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The mammalian target of rapamycin (mTOR) kinase occurs in mTOR complex 1 (mTORC1) and complex
2 (mTORC2), primarily differing by the substrate specificity factors raptor (in mTORC1) and rictor (in
mTORC2). Both complexes are activated during human cytomegalovirus (HCMV) infection. mTORC1 phos-
phorylates eukaryotic initiation factor 4E (eIF4E)-binding protein (4E-BP1) and p70S6 kinase (S6K) in
uninfected cells, and this activity is lost upon raptor depletion. In infected cells, 4E-BP1 and S6K phosphor-
ylation is maintained when raptor or rictor is depleted, suggesting that either mTOR complex can phosphor-
ylate 4E-BP1 and S6K. Studies using the mTOR inhibitor Torin1 show that phosphorylation of 4E-BP1 and
S6K in infected cells depends on mTOR kinase. The total levels of 4E-BP1 and viral proteins representative of
all temporal classes were lowered by Torin1 treatment and by raptor, but not rictor, depletion, suggesting that
mTORC1 is involved in the production of all classes of HCMV proteins. We also show that Torin1 inhibition
of mTOR kinase is rapid and most deleterious at early times of infection. While Torin1 treatment from the
beginning of infection significantly inhibited translation of viral proteins, its addition at later time points had
far less effect. Thus, with respect to mTOR’s role in translational control, HCMV depends on it early in
infection but can bypass it at later times of infection. Depletion of 4E-BP1 by use of short hairpin RNAs
(shRNAs) did not rescue HCMV growth in Torin1-treated human fibroblasts as it has been shown to in murine
cytomegalovirus (MCMV)-infected 4E-BP1�/� mouse embryo fibroblasts (MEFs), suggesting that during
HCMV infection mTOR kinase has additional roles other than phosphorylating and inactivating 4E-BP1.
Overall, our data suggest a dynamic relationship between HCMV and mTOR kinase which changes during the
course of infection.

The mammalian target of rapamycin (mTOR) kinase exists
in two complexes, mTOR complex 1 (mTORC1) and complex
2 (mTORC2). The major difference between the two is the
substrate specificity factors, raptor in mTORC1 and rictor in
mTORC2 (17, 29). Under normal conditions, the two
complexes differ in their sensitivity to the drug rapamycin:
mTORC1 is sensitive, and mTORC2 is insensitive (29). How-
ever, increasing evidence suggests that some mTORC1 func-
tions are rapamycin resistant (33).

Functionally, the two complexes have very different sub-
strates in uninfected cells. The substrates and functions of
mTORC2 are less well characterized than those of mTORC1;
however, data suggest that mTORC2 functions in (i) organiz-
ing the actin cytoskeleton (16, 29), (ii) regulating cell growth
and proliferation, (iii) promoting the activation of the serum
glucocorticoid-induced protein kinase (SGK), and (iv) promot-
ing the phosphorylation of proline-directed serine or threonine
sites in the turn motif of Akt and protein kinase C isoforms
(reviewed in reference 1). A primary function of mTORC1 is
to control cap-dependent translation (21, 28, 30). When
mTORC1 is active, it phosphorylates p70S6 kinase (S6K) and
the eukaryotic initiation factor 4E (eIF4E)-binding protein

(4E-BP1). Phosphorylation of S6K activates it, promoting the
formation of translation initiation complexes (21); this includes
the phosphorylation of ribosomal protein S6. The phosphory-
lation of 4E-BP1 is a major point of control in cap-dependent
translation and regulates the function of the eIF4F translation-
initiation complex. eIF4F binds to the 5� cap of an mRNA,
which is the first step in the initiation of cap-dependent trans-
lation. The eIF4F complex contains eIF4E, which is the sub-
unit that actually binds to the 5� cap. To form the eIF4F
complex, eIF4E must bind to eIF4G, the scaffolding protein of
the eIF4F complex. However, eIF4G binding, and cap-depen-
dent translation, can be inhibited by binding of 4E-BP1 to
eIF4E, which displaces eIF4G and inhibits eIF4F complex
formation. mTORC1 regulates the binding of 4E-BP1 to
eIF4E by controlling 4E-BP1 phosphorylation. Under positive
growth conditions, mTORC1 is active and maintains 4E-BP1
in its hyperphosphorylated state, where it is incapable of bind-
ing eIF4E. This allows eIF4E to remain active in the eIF4F
complex and promote cap-dependent translation. However,
under negative growth conditions, for example during stress or
inhibition of mTOR kinase activity, mTORC1 is inactive; 4E-
BP1 becomes hypophosphorylated, binds efficiently to eIF4E,
displaces eIF4G, and inhibits cap-dependent translation (re-
viewed in reference 8).

Human cytomegalovirus (HCMV), a betaherpesvirus, is the
largest human herpesvirus, with a 230-kb double-stranded
DNA genome and the potential to encode over 200 proteins
(25, 26). HCMV shows slow growth in culture and, therefore,
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must maintain favorable cellular conditions for a long period.
However, during this time, the increased transcription, trans-
lation, and metabolism that accompany infection will cause
cellular stress. This, in turn, results in the induction of a rep-
ertoire of cellular stress responses which provide means for the
cell to survive and control the stress. Many of these stress
responses target mTORC1 for inactivation to reduce cellular
translation and save energy and resources during times of
stress. While this would be good for the stressed cell, inhibition
of translation would be deleterious to an HCMV infection. We
have previously shown that both mTORC1 and mTORC2 are
activated during HCMV infection (18, 20). In addition, we and
others have shown that HCMV has multiple mechanisms for
dealing with the deleterious aspects of cellular stress responses
while maintaining beneficial ones (2, 6, 8, 9, 12, 14, 15, 18–20,
22, 23, 35, 36). From these studies, it has become clear that
HCMV strives to maintain mTOR kinase activity, as measured
by 4E-BP1, S6K, and Akt phosphorylation, even under condi-
tions that normally induce strong inhibitory stress responses (2,
18–20).

Our previous studies have shown that the phosphorylation of
4E-BP1 becomes resistant to rapamycin in HCMV-infected
cells and that rapamycin has only a transient effect on HCMV
growth in human fibroblasts (18, 20). These studies suggested
that, during HCMV infection, mTORC1 and mTORC2 are
modified such that their substrate specificities and rapamycin
sensitivities are altered. This was shown by using short hairpin
RNAs (shRNAs) to deplete rictor or raptor; it was found that
phosphorylation of 4E-BP1 and S6K was maintained when
either raptor or rictor was depleted in infected cells. These
results suggested that, in infected cells, the substrate specificity
of mTORC2 was broadened to include 4E-BP1 and S6K.

