism to phosphorylate this critical
site when mTOR is inhibited. The observation that p70S6K
phosphorylation is inhibited by rapamycin at all time points
stands as additional proof that the drug remains affective
throughout the infection time course.

Given the apparent loss of p70S6K activity in the presence of
rapamycin, we examined the phosphorylation status of its sub-

FIG. 6. HCMV infection reduces eIF4E binding to 4E-BP and
increases its binding to eIF4G. LEHFFs were serum starved for 48 h
and mock or HCMV infected in serum-free medium with or without
50 nM rapamycin (Rap) for 8 or 24 h. Extracts were incubated with
7Me-GTP-Sepharose beads to capture eIF4E and associated proteins
as described in Materials and Methods. Western analysis was used to
detect total eIF4E, 4E-BP, and eIF4G.

FIG. 7. Analysis of p70S6K and its substrate ribosomal protein S6.
The same extracts and conditions used for Fig. 5A were used to
analyze the total levels and phosphorylation status of p70S6K and S6
protein.
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strate, ribosomal protein S6 (Fig. 7). In the untreated samples,
phosphorylated S6 (pS6) was easily detected (short exposure);
in the presence of rapamycin, phosphorylation was severely
inhibited, in agreement with the loss of phosphorylated
p70S6K. The short exposure shows that there are modest in-
creases in the levels of phosphorylated S6 through the time
course, but this correlates with increased levels of total S6
protein. More interesting is the appearance of a low level of
phosphorylated S6 beginning at 6 h after infection in the pres-
ence of rapamycin (long exposure). It is unclear at this point
whether this is due to a low level of residual p70S6K activity or
to a virally induced kinase activity that is both mTOR kinase
and p70S6K independent. In addition, the functional signifi-
cance of this low level of phosphorylated S6 protein remains to
be determined.

PI3K signaling is required for HCMV-induced mTOR-inde-
pendent phosphorylation of 4E-BP but not eIF4G. We and
others have previously shown that HCMV infection and the
HCMV MIEPs can activate PI3K signaling (16, 26). This is
expected to result in activation of Akt. As shown in Fig. 8,
infection of serum-starved LEHFFs resulted in phosphoryla-
tion and activation of Akt within 30 min of infection, and,
compared with mock-infected sample, the amount of phosphor-
ylated Akt remained elevated throughout the 24-h infection
time course.

The activation of PI3K/Akt signaling is one means by which
HCMV may activate mTOR signaling during a normal infec-
tion. To determine whether the virus can maintain phosphor-
ylation of mTOR effectors when PI3K is inhibited, we used the
PI3K-specific inhibitor LY (23) in time course experiments sim-
ilar to those done with rapamycin. Figure 9 shows the results.

Examination of HCMV MIEP production shows that the
MIEPs first appeared at the same time between 2 and 4 h
regardless of the presence of LY; however, their accumulation
was less in the LY-treated cells than in untreated cells through-
out the time course. Nonetheless, significant levels of the MIEPs
were present in the LY-treated extracts. This result is in con-
trast to studies done with HEL cells, which reported that in-
hibition of PI3K with LY resulted in severely reduced produc-
tion of the MIEPs (16). During the very early phase of the
infection (0.5 to 1 h), LY inhibited eIF4G phosphorylation;
however, by 2 h, LY-insensitive phosphorylation of eIF4G was
detected, and this increased throughout the remainder of the
time course. In the rapamycin inhibition studies (Fig. 5A) we
noted rapamycin-insensitive phosphorylation beginning at 30
min after infection. The combination of the rapamycin and LY
data suggests that at very early times after infection, phosphor-

ylation of eIF4G is mediated by a PI3K-dependent, mTOR
kinase-independent mechanism, but beginning at 2 h and con-
tinuing through the time course, a PI3K-independent, mTOR
kinase-independent mechanism for phosphorylating eIF4G
was steadily induced by the viral infection.

