JOURNAL OF VIROLOGY, Feb. 2011, p. 1573-1580
0022-538X/11/$12.00 doi:10.1128/JVI1.01967-10

Vol. 85, No. 4

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Human Cytomegalovirus Activates Glucose Transporter 4 Expression

To Increase Glucose Uptake during Infection”
Yongjun Yu, Tobi G. Maguire, and James C. Alwine*

Department of Cancer Biology, Abramson Family Cancer Research Institute, University of Pennsylvania, School of Medicine,

Philadelphia, Pennsylvania 19104

Received 16 September 2010/Accepted 30 November 2010

Glucose transport into mammalian cells is mediated by a group of glucose transporters (GLUTs) on the
plasma membrane. Human cytomegalovirus (HCMV)-infected human fibroblasts (HFs) demonstrate signifi-
cantly increased glucose consumption compared to mock-infected cells, suggesting a possible alteration in
glucose transport during infection. Inhibition of GLUTSs by using cytochalasin B indicated that infected cells
utilize GLUT4, whereas normal HFs use GLUT1. Quantitative reverse transcription-PCR and Western anal-
ysis confirmed that GLUT4 levels are greatly increased in infected cells. In contrast, GLUT1 was eliminated
by a mechanism involving the HCMV major immediate-early protein IE72. The HCMV-mediated induction of
GLUT4 circumvents characterized controls of GLUT4 expression that involve serum stimulation, glucose
concentration, and nuclear functions of ATP-citrate lyase (ACL). In infected cells the well-characterized
Akt-mediated translocation of GLUT4 to the cell surface is also circumvented; GLUT4 localized on the surface
of infected cells that were serum starved and had Akt activity inhibited. The significance of GLUT4 induction
for the success of HCMYV infection was indicated using indinavir, a drug that specifically inhibits glucose
uptake by GLUT4. The addition of the drug inhibited glucose uptake in infected cells as well as viral
production. Our data show that HCMV-specific mechanisms are used to replace GLUT1, the normal HF
GLUT, with GLUT4, the major glucose transporter in adipose tissue, which has a 3-fold-higher glucose

transport capacity.

Human cytomegalovirus (HCMV), a herpesvirus, is an enve-
loped double-stranded DNA virus which relies on host cells to
synthesize large amounts of viral proteins as well as viral DNA.
This requires a significant amount of energy and building
blocks for the synthesis of biomolecules. These are supplied by
increased glucose and glutamine utilization in infected cells (9,
28, 27). With respect to glucose utilization, it is known that
many DNA viruses increase glucose uptake in infected cells (3,
21, 37). Although this has been known for HCMV-infected
human fibroblasts for over 2 decades (21), the mechanism for
increased glucose uptake has remained unclear.

Glucose is a polar molecule which does not readily diffuse
across the hydrophobic plasma membrane; therefore, specific
carrier molecules exist to mediate its uptake. The glucose
transporters (GLUTs) are facilitative transporters that carry
hexose sugars across the membrane without requiring energy.
GLUTs comprise a family of at least 13 members, GLUT 1 to
12 plus the proton (H™)-myoinositol cotransporter (HMIT)
(16, 40). These transporters belong to a family of proteins
called solute carrier family 2 (gene symbol SLC2A). A com-
mon structural feature of the SLC2A family proteins is the
presence of 12 transmembrane domains with both the amino-
and carboxyl-terminal ends located on the cytosolic side and a
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unique N-linked oligosaccharide side chain located on either
the first or fifth extracellular loop. Structurally, the GLUTSs can
be divided into three classes: GLUT]1 to -4 (class I), GLUTS,
-7, -9, and -11 (class II), and GLUT®, -8, -10, and -12 and
HMIT (class III) (16, 40).