Recently, a more effective inhibitor of mTOR kinase,
Torin1, was developed. Torin1 specifically targets the catalytic
site of mTOR kinase and inhibits all known phosphorylation by
either mTORC1 or mTORC2 (33). Recent HCMV studies
(24) using Torin1 suggested that HCMV replication requires
both rapamycin-sensitive and rapamycin-resistant mTOR ac-
tivity and confirmed our previous observations (18, 20) that
phosphorylation of 4E-BP1 and the formation of the eIF4F
complex become resistant to rapamycin in HCMV-infected
cells. In contrast to rapamycin, mTOR phosphorylation of 4E-
BP1 in infected cells is sensitive to Torin1 (24). These studies
also showed that similar mTOR signaling and sensitivity to
Torin1 occurred in murine cytomegalovirus (MCMV)-infected
mouse embryo fibroblasts (MEFs). In the MCMV system, the
inhibition of MCMV replication by Torin1 was rescued in
MEFs lacking 4E-BP1, suggesting that the primary reason for
preserving mTOR kinase activity in MCMV-infected MEFs
was to maintain the ability to phosphorylate and inactivate
4E-BP1.

In the following experiments, we further examined the func-
tion of mTORC1 and mTORC2 in HCMV-infected cells by
use of shRNAs to deplete rictor or raptor or Torin1 treatment
to inhibit mTOR kinase. For the Torin1 experiments, we
treated with Torin1 not only from the beginning of the infec-
tion but also for 24-h periods prior to harvest. We did this
because Torin1 addition from the beginning of infection atten-
uates and significantly delays the establishment of an infection.
The addition of Torin1 at various time points after infection

allowed us to determine the effect of mTOR kinase inhibition
at different points in an established infection.

We find that the phosphorylation of 4E-BP1 on amino acid
residues T37, T46, and S65 and the phosphorylation of S6K on
amino acid residue T389 are all maintained under conditions
of either rictor or raptor depletion. This agrees with and ex-
pands upon our previous data (20), which suggested that 4E-
BP1 and S6K become substrates of either mTOR complex in
infected cells. However, we find that the depletion of rictor or
raptor had significantly different effects on the total level of
4E-BP1; while hyperphosphorylation is maintained, the total
level of 4E-BP decreased in raptor-depleted, but not rictor-
depleted, cells. Substrate specificity for the phosphorylation of
Akt S473 was not altered in infected cells; it remained
mTORC2 specific and was inhibited only by rictor depletion.
That mTOR kinase remained the kinase that phosphorylated
4E-BP1, S6K, and Akt in infected cells was demonstrated by
the complete loss of 4E-BP1, S6K, and Akt phosphorylation by
the addition of Torin1 to infected cells. The depletion of rictor
or raptor also showed differing effects on the accumulation of
viral proteins. Representatives of immediate-early, early, and
late proteins were all lowered by raptor depletion but not by
rictor depletion. Similar effects on the accumulation of these
proteins were noted after Torin1 treatment. Thus, the loss of
raptor and the inhibition of mTOR kinase present similar
phenotypes with respect to viral protein production. This sug-
gests that mTORC1, where mTOR kinase and raptor function
together, plays a significant role in the production of all classes
of HCMV proteins.

We also show that Torin1 inhibition of mTOR kinase is
rapid, being complete by 120 min after addition, and is most
deleterious at early times of infection. While Torin1 treatment
from the beginning of infection significantly inhibited transla-
tion of viral proteins, its addition at later time points had far
less effect. Thus, with respect to mTOR’s role in translational
control of viral proteins, HCMV depends on it early in infec-
tion but becomes increasingly less dependent as the viral time
course proceeds. Finally, the depletion of 4E-BP1 by use of
shRNAs did not rescue HCMV growth in Torin1-treated hu-
man fibroblasts as it has been shown to in MCMV-infected,
4E-BP1�/� MEFs. This suggests that during HCMV infection
mTOR kinase has additional roles other than phosphorylating
and inactivating 4E-BP1, potentially roles that are not related
to translation. Overall, our data suggest a dynamic relationship
between HCMV and mTOR kinase which changes during the
course of the infection.

MATERIALS AND METHODS

Cell culture. Life-extended human foreskin fibroblasts (HFs) (5) were cultured
at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 2 mM Gluta-Max (Gibco). Serum starvation experiments were
done with the same medium lacking FCS. HFs were used between passage 2 and
passage 10 after thawing.

Reagents. Torin1 was kindly provided by David Sabatini (Whitehead Institute)
and was used at a concentration of 250 nM. The primary antibodies used in this
study were total and phospho-4E-BP1 (T37/46 and S65), phospho-S6K (T389),
and phospho-Akt (Ser 473) (Cell Signaling), Rictor (Bethyl), Raptor (Millipore),
UL44 and pp28 (Santa Cruz), gB (East Coast Bio), and �-actin (Chemicon). The
antibody that recognizes the common exon 2 and 3 sequences of the HCMV
major immediate-early proteins (MIEPs) was prepared by this laboratory and
has previously been described (13).
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Virus preparation, titration, and infection. HCMV (Towne strain) stocks were
prepared and purified as previously described (18). Titers were determined using
the 50% tissue culture infective dose (TCID50) method. All experiments were
performed using a multiplicity of infection (MOI) of 3.

Plasmids encoding lentiviruses that express shRNAs against rictor (1857) and
raptor (1853) were purchased from Addgene. Plasmids encoding lentiviruses that
express shRNAs against 4E-BP1 (TRCN0000040206) were purchased from
Open Biosystems. The lentivirus containing the luciferase shRNA, used as a
control, was constructed in this laboratory. Lentiviruses were prepared in 293T
cells as previously described (37). Where applicable, lentiviruses were incubated
with cells for 7 h in the presence of 10 �g/ml polybrene. Cells were then
maintained in serum-containing medium for 4 days before serum starvation prior
to mock or HCMV infection.