As previously seen, hyperphosphorylated forms of 4E-BP
appeared in the untreated, infected cells. This was particularly
evident by 8 h, when the least phosphorylated (fastest-migrat-
ing) form was no longer detected, being replaced by the slow-
er-migrating multiply phosphorylated forms. Strikingly, hyper-
phosphorylation of 4E-BP mediated by the HCMV infection
was dramatically inhibited by LY throughout the time course,
suggesting that the hyperphosphorylation of 4E-BP seen in the
presence of rapamycin (Fig. 5A) results from a PI3K-depen-
dent, mTOR kinase-independent mechanism.

The phosphorylation of p70S6K seen during HCMV infec-
tion was inhibited by LY (Fig. 9B), similar to the results seen
with rapamycin (Fig. 7). These data suggest that during a viral
infection the only means to phosphorylated p70S6K is through
the PI3K/Akt/mTOR pathway. In contrast, between 4 and 8 h
after infection, phosphorylated S6 can be detected in the pres-
ence of LY (Fig. 9B). This observation supports the data in
Fig. 7 and suggests that HCMV may induce a mechanism to

FIG. 8. Phosphorylation (activation) of Akt during a 24-h HCMV
infection of LEHFFs. LEHFFs were serum starved for 48 h and then
mock (M) or HCMV infected in serum-free medium with or without
50 nM rapamycin for up to 24 h. Extracts were analyzed for phosphor-
ylated Akt (pAkt), total Akt, and actin. hpi, hours postinfection.

FIG. 9. Effect of HCMV infection on total levels and phosphory-
lation status of mTOR effectors in the presence and absence of the
PI3K inhibitor LY. LEHFFs were serum starved for 48 h and then
mock or HCMV infected in serum-free medium with or without 50 �M
LY. Cells were extracted at various times (hours) after infection (hpi)
for up to 24 h, and the phosphorylation status (p) and/or total (Tot.)
levels of various proteins were determined by Western analyses as
described in Materials and Methods. (A) Analysis of the MIEPs
(IEP86 and IEP72), eIF4G, 4E BP, and actin. (B) Analysis of p70S6K
and its substrate ribosomal protein S6.
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phosphorylate S6 which is independent of PI3K, and possibly
independent of mTOR/p70S6K; however, this remains to be
verified. In addition, the functional significance of the rela-
tively low levels of phosphorylated S6 produced under these
conditions remains to be determined.

DISCUSSION

A successful viral infection requires that normal cellular
functions undergo major adaptations. For example, the cell’s
nutrient supply, metabolism, and oxygen supply and utilization
must increase, whereas stress responses and apoptosis must be
inhibited. It is to the virus’s advantage to target master cellular
regulators which may adapt several of these processes simul-
taneously. An example of such adaptation is the activation of
the cellular kinase Akt by HCMV infection and the HCMV
MIEPs (7, 16, 21, 26). Activation of this central regulator in-
hibits apoptosis while activating cellular proliferation, growth,
and metabolism (8), all of which benefit viral infection.

Another major cellular regulator is mTOR, which regulates
cap-dependent translation (12). Our data suggest that under
normal infection conditions HCMV can activate mTOR sig-
naling, most likely by activating PI3K/Akt signaling. However,
inhibition of mTOR kinase activity by hypoxia or rapamycin
does not significantly affect the viral infection. Although rapa-
mycin delayed the onset of viral production by at least 12 h, the
final yield of virus from either rapamycin- or hypoxia-treated
cells was only 0.5 to 0.8 log unit less than the yield of a normal
infection. Previous data have also suggested that HCMV in-
fection proceeds in the presence of rapamycin (16).

In several of the experiments presented we utilized serum
starvation and preincubation with rapamycin prior to infection.
From the perspective of the virus, this may represent a worst-
case scenario, since the virus enters a cell in which mTOR
kinase as well as serum-dependent cellular activities are al-
ready inhibited. Under normal in vivo conditions the viral
infection would become established, adapting or counteracting
cellular pathways, prior to the induction of stress responses
resulting from increased metabolism and viral protein synthe-
sis. Under the serum starvation-rapamycin preincubation con-
ditions, the virus must face the inhibitory conditions from the
beginning; thus, the experiments test the ability of the infection
to become established under preexisting adverse conditions.