Class I is comprised of the most-well-characterized glucose
transporters, GLUT1 to GLUT4. GLUT1 is ubiquitously dis-
tributed in various tissues with different levels of expression in
different cell types. It is most abundant in fibroblasts, erythro-
cytes, and endothelial cells, with low levels of expression in
muscle, liver, and adipose tissue (6, 11, 32). GLUT2 is a low-
affinity transporter for glucose and is found primarily in the
intestines, pancreatic B-cells, kidney, and liver (38). GLUT3
mRNA expression is almost ubiquitous in human tissues, al-
though the protein distribution is restricted to brain and testis
(12). GLUT3 transports glucose with high affinity (it has the
lowest K,,, of the GLUTs), which allows neurons to have en-
hanced access to glucose, especially under conditions of low
blood glucose. GLUT4 is the major glucose transporter in
adipose tissue, as well as in skeletal and cardiac muscle. Insulin
stimulation leads to Akt activation, which mediates the rapid
translocation of GLUT4 from intracellular vesicles to the cell
surface, resulting in an increase in cellular glucose transport
activity (5, 22-24).

In the studies presented here we show that HCMV-specific
mechanisms are used to replace GLUT1, the normal human
fibroblast (HF) GLUT, with GLUT4, which has a 3-fold-higher
glucose transport capacity. The HCMV-mediated induction of
GLUTH4 circumvents characterized controls of GLUT4 expres-
sion, as well as the Akt-mediated translocation of GLUT4 to
the cell surface. Treatment of infected cultures with indinavir,
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a drug which specifically inhibits glucose uptake by GLUT4,
inhibited glucose transport and severely inhibited viral produc-
tion, indicating the significance of GLUT4 induction for the
success of an HCMYV infection.

MATERIALS AND METHODS

Cell culture, viruses, drugs, and plasmids. Life-extended human foreskin
fibroblasts (HFs) (7), 293T cells, and ihfiel.3 cells (25) were propagated and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and 2
mM GlutaMAX (all reagents were obtained from Invitrogen, Carlsbad, CA).
HCMYV infections (multiplicity of infection [MOI], 3) were performed in serum-
starved HFs by using the Towne strain of HCMV modified to contain green
fluorescent protein (GFP) under the control of the simian virus 40 (SV40) early
promoter. For immunofluorescence studies, the wild-type Towne strain of
HCMYV without the GFP expression cassette was used. The following drugs were
used at concentrations discussed below in Results: cytochalasin B (catalog num-
ber C2743; Sigma); AKTi (Akt inhibitor VIII; catalog number 124018; Calbio-
chem); indinavir sulfate (8145; obtained through the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH). Plasmids
pRSV72 and pRSV86 containing cDNAs encoding IE72 and IES86, respectively,
were previously described (43); plasmid pCD-MIE capable of expressing all
HCMV major immediate-early (MIE) proteins was constructed by cloning a
5.3-kb Ndel-Sall fragment from pRL43a (34) into pPCDNA3 to replace the 2.7-kb
Ndel-Bsml fragment; plasmid pHA-GLUT4-GFP was previously described (10,
20); lentiviral expression plasmid encoding a short hairpin RNA (shRNA) for
ACL (shACL) was purchased from OpenBiosystems (RHS3979-97066582); and
a similar lentiviral expression plasmid encoding a control shRNA targeting firefly
luciferase RNA was constructed by cloning oligos CCGGGTTCGTCACATCT
CATCTACCCTCGAGGGTAGATGAGATGTGACGAACTTTTTG (sense)
and AATTCAAAAAGTTCGTCACATCTCATCTACCCTCGAGGGTAGAT
GAGATGTGACGAAC (antisense) into the pLKO.1 plasmid (41) between the
Agel and EcoR I sites.