HCMV growth in the presence of Torin1. HFs grown in six-well plates were
serum starved for 24 h, followed by mock or HCMV infection at a MOI of 3.
After a 2-h incubation, the cells were washed three times with 1� phosphate-
buffered saline (PBS), and 2 ml of serum-free medium, with or without 250 nM
Torin1, was added to each well. Drug treatments began at 2 h postinfection (hpi)
or 24 h prior to cell harvest. At designated time points, 1 ml of medium was
removed from the well and transferred to a 15-ml conical tube. The cells in the
well were scraped into the remaining 1 ml of medium, sonicated 10 times with 1-s
pulses, and combined with the previously collected medium. The medium was
then centrifuged at 4°C for 10 min at 1,800 rpm. The supernatant was transferred
to a fresh tube, flash frozen in liquid nitrogen, and stored at �80°C. Viral titers
were calculated using the TCID50 method.

Time course viral infections. HFs grown in six-well plates were serum starved
for 24 h, followed by mock or HCMV infection at a MOI of 3. After a 2-h
incubation, cells were washed three times with 1� PBS and fresh serum-free
DMEM was added. Where applicable, Torin1 was added as described above. At
various time points after infection, cells were incubated for 5 min at 4°C in cold
radioimmunoprecipitation assay (RIPA) lysis buffer (1% NP-40, 1% sodium
deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium phosphate, pH 7.2, 2 mM
EDTA, 50 mM sodium fluoride, 200 �M sodium orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride, 1.5 �g aprotinin/ml, 1 �g leupeptin/ml). Cells were then
scraped into Eppendorf tubes, and lysates were centrifuged at 4°C for 10 min at
maximum speed in a Beckman microcentrifuge. The supernatant was transferred
to a fresh tube and stored at �20°C until ready for Western blot analysis.

Western analyses. Loading dye (3�; 187.5 mM Tris-HCl [pH 6.8], 6% sodium
dodecyl sulfate, 30% glycerol, 0.3% bromophenol blue, 467 mM �-mercapto-
ethanol) was added to lysates, and the samples were boiled for 5 min. Proteins
were separated by 8% or 15% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The
membranes were blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline
with 0.1% Tween 20 (TBST). Membranes were incubated in primary antibody
overnight at 4°C with the appropriate antibody diluted in 2% bovine serum
albumin in TBST. Membranes were then incubated for 1 h with horseradish
peroxidase-conjugated secondary antibodies (Thermo) diluted in 5% milk and
visualized with enhanced chemiluminescence (ECL) reagents (Roche).

Metabolic labeling. Mock- or HCMV-infected HFs (MOI � 3) were treated
with 250 nM Torin1 starting at 2 hpi, 24 hpi, or 48 hpi or similarly treated with
dimethyl sulfoxide (DMSO), the solvent control. Cells were harvested at 72 hpi.
Metabolic labeling was performed as previously described (15). Briefly, prior to
harvest at 72 hpi, the cells were washed and incubated in prewarmed DMEM
lacking methionine and cysteine (Gibco) for 15 min. Torin1 was included in the
medium during the wash step, where applicable. Cells were then labeled for 30
min with prewarmed methionine/cysteine-free DMEM containing 125 �Ci/ml
[35S]methionine and [35S]cysteine. Torin1 was included in the medium during
labeling, where applicable. Cells were subsequently washed three times in 1�
PBS and lysed in RIPA buffer. 35S labeling of HCMV-encoded proteins was
determined by immunoprecipitation of the major immediate-early proteins
(MIEPs), pp28 and gB. Immune complexes were purified by binding to Dyna-
beads protein G (Invitrogen), followed by SDS-PAGE. The gel was fixed in 46%
methanol, 7% acetic acid and dried for 2 h before being exposed to film.

Cap-binding protein affinity purification. HFs were infected with lentiviral
vectors encoding shRNAs to 4E-BP or luciferase. After 4 days, the cells were
serum starved for 24 h, followed by mock or HCMV infection (MOI � 3). Torin1
(250 nM) was added from 2 to 72 hpi or from 48 to 72 hpi or the cells were
treated with the solvent control, DMSO. At 72 hpi, the cells were extracted using
affinity purification (AP) buffer (0.5% Triton X-100, 50 mM Tris-Cl, pH 7.5, 150
mM NaCl, 1.5 mM EDTA, 20 mM �-glycerophosphate, 10 mM sodium fluoride,
200 �M sodium orthovanadate, 2 mM phenylmethylsulfonyl fluoride, 1.5 �g/ml
aprotinin, and 1.0 �g/ml leupeptin) as previously described (38). Two hundred
micrograms of extracted protein was incubated with 10 �l of 7-methyl GTP

Sepharose beads (GE Healthcare) for 2 h at 4°C. The beads were then washed
twice in cold AP buffer and prepared for Western analysis as described above.

RESULTS

The phosphorylation of 4E-BP1 and S6K is retained in
HCMV-infected cells depleted of either raptor or rictor. Pre-
vious studies from our laboratory (18, 20) examined 4E-BP1
and S6K phosphorylation at 10 and 24 h postinfection (hpi); at
these early time points following HCMV infection, hyperphos-
phorylation of 4E-BP1 and S6K was retained when either ric-
tor or raptor was depleted using shRNAs. This suggested that
the substrate specificity of the rictor-containing complex
(mTORC2) was extended by HCMV infection to include 4E-
BP1 and S6K. In Fig. 1, we expanded upon these results to
examine the effects of rictor or raptor depletion in addition to
the effects of Torin1 inhibition on the phosphorylation of
mTOR kinase substrates and the expression of viral genes at
various time points during HCMV infection.

HF cells were infected with lentivirus vectors that expressed
either a control luciferase-specific shRNA (Luc) or shRNAs
specific for either rictor or raptor. After 4 days, the cells were
serum starved for 24 h, then infected with HCMV (MOI � 3),
and harvested at 48 and 72 hpi. The Western blot in Fig. 1A
shows that rictor and raptor depletions were effective at both
48 and 72 hpi. Consistent with previous reports, hyperphos-
phorylation of 4E-BP1 was retained under either rictor or
raptor depletion conditions, as indicated by analysis using an
antibody that detects total 4E-BP1 (similar results were seen
for 4E-BP2; not shown). In addition, we show that phosphor-
ylations of 4E-BP1 on amino acid residues T37, T46, and S65
are all maintained following either rictor or raptor depletion,
as indicated by phosphospecific antibodies. However, it is clear
that the total level of 4E-BP1 is decreased in raptor-depleted
cells; this is also reflected by the decreased detection of the
specifically phosphorylated forms of 4E-BP1. Phosphorylation
of S6K is also not significantly altered after depletion of either
rictor or raptor. The phosphorylation of Akt on amino acid
residue S473 is rictor dependent, suggesting that Akt is solely
a substrate of mTORC2 in infected cells, as it is in uninfected
cells (18, 31). Thus, the substrate specificity for Akt by the
mTOR complexes is not altered by HCMV infection, whereas
the substrate specificity for 4E-BP1 and S6K appears to be
altered such that either the rictor- or the raptor-containing
complexes can phosphorylate them.