Our data suggest that stress- or rapamycin-induced inhibi-
tion of mTOR kinase activity can be bypassed in an HCMV
infection through mTOR kinase-independent mechanisms
which phosphorylate 4E-BP and eIF4G. These virally induced
mechanisms may well function under normal growth condi-
tions, but they become readily detectable during rapamycin or
hypoxia treatment, which inhibits the mTOR pathway. Our
data suggest that two different mechanisms are involved in
mTOR kinase-independent phosphorylation of these proteins,
since phosphorylation of 4E-BP is PI3K dependent, whereas
phosphorylation of eIF4G appears to be biphasic, being PI3K
dependent at very early times (30 to 90 min after infection) and
PI3K independent as viral proteins are synthesized. The PI3K-
sensitive phosphorylation of eIF4G within 30 min of infection
is likely mediated by viral attachment to receptors (4, 25),
which can activate PI3K and Akt. Since the effects of this type
of signaling are transient (4, 16), we suggest that the continued

PI3K-insensitive phosphorylation of eIF4G may be mediated
by tegument proteins and/or by newly synthesized viral pro-
teins as they appear during the course of the infection. In this
scenario a temporal cascade of viral proteins would maintain
the proper levels of phosphorylation throughout the course of
the infection regardless of the inhibition of mTOR or PI3K.

In contrast to 4E-BP and eIF4G, HCMV appears to be
unable to induce an mTOR kinase-independent mechanism to
phosphorylate p70S6K. However, it is possible that this defi-
ciency is bypassed by the induction of a mechanism which can
promote a low level of ribosomal protein S6 phosphorylation
which is independent of PI3K and possibly independent of
mTOR/p70S6K. However, the functional relevance of low lev-
els of phosphorylated S6 remains to be determined.

The targeting of 4E-BP and eIF4G for phosphorylation sug-
gests that HCMV infection induces mechanisms which actively
maintain the integrity of the eIF4F complex to ensure cap-
dependent translation regardless of the cellular conditions.
Our cap binding experiments (Fig. 6) support this hypothesis,
showing that the mTOR kinase-independent phosphorylation
of 4E-BP and eIF4G correlates with inhibition of eIF4E bind-
ing to 4E-BP and the promotion of its association with the
eIF4F complex even when mTOR is inhibited. It is reasonable
to speculate that other components of the eIF4F complex
(eIF4E, Mnk1, and eIF4A) may also be modified by the
HCMV infection to further ensure the integrity of the eIF4F
complex. In agreement, a recent study (24) suggests that her-
pes simplex virus 1 infection actively maintains the eIF4F com-
plex by promoting the hyperphosphorylation of 4E-BP. These
studies also suggest that phosphorylated 4E-BP is degraded
during the herpes simplex virus infection; however we have no
evidence of 4E-BP degradation during HCMV infections.

Although the roles of mTOR and its effectors in cap-depen-
dent translational control are well established, inhibition of
mTOR kinase by rapamycin does not have a global inhibitory
effect on translation in mammalian cells (11, 14). For example,
rapamycin reduces cap-dependent translation in NIH 3T3 cells
by no more than 30% (3). We have seen a 30 to 35% decrease
in total [35S]methionine incorporation in pulse-labeling exper-
iments with LEHFFs in rapamycin (data not shown). Within
24 h of HCMV infection this rapamycin-induced decrease is
less than 20%, consistent with the translational activating ef-
fects of HCMV infection on mTOR effectors and the integrity
of the eIF4F complex. However, this may not be indicative of
the entire effect of the viral infection on translation of specific
mRNAs. Among mRNAs dependent on the cap for translation
there is a wide range in the degree of inhibition elicited by
rapamycin treatment (11). Thus, it is possible that the mech-
anisms utilized by HCMV to increase the integrity of the eIF4F
complex may be more beneficial to viral mRNAs, and some
cellular mRNAs, than to the bulk of cellular mRNAs.
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