Glucose uptake assay. Glucose uptake was assayed using a modified protocol
(4). Briefly, HFs in 12-well plates were serum starved for 24 h and then either
mock infected or HCMV infected in serum-free DMEM for 48 h. The cells were
then washed twice using 1 ml of HEPES-buffered saline (HBS; 140 mM NaCl, 20
mM HEPES [pH 7.4], 5.0 mM KCl, 2.5 mM MgSO,, 1.0 mM CaCl,). A 0.4-ml
volume of transport solution (4.0 wCi/ml p-[6->H]glucose, 100 pM glucose in
HBS), with or without drug, was added to each well and incubated for 5 min at
room temperature. The assay was stopped by adding 0.5 ml ice-cold stop solution
(50 mM glucose in 0.9% NaCl), quickly washed three more times with 1.0 ml of
ice-cold stop solution, and aspirated to dryness. Cells were lysed by adding 0.3 ml
of 0.1 N NaOH; the activity in a 150-pl aliquot was determined by liquid
scintillation counting using an LKB 1209 RACKBETA counter. Glucose con-
centrations in cell culture media were measured using a Nova Biomedical Flex
Analyzer as previously described (39).

Immunofluorescence. Subconfluent HFs were either mock infected or infected
with wild-type HCMV. At 2 h postinfection (hpi), the cells were trypsinized and
electroporated with 5.0 pg of pHA-GLUT4-GFP per million cells by using an
Amaxa Nucleofactor II according to the manufacturer’s recommendations with
the basic nucleofector kit for primary fibroblasts (catalog number VP1-1002;
Lonza). The cells were then plated on glass coverslips in six-well plates and
cultured for 2 days. At 48 hpi, both mock- and HCMV-infected cells were refed
with serum-free DMEM for 4 h and then either left untreated or treated with
insulin and AKTi. For AKTi treatment, AKTi was added to the DMEM to a final
concentration of 1 wM during the 4 h of serum starvation; for insulin stimulation,
cells were refed with DMEM containing 100 nM insulin for 10 min after the 4 h
of serum starvation at 37°C. After treatment, coverslips were washed in phos-
phate-buffered saline (PBS) and fixed in 0.4% paraformaldehyde at room tem-
perature. The cells were not permeabilized but were blocked in Tris-buffered
saline (TBS) containing 5% bovine serum albumin and 0.5% Tween 20, followed
by incubation with 5.0 wg/ml of anti-hemagglutinin (anti-HA) antibody (12CAS;
Roche Applied Science) in blocking buffer for 2 h at room temperature. Cover-
slips were washed three times with PBS and then incubated with Alexa Fluor 594
donkey anti-mouse secondary antibody (Invitrogen) at a 1:120 dilution for 1 h at
room temperature. Coverslips were finally washed with PBS and mounted using
VectaShield (Vector Laboratories) containing 4',6-diamidino-2-phenylindole
(DAPI). Fluorescent images were captured using a Nikon Eclipse E600 micro-
scope.
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Quantitative RT-PCR. Total RNA was isolated using the SV total RNA
isolation system (Promega) according to the manufacturer’s protocol. cDNA was
synthesized from 1.5 pg of total RNA using the SuperScript first-strand synthesis
system for reverse transcription-PCR (RT-PCR; Invitrogen). Quantitative real-
time PCR was performed on equal volumes of cDNA product by using the
TaqMan Universal PCR master mix (Applied Biosystems) on the ABI 7000
system. Gene expression data were normalized to peptidyl prolyl isomerase A
(PPIA) mRNA levels (35). The following primer sets from Applied Biosystems
were used in this study: GLUT1 (assay ID Hs00197884_m1), GLUT4 (assay ID
Hs00168966_m1), and PPIA (assay ID Hs99999904_m1).

shRNA lentiviruses. The procedures for the growth and utilization of shRNA-
encoding lentiviruses have been previously described (44).