One possibility for this expanded substrate specificity is that
mTOR kinase is not the kinase that phosphorylates 4E-BP1
and S6K in HCMV-infected cells. We show that this is not the
case when the mTOR kinase-specific inhibitor, Torin1, is used
(Fig. 1A). Phosphorylation of 4E-BP1, S6K, and Akt is com-
pletely lost by the addition of Torin1 (250 nM) for 24 h prior
to harvest (i.e., between 24 and 48 hpi and between 48 and 72
hpi). Note the faster migration of the hypophosphorylated
form of 4E-BP1 than of the hyperphosphorylated forms seen in
the rictor- and raptor-depleted, HCMV-infected cells; signifi-
cantly, there is no detectable hypophosphorylated 4E-BP1 un-
der rictor or raptor depletion conditions. In these experiments,
we chose to use 24 h of Torin1 treatment because adding
Torin1 from the beginning of the infection (at 2 hpi) does not
allow an infection to establish. For example, under our normal
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infection conditions, a titer of 5 �104 to 1 � 105 infectious
virions can be obtained by 72 hpi; however, when Torin1 is
added from 2 to 72 hpi between 0 and 102 infectious virions are
detected (not shown). This is also demonstrated in Fig. 1B;
Torin1 treatment from 2 to 48 hpi or from 2 to 72 hpi inhibited
the accumulation of the major immediate-early proteins
(MIEPs; which include IEP86, also called IE2, and IEP72, also
called IE1), the early protein UL44, and the late protein pp28.

Depletion of raptor and mTOR inhibition by Torin1 have
similar effects on immediate-early, early, and late viral gene
expression. The data in Fig. 1A also show the effects of rictor
or raptor depletion, and Torin1 treatment, on the expression of
proteins representing the immediate-early, early, and late
classes of viral genes. The depletion of rictor had no noticeable
effect on the expression of any of these genes. However, the
depletion of raptor resulted in several notable effects: (i) a
specific loss of the expression of IEP86, the 86-kDa major
immediate-early protein; (ii) a decrease in the early protein
UL44; and (iii) a considerable loss of expression of the late
protein pp28 seen in the 72-hpi sample. When compared with
the effects of Torin1 treatment for 24 h prior to harvest (Fig.
1A), similar effects were observed: IEP86, UL44, and pp28
expression levels were all diminished. The diminution of pp28
after the 48- to 72-hpi Torin1 treatment was less than that seen
under conditions of raptor depletion, and this can be explained
by the accumulation of pp28 prior to the addition of Torin1.
Overall, these data show that the depletion of raptor and the
inhibition of mTOR kinase by Torin1 have similar effects on
viral protein expression. This suggests that mTORC1, where
mTOR kinase and raptor function together, plays a significant
role in the production of all classes of HCMV proteins. Our
findings differ from those of the recent HCMV study using
Torin1 (24), which suggested that Torin1 caused only modest
reductions in immediate-early- and early-viral-protein expres-
sion levels; in contrast, we see significant losses of IEP86 and
UL44. However, the studies agree that there is a decrease in
late protein accumulation.

Inhibition of mTOR kinase is most deleterious at early
times in infection and does not affect virion assembly. To more
specifically examine the effects of Torin1 on HCMV infection,
we performed an infection time course experiment examining
both protein expression and infectious virus production (Fig.
2). As in the previous experiment, 250 nM Torin1 was added
for 24 h prior to harvest; for example, Torin1 was present from
24 to 48 hpi for the 48-hpi time point and from 48 to 72 hpi for
the 72-hpi time point. The only exception is the 24-hpi time
point, where Torin1 was added 2 h after infection (2 to 24 hpi).
The addition of Torin1 at various time points after infection
allows us to determine when during infection the inhibition of
mTOR kinase is most deleterious.

Figure 2A shows that the level of total 4E-BP1 significantly
increases during infection up to 96 hpi and that it is hyper-
phosphorylated; this can be seen in the analysis using the total
4E-BP1 antibody as well as the antibody specific to 4E-BP1
phosphorylated on threonine residues 37 and 46. At each time
point, 24 h of Torin1 treatment eliminated 4E-BP1 hyperphos-
phorylation. Phosphorylation of S6K shows a similar increase
during the course of infection and is also inhibited by Torin1
treatment. Furthermore, the data show that the effect of
Torin1 on IEP86 accumulation is most significant when pres-

FIG. 1. Effects of rictor or raptor depletion or Torin1 treatment on
4E-BP1, S6K, and Akt phosphorylation and expression of representa-
tive HCMV proteins. (A) Western analysis of HCMV-infected HFs
following shRNA-mediated depletion using lentiviruses expressing
control (Luc) or rictor (Ric)- or raptor (Rap)-specific shRNA or HFs
treated with 250 nM Torin1 for 24 h prior to cell harvest. Cells were
collected at 48 and 72 hpi and analyzed for expression of rictor, raptor,
4E-BP1, S6K, Akt, and various viral proteins representing the different
temporal classes of viral genes. Actin expression was monitored as a
loading control. All the lanes shown were from the same experiment
and the same gel; some intervening lanes were removed for clarity of
presentation. (B) Western analysis of HCMV-infected HFs following
Torin1 treatment beginning at 2 hpi or duing the last 24 h before
harvest.
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ent from 2 to 24 hpi and from 24 to 48 hpi. Addition from 48
to 72 hpi had less effect, suggesting that the steady-state level
of IEP86 accumulated at 48 hpi changed little between 48 and
72 hpi. Similarly, UL44 accumulation was most significantly
affected by the 2- to 24-hpi and the 24- to 48-hpi Torin1
treatments, after which Torin1 treatment had little effect on
UL44 levels. Despite the accumulation of immediate-early and
early proteins during the 48- to 72-hpi Torin1 treatment, ac-
cumulation of pp28 was delayed.

Figure 2B shows the effect of 24 h of Torin1 treatment on
infectious virion formation. The effect is greatest at earlier
times of infection; the 24- to 48-hpi treatment lowered the titer
by over 1.5 log, whereas the 48- to 72-hpi and 72- to 96-hpi
treatments lowered the titer by only 0.5 to 0.6 log. At time
points after 48 hpi, sufficient levels of viral proteins have ac-
cumulated, which may maintain the formation of virions de-
spite Torin1 inhibition of mTOR kinase. However, it is also

possible that between 48 and 72 hpi, the loss of phosphorylated
4E-BP1 due to Torin1 addition is slow, and the consequences
of 4E-BP1 dephosphorylation take effect only toward the end
of the 48- to 72-hpi treatment period. To show that this is not
the case, cells were treated at 48 hpi with 250 nM Torin for 30,
60, and 120 min to determine how quickly Torin1 affected
4E-BP1 phosphorylation. Control mock-infected cells were se-
rum stimulated to activate mTOR kinase and then subjected to
the same Torin1 treatment. Figure 3 shows that after just 30
min of Torin1 treatment, 4E-BP1 hyperphosphorylation in in-
fected and serum-stimulated uninfected cells is being lost, and
by 120 min, only the hypophosphorylated form remains. Thus,
inhibition of mTOR kinase, as measured by reduced levels of
4E-BP1 phosphorylation, occurs rapidly after Torin1 addition
in both serum-stimulated and infected cells.

Pulse-labeling studies show that Torin1 treatment has less
effect on protein synthesis late in infection. Another possible
cause of the less significant effect of Torin1 treatment late in
infection is that the virus may mediate translational modifica-
tions that minimize the effects of hypophosphorylated 4E-BP1
or other effects mediated by mTOR kinase inhibition. Thus,
cells were pulse-labeled with [35S]methionine and [35S]cysteine
to examine protein synthesis under normal and Torin1-treated
conditions. As described above, mock- and HCMV-infected
cells were Torin1 treated at 2 hpi, 24 hpi, or 48 hpi or similarly
treated with DMSO, the solvent control. All of the samples
were metabolically labeled and then harvested at 72 hpi. Spe-
cifically, at 72 hpi, the cells were washed and incubated in
prewarmed DMEM lacking methionine and cysteine for 15
min. Torin1 was included in the medium, where applicable.
Cells were then labeled for 30 min with prewarmed methio-
nine/cysteine-free DMEM containing 125 �Ci/ml [35S]methio-
nine and [35S]cysteine. Torin1 was included in the medium
during labeling, where applicable. Cells were then extracted,
and total protein or immunoprecipitated proteins were ana-
lyzed by SDS-PAGE and autoradiography (Fig. 4A and B).
The data show that the overall level of protein synthesis, as
indicated by 35S labeling, decreased following Torin1 treat-

FIG. 2. Effects of Torin1-mediated inhibition of mTOR kinase on
4E-BP1 and S6K phosphorylation, representative viral protein synthe-
sis, and viral growth. An HCMV infection time course experiment (0
to 120 hpi) was performed with HFs where the cells either were left
untreated or were treated with 250 nM Torin1 for 24 h prior to the
harvest time point. (A) Western analysis of 4E-BP1 or S6K phosphor-
ylation or of various viral proteins in the presence or absence of Torin1
treatment (M, mock-infected; I, HCMV-infected). (B) Viral titer was
determined at 24, 48, 72, and 96 hpi from untreated cultures (black
bars) or cultures treated with Torin1 for 24 h prior to harvest (gray
bars).

FIG. 3. Inhibition of mTOR kinase by Torin1 is rapid. At 48 hpi,
HFs were treated with 250 nM Torin1 and harvested at 30, 60, and 120
min posttreatment. Control mock-infected cells were serum stimulated
to activate mTOR kinase and then subjected to the same Torin1
treatment. Western analysis was conducted to examine levels of total
and phospho-4E-BP1, pp28, and actin (M, mock-infected; I, HCMV-
infected).
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ment in both the mock- and the HCMV-infected cells (Fig.
4A). In infected cells, this decrease is more apparent when
Torin1 is added for longer periods of time; for example, there
is a more significant decrease in total protein pulse-labeling
when Torin1 is present from 2 to 72 hpi than when it is added
from 48 to 72 hpi, and the 24- to 72-hpi treatment is interme-
diate. A similar trend is observed following immunoprecipita-
tion of the viral major immediate-early proteins (MIEPs), gB
and pp28 (Fig. 4B); the expression of each protein, as mea-
sured by pulse-labeling, increases inversely with the length of
Torin1 treatment. Indeed, the labeling of the immunoprecipi-
tated viral proteins occurring in the samples treated with
Torin1 from 48 to 72 hpi is very comparable to the labeling in
the untreated sample (compare lanes 3 and 6 in Fig. 4B). This
suggests that by 48 hpi, translation of the viral proteins is
essentially unaffected by the inhibition of mTOR kinase but
that the background labeling of cellular proteins has not re-
covered as significantly (Fig. 4A). Again, an argument can be
made that Torin1 may not be as effective when added later in

infection; however, the data in Fig. 1, 2, and 3 show very
convincingly that a 24-h Torin1 treatment between 48 and 72
hpi is very effective in inhibiting 4E-BP and S6K phosphoryla-
tion. Thus, the data suggest that, in infected cells, inhibition of
mTOR kinase is deleterious to viral replication when it occurs
early, before an infection can be established. However, as the
infection proceeds and is allowed to establish, mTOR kinase
inhibition has progressively less effect on the synthesis of viral
proteins. Hence, it appears that during the course of infection,
translational mechanisms that are resistant to inhibition by
hypophosphorylated 4E-BP1 and resistant to the loss of S6K
activity are activated.

The depletion of 4E-BP1 does not rescue infectious virion
formation in HCMV-infected human fibroblasts. As discussed
in the introduction, recent evidence obtained using the MCMV
system in MEFs showed that the inhibition of MCMV growth
caused by Torin1 could be rescued in MEFs lacking 4E-BP1
(24). In these studies, there was a significant decrease in viral
growth following Torin1 treatment in wild-type MEFs; how-
ever, MCMV replication was not inhibited when Torin1 was
added to 4E-BP1�/� MEFs. These studies concluded that
Torin1 is solely inhibiting MCMV growth through a 4E-BP1-
dependent mechanism in MEFs. In other words, the primary
function of mTOR kinase in MCMV-infected MEFs is to
maintain the ability to phosphorylate and inactive 4E-BP1.