Western analysis. Whole-cell extracts were made by lysing cells in lysis buffer
(20 mM Tris-Cl [pH 7.4], 1.0% NP-40, 0.1% SDS, 10 mM NaF, 1.0 mM EDTA,
0.2 mM Na;VO,, 1.0 mM phenylmethylsulfonyl fluoride, 1.0 pwg/ml aprotinin, 1.0
pg/ml leupeptin). Western blotting was performed by following the procedures
described previously (45). The following antibodies were used in this study:
anti-ACL (42), anti-actin (MAB1501; Chemicon), anti-ex2/3, which detects all
known HCMV major immediate-early proteins (43), anti-GLUT1 (NB300-666;
Novus Biologicals), anti-GLUT4 (ab65976; Abcam), anti-phospho-ACL S454
(catalog number 4331; Cell Signaling Technology), anti-phospho-Akt S473 (cat-
alog number 9271; Cell Signaling Technology), anti-pp28 (sc-56975; Santa Cruz
Biotechnology), anti-pp52 (sc-69744; Santa Cruz Biotechnology), and anti-pp65
(sc-52401; Santa Cruz Biotechnology).

Virus growth curves. Confluent HFs in 60-mm dishes were serum starved for
24 h and then infected with HCMYV in serum-free DMEM at an MOI of 3. After
a 2-hour adsorption period, the cells were washed once with serum-free DMEM
and then refed with serum-free DMEM containing either no drug or 200 uM
indinavir. For 24-hour drug treatments, indinavir was added to the medium (200
wM) 24 h prior to each harvest time point. At 0, 24, 48, 72, 96, and 120 hpi,
viruses were harvested and viral titration were performed as previously described
(19). The experiment was set up in duplicate dishes. One set of dishes was used
to harvest viruses; a parallel set of dishes was used to make whole-cell extracts to
check expression of viral proteins.

RESULTS

HCMYV infection causes reduced GLUT1 expression and
increased GLUT4 expression. Figure 1A shows that the glu-
cose concentration is depleted much faster in cell culture me-
dium of HCMV-infected HFs than in mock-infected HFs. In
addition, at late times in infection, when the glucose concen-
tration in the cell culture medium was very low (<1 mM),
infected cells continued transporting glucose. Thus, glucose
uptake appears to be facilitated in infected cells, possibly
through the induction of a GLUT with a higher glucose affinity
than GLUTI, the normal GLUT present in uninfected HFs.
To test this, we used cytochalasin B, a chemical inhibitor that
inhibits glucose transport by class I and III GLUTs (40), to
determine the 50% inhibitory concentration (ICs,) in HCMV-
infected and mock-infected cells at 48 hpi. Cells were treated
with increasing concentrations of cytochalasin B, resulting in
progressive inhibition of glucose uptake in both mock- and
HCMV-infected cells (Fig. 1B). The ICs, for mock-infected
cells was approximately 0.5 wM, similar to that for GLUT1
(0.44 M) (40); however, the ICy, for infected cells was 0.2
M, suggesting that an alteration in the GLUTSs had occurred
during infection. The 0.2 uM ICs, for infected cells is similar
to the reported ICs, for GLUT4 (0.1 to 0.2 nM) (40).

To determine if GLUT4 expression is increased in HCMV-
infected cells, total RNA was isolated and GLUT4 mRNA
levels were measured using quantitative RT-PCR. Figure 2A
shows that HCMV-infected cells dramatically induce GLUT4
mRNA levels. Surprisingly, the level of mRNA for GLUTI,
the normal HF GLUT, was significantly reduced in HCMV-
infected cells (Fig. 2B). Figure 2C shows that these changes in
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FIG. 1. (A) Glucose (Gluc) consumption is increased in HCMV-
infected cells. Serum-starved HFs were either mock treated or HCMV
infected (MOI of 3) in serum-free DMEM. Culture medium was col-
lected at the indicated time points, and the glucose concentration in
the medium was assayed as described in Materials and Methods.
(B) Cytochalasin B inhibition of glucose transport in mock- and
HCMV-infected cells. HFs were infected as described for panel A; at
48 hpi, glucose uptake was assayed in the presence of increasing con-
centrations of cytochalasin B, as described in Materials and Methods.