To determine whether this is also true in HCMV-infected
HFs, we infected HFs with lentiviral vectors encoding shRNAs
specific for 4E-BP1 (sh4E-BP) or a luciferase control (shLuc).
Four days later, cells were serum starved for 24 h, followed by
mock or HCMV infection. Infected cells were harvested at 24,
48, 72, 96, and 120 hpi for Western analysis or for determina-
tion of viral titer by use of the TCID50 method. Either Torin1
treatment was begun at 2 hpi and maintained throughout the
time course or Torin1 was added for 24 h before harvest (i.e.,
48 to 72 hpi, 72 to 96 hpi, and 96 to 120 hpi). The Western
analysis in Fig. 5 shows the status of 4E-BP1 phosphorylation
and depletion at the 72- and 96-h time points. In the shLuc
(Fig. 5, lanes L) control samples, the addition of Torin1 from
2 hpi (2 to 72 and 2 to 96 hpi) or for 24 h before harvest (48 to
72 or 72 to 96 hpi) resulted in the hypophosphorylation of
4E-BP1. 4E-BP1 depletion was very effective in the sh4E-BP1
samples (Fig. 5, lanes 4E).

In the growth analysis, the shLuc control with no Torin1
shows a normal growth curve. Depletion of 4E-BP1 by use of
sh4E-BP1 (Fig. 5, No Torin) caused a 3- to 5-fold decrease in
titer at every time point. As previously discussed, Torin1 treat-
ment from 2 hpi was very deleterious to viral growth in the
control shLuc-treated cells, and depletion of 4E-BP1 did not
rescue HCMV growth in the presence of Torin1. In the sam-
ples where Torin1 was added 24 h before harvest, the HCMV
titer was decreased at every time point in the shLuc control
cells and the Torin1-induced decrease was greater in the 4E-
BP1-depleted cells. Thus, in contrast to what was found for the
MCMV system, the depletion of 4E-BP1 did not rescue the
inhibition of HCMV growth in the presence of Torin1; in
fact, viral growth in the 4E-BP1-depleted, Torin1-treated
cells was consistently less than in the control, Torin1-treated
cells. The moderate loss of titer upon 4E-BP1 depletion, as
well as the failure of 4E-BP1 depletion to rescue Torin1 inhi-
bition of viral growth, suggests that 4E-BP1 and mTOR kinase

FIG. 4. Protein synthesis is less affected by Torin1 at late times in
infection than at early times in infection. HFs were mock or HCMV
infected in the presence or absence of 250 nM Torin1. Where appli-
cable, Torin1 or DMSO (solvent control) was added at 2 hpi, 24 hpi, or
48 hpi and cells were pulse-labeled with [35S]methionine/[35S]cysteine
for 30 min just prior to harvest at 72 hpi. Total protein (A) or immu-
noprecipitated proteins (B) were analyzed by SDS-PAGE and auto-
radiography. NT, not treated.
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have additional functions during HCMV infection. Overall, the
results of the above-mentioned studies demonstrate that, un-
like the MCMV-MEF system, mTOR kinase has more func-
tions in HCMV-infected HFs than just to phosphorylate and
inactivate 4E-BP1.

An important difference to note in our studies versus the
MCMV studies is that the studies using MEFs with MCMV
utilized 4E-BP1�/� cells (24), so there was no 4E-BP1 ex-
pressed. In contrast, in our shRNA depletion studies, there
could be a small amount of residual 4E-BP1. In order to show
that the residual 4E-BP1 was not sufficient to inhibit cap-
dependent translation in Torin1-treated, HCMV-infected
cells, we performed cap-binding studies. In these experiments,
the cap-binding protein, eIF4E, is bound to a cap analog,
7-methyl GTP, bound to Sepharose beads. Under normal con-
ditions, when cap-dependent translation is active, the bound
eIF4E will have associated eIF4G, the scaffolding protein of
the eIF4F cap-binding complex. Under these conditions,
4E-BP will be hyperphosphorylated by mTOR kinase and un-
able to bind eIF4E. However, under conditions where mTOR

kinase is inhibited, for example, upon Torin1 treatment, 4E-BP
will be hypophosphorylated and will readily bind eIF4E and
preclude eIF4G binding, thus inhibiting the formation of the
eIF4F complex and inhibiting cap-dependent translation. Fig-
ure 6A shows the input controls under each experimental con-
dition; all samples were harvested at 72 hpi. Short and long
exposures of Western analyses of 4E-BP1 are provided for
clarity. In serum-stimulated, mock-infected cells expressing the
control shLuc lentivirus, and in the absence of Torin1 treat-
ment, 4E-BP1 is hyperphosphorylated. When Torin1 was
added from 2 to 72 hpi or from 48 to 72 hpi, 4E-BP1 became
hypophosphorylated. Under these same conditions, with the
use of the sh4E-BP1-expressing lentivirus, significant depletion
of 4E-BP1 was observed. In HCMV-infected cells, we see a
significant increase in total 4E-BP1 levels in the shLuc-express-
ing cells (shLuc), and this 4E-BP1 is present in its hyperphos-
phorylated state. 4E-BP1 becomes hypophosphorylated upon
Torin1 treatment from 2 to 72 or 48 to 72 hpi. In HCMV-
infected cells expressing sh4E-BP1, we again observed signifi-
cant depletion of 4E-BP1. Thus, the controls establish that

FIG. 5. 4E-BP1 depletion does not rescue infectious virion forma-
tion in Torin1-treated, HCMV-infected HFs. HFs were infected with
lentiviral vectors encoding shRNAs specific for 4E-BP1 (sh4E-BP; 4E)
or a luciferase control (shLuc; L). Four days after lentivirus infection,
the cells were serum starved for 24 h and then infected with HCMV
(MOI � 3). In samples treated with Torin1, the drug was either added
at 2 hpi and maintained throughout or added for 24 h before harvest
(48 to 72, 72 to 96, and 96 to 120 hpi). Cells were collected at 24, 48,
72, 96, and 120 hpi for determination of viral titer by use of the TCID50
method or for Western analysis of 4E-BP1 and actin. Bars represent
the standard deviation.

FIG. 6. Residual 4E-BP in 4E-BP-depleted cells is not sufficient to
block binding of eIF4G to eIF4E. HFs were infected with lentiviral
vectors encoding shRNAs specific for 4E-BP1 (sh4E-BP) or a control
luciferase (shLuc). Four days after lentivirus infection, the cells were
serum starved for 24 h and infected with HCMV (MOI � 3). In cells
treated with Torin1, the drug was added at 2 hpi or 48 hpi; all samples
were collected at 72 hpi. Whole-cell lysate was separated by SDS-
PAGE and subjected to Western blot analysis (A), or a cap-binding
assay was performed, followed by Western blot analysis (B). Levels of
eIF4E, 4E-BP1, and eIF4G were examined.
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4E-BP1 depletion and Torin1 treatment were effective. We
also examined the expression of eIF4E and eIF4G in the input
samples. Here, we reiterate previous findings that both of these
proteins are increased in HCMV-infected cells under normal
conditions (27). In addition, the data suggest that the levels of
both eIF4E and eIF4G are diminished in mock-infected cells
as a result of 4E-BP1 depletion and Torin1 treatment. This can
also be noted for infected cells but is substantially compen-
sated for by the increased production of both proteins.

Figure 6B shows the results of the cap-binding assay. Anal-
ysis of eIF4E shows that relatively equivalent amounts of the
cap-binding protein were bound by the 7-methyl GTP beads in
each sample. As expected, eIF4E was bound to significant
levels of eIF4G and little to no 4E-BP1 in samples not treated
with Torin1. In shLuc-expressing, mock-infected cells treated
with Torin1, 4E-BP1 is the predominant eIF4E-binding part-
ner, displacing eIF4G. In mock-infected cells expressing sh4E-
BP1 and treated with Torin1, there is enough residual 4E-BP1
to displace much, but not all, of the eIF4G from eIF4E (com-
pare the short and long exposures of the eIF4G Western blot
in Fig. 6B). In HCMV-infected cells which were not treated
with Torin1, there is a significant increase in binding of eIF4G
to eIF4E compared to the level for the equivalent mock-in-
fected samples. This may result, in part, from the increased
levels of eIF4G in infected cells (Fig. 6A); however, it may also
indicate a virally induced modification that increases the avid-
ity or stability of the eIF4G-eIF4E interaction. Upon Torin1
treatment of the shLuc-expressing, HCMV-infected cells,
there is an increase in binding of 4E-BP1 to eIF4E, which
displaces much, but not all, of the eIF4G. Thus, in infected
cells treated with Torin1, where there is a full complement of
hypophosphorylated 4E-BP1, it is not enough to completely
displace all of the eIF4G. In the HCMV-infected cells express-
ing sh4E-BP1, the decreased 4E-BP1 levels result in signifi-
cantly increased binding of eIF4G to eIF4E, even in the pres-
ence of Torin1. This is particularly apparent in the sample
treated with Torin1 from 48 to 72 hpi where the infection was
allowed to establish before mTOR kinase inhibition by Torin1
and where the pulse-labeling study shows that Torin1 had less
effect on viral protein synthesis (Fig. 4A and B). These results
show that residual 4E-BP1 in the sh4E-BP1-expressing,
Torin1-treated, HCMV-infected cells was not sufficient to in-
hibit the formation of the eIF4F cap-binding complex needed
for cap-dependent translation.

DISCUSSION

The data presented examine the roles of mTOR kinase in
mTORC1 and mTORC2 during HCMV infection. Our previ-
ous data suggested that infection may change the functionality
of the two complexes. In particular, these data suggested that
4E-BP1 and S6K became substrates of either mTORC1 or
mTORC2 during an HCMV infection (20) but that they are
substrates of only mTORC1 in uninfected cells. This was
shown by the maintenance of phosphorylation of 4E-BP1 and
S6K throughout infection when either raptor or rictor was
depleted using shRNAs, thus inactivating mTORC1 or
mTORC2, respectively. In the present studies, we reiterate
these conclusions and extend the observations. A potential
explanation for the maintenance of 4E-BP1 and S6K phos-

phorylation during infection was that a kinase other than
mTOR may be involved during infection. However, using the
mTOR kinase-specific inhibitor Torin1, we confirmed that
mTOR kinase is responsible for 4E-BP1, S6K, and Akt phos-
phorylation in infected cells (Fig. 1A).

Although both rictor-depleted and raptor-depleted condi-
tions could maintain 4E-BP1 and S6K phosphorylation, there
were significant differences noted between the two depletion
conditions. For example, depletion of raptor resulted in a sig-
nificant lowering of total 4E-BP1 levels. The results of studies
conducted with uninfected and herpes simplex 1-infected cells
have demonstrated that 4E-BP1 hyperphosphorylation is fol-
lowed by proteasome-mediated degradation (4, 10, 34). As
shown in Fig. 2A, in HCMV-infected cells, the level of hyper-
phosphorylated 4E-BP1 is significantly increased during infec-
tion, suggesting that proteasome-mediated degradation of hy-
perphosphorylated 4E-BP1 does not occur in HCMV-infected
cells. The finding that the depletion of raptor, and subsequent
loss of mTORC1 activity, results in a lowering of total 4E-BP1
levels suggests that 4E-BP1 phosphorylated by mTORC1 may
be more capable of avoiding proteasomal degradation than
4E-BP1 phosphorylated by mTORC2.

Differential effects of raptor depletion, compared to those of
rictor depletion, are also noted in the expression of viral pro-
teins (Fig. 1A). Raptor depletion resulted in lower expression
of viral proteins representative of the immediate-early, early,
and late temporal classes of HCMV genes. Similar lowering in
the levels of these proteins was seen upon Torin1 inhibition of
mTOR kinase. Thus, depletion of raptor and inhibition of
mTOR kinase present similar phenotypes of viral protein ex-
pression. This suggests that mTORC1, where raptor and
mTOR kinase function together, is involved in the mainte-
nance of the levels of all temporal classes of HCMV proteins.
These effects on immediate-early and early gene expression are
more pronounced than those in a previous study which re-
ported only modest effects on the expression of representative
immediate-early and early genes (24).