mRNA levels were reflected at the protein level. Mock-in-
fected cells had a high GLUT1 protein level, while in HCMV-
infected cells the GLUT]1 protein level decreased to a very low
level by 24 hpi and was nearly undetectable after 48 hpi. In
contrast, the very low level of GLUT4 in mock-infected cells
dramatically increased in infected cells by 24 hpi and kept
increasing throughout the infection. The expression of the
HCMV MIE proteins showed that an HCMV infection was
established.

HCMV IE72 reduces GLUT1 expression. The very rapid
drop in GLUT1 mRNA and protein levels by 24 hpi suggested
that a very early viral mechanism was mediating it, possibly
involving a MIE protein. For this reason, we tested GLUT1
mRNA levels in HFs electroporated with plasmids expressing
the MIE proteins. Figure 3A shows the RT-PCR results, com-
paring cells electroporated with a control vector, a plasmid
which expresses the genomic MIE gene from HCMYV, capable
of producing all the MIE proteins, and plasmids that express
cDNAs for the individual MIE proteins IE72 (IE1) and IE86
(IE2). Figure 3B shows the expression of IE72 and IE86 in
each transfection experiment. Expression of the entire MIE
gene or IE72 caused a significant decrease in GLUT1 expres-
sion (Fig. 3A); IE86 also decreased GLUT1 mRNA levels, but
not as much as IE72.

The lowering of GLUT1 levels by IE72 was also tested in the
ihfiel.3 human fibroblast cell line, which stably expresses IE72
(25). A comparison of GLUT1 mRNA levels between these
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FIG. 2. HCMV-infected cells have increased GLUT4 expression
and decreased GLUT1 expression. Total RNA was isolated at 0, 24, 48,
and 72 hpi. GLUT4 (A) and GLUT1 (B) mRNA levels were measured
by quantitative RT-PCR and normalized to PPIA mRNA levels.
(C) Whole-cell extracts were prepared from mock-infected (M) and
HCMV-infected (V) infected HFs at 24, 48, 72, and 96 hpi. GLUTI,
GLUT4, MIEPs and actin protein levels were determined by Western
analysis.

cells and normal HFs showed that ihfiel.3 cells expressed only
one-third as much GLUT1 mRNA as normal HFs (Fig. 3C).
Further, Western analysis showed that GLUT1 protein levels
were very low in ihfiel.3 cells (Fig. 3D) compared to normal
HFs, suggesting that IE72 alone can reduce GLUT1 expres-
sion. IE86 may also be able to repress GLUT1 RNA levels, as
suggested by the transfection data in Fig. 3A; however, a reli-
able cell line expressing only IE86 is not available.

Figure 3A shows that GLUT4 mRNA levels only modestly
increased, approximately 2-fold, in transfected cells expressing
1E72, 1E86, or both. This was reiterated in the studies with
ihfiel.3 cells (Fig. 3C and D). These results suggest that the
MIE proteins when expressed by themselves cannot account
for the great increase in GLUT4 mRNA seen in infected cells
(Fig. 2A). Thus, another immediate-early protein, or an early
protein, may mediate GLUT4 transcription. This is further
examined below in Fig. 4.

Induction of GLUT4 by HCMYV infection is significantly
resistant to glucose concentration. It has been reported that
GLUTH4 expression can be regulated in a glucose-dependent
manner (2, 13). For example, in rats with induced diabetes,
circulating glucose increases and GLUT4 mRNA levels are
markedly decreased in fat cells and skeletal muscle cells (18).
Therefore, we cultured mock-infected and HCMV-infected
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FIG. 3. GLUTI1 expression is inhibited by IE72. (A) GLUT1
mRNA levels decreased in HFs transiently transfected with HCMV
IE72. HFs were electroporated with pRSV72