Studies using MCMV showed that Torin1 inhibition of
MCMV growth could be rescued in 4E-BP1�/� MEFs (24).
This suggests that the primary reason for maintaining mTOR
kinase activity in MCMV-infected MEFs is to hyperphosphor-
ylate 4E-BP1 and maintain it in an inactive state. Our data
show that depletion of 4E-BP1 in HCMV-infected HFs does
not rescue Torin1 inhibition of viral growth, suggesting that
mTOR kinase performs additional functions in HCMV-in-
fected human cells (Fig. 5). A significant difference between
these experiments is that the MCMV study used 4E-BP1�/�

MEFs and our studies depleted 4E-BP1 from HFs by use of
shRNAs. As shown in Fig. 5, shRNA knockdown of 4E-BP1
was very effective; however, it can be argued that a very small
amount of residual 4E-BP1 may be enough to inhibit HCMV
growth. Stoichiometrically, this would require eIF4E to be
present in small amounts in order for the residual 4E-BP1 to
significantly displace eIF4G from eIF4E. Previous data (35)
show that during HCMV infection the levels of eIF4E and
eIF4G both increase significantly during infection, and our
data agree with this (Fig. 6). Thus, the argument that a very
small amount of residual hypophosphorylated 4E-BP1 can in-
hibit cap-dependent translation and HCMV growth seems un-
likely. Indeed, recent evidence (3) argues against the idea that
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small amounts of residual 4E-BP1 are able to bind all of the
eIF4E. These data suggested that HCMV protein pUL69 in-
teracts directly with eIF4A1 in the eIF4F cap-binding complex,
thereby excluding 4E-BP1 from the cap-binding complex.
These data suggest that the UL69 mechanism would be able to
readily maintain cap-dependent translation under conditions
of significant 4E-BP1 depletion. Nevertheless, we performed
an in vitro cap-binding experiment to confirm that the residual
4E-BP1 in our experiments was not in sufficient quantity to
displace all the eIF4G from eIF4E when Torin1 is added. For
all of these reasons, we conclude that mTOR kinase activity is
needed in HCMV-infected human cells for purposes other
than to hyperphosphorylate 4E-BP1 and maintain it in an
inactive state. We are not disputing that the function of mTOR
kinase in MCMV-infected MEFs may be limited to 4E-BP
phosphorylation; however, we suggest that HCMV and
MCMV infections in their natural hosts are significantly dif-
ferent with respect to mTOR kinase utilization.

Our data show that depletion of 4E-BP1 with shRNAs mod-
erately inhibited HCMV growth (Fig. 5). This seems counter-
intuitive; one might expect that the depletion of a protein that
the virus strives to maintain in an inactive state would either
have no effect or be beneficial. That the depletion was mod-
erately deleterious suggests that 4E-BP1 has a unique function
in HCMV-infected cells. In considering this possibility, we
observed that the level of total 4E-BP1 is dramatically in-
creased in infected cells. This puts increased burden on the
infected cells, and mTOR kinase, to maintain the additional
4E-BP1 in the hyperphosphorylated, inactive state. It is not
clear why the virus would do this unless hyperphosphorylated
4E-BP1 performs an alternative function during infection.

The most intriguing observation in our data is that the in-
hibitory effect of Torin1 on viral protein synthesis decreases
with time of infection such that translation of viral protein was
hardly affected by mTOR kinase inhibition after 48 hpi (Fig. 4).
This insensitivity was not due to a loss of the effectiveness of
Torin1 later in infection. Thus, the data suggest that, in in-
fected cells, inhibition of mTOR kinase is deleterious to viral
replication when it occurs early, before an infection can be
established. However, as the infection proceeds and is allowed
to establish, mTOR kinase inhibition has progressively less
effect on the synthesis of viral proteins. Hence, it appears that
during the course of infection, translational mechanisms that
are resistant to inhibition by hypophosphorylated 4E-BP1 and
resistant to the loss of S6K activity are activated.

A significant question is whether viral mRNAs are translated
preferentially under these conditions. The data in Fig. 4A may
suggest that there is a preference for translation of viral
mRNAs when Torin1 is added after 48 hpi (compare lanes 3
and 6 in Fig. 4A); however, a definitive answer to this question
requires a very careful study of the synthesis of a large number
of cellular proteins, in comparison to viral protein, at different
time points in infection. One possibility for a virus-specific
mechanism is the effect of pUL69 described above; however,
one would expect this mechanism to recover all protein syn-
thesis. Alternatively, the viral RNAs may be able to utilize
other translational initiation mechanisms when needed, for
example, internal ribosome entry sites (IRESs). Recent evi-
dence has suggested that IRES utilization is activated during
HCMV infection (7). Overall, these observations suggest that

HCMV may have a means to provide preferential translation
of viral mRNAs. In this regard, it is intriguing to compare viral
protein synthesis between HCMV and herpes simplex virus
(HSV). HSV encodes a well-characterized virion host shutoff
protein (vhs) which mediates shutoff of host protein synthesis,
disruption of preexisting polysomes, and degradation of host
mRNAs, thus giving translational advantage to viral mRNA
(reviewed in reference 32). Such a mechanism does not exist in
HCMV, presumably because the very long HCMV life cycle
requires the host cell to remain relatively healthy and opera-
tional for a much longer time than does HSV. However, our
data suggest that HCMV can mediate preferential translation
of its mRNAs under specific conditions. In this regard, recent
studies have suggested that an alternative and stress-inducible
strategy of translation initiation ensures expression of HCMV
pUL138 under a variety of cellular contexts (11).

Our data suggest a relationship between HCMV and mTOR
kinase which changes during the course of the infection.
Clearly, the inhibition of mTOR kinase by Torin1 decreases
HCMV yield when it is added at any time in infection. Addi-
tionally, the loss of mTORC1 activity due to raptor depletion
is deleterious to the infection. The present data suggest that
mTOR kinase activity is most important for the establishment
and early stages of infection; however, as the infection pro-
ceeds, these functions become less significant. This is suggested
not only by the increased resistance of translation to Torin1
inhibition but also by an increased resistance to rapamycin as
the infection proceeds (18). The function of mTORC2 in phos-
phorylating Akt also appears to be transient, being seen early
in infection but dwindling as a normal infection proceeds (18).
Thus, HCMV and mTOR kinase have a changing relationship
over the course of the lytic infection.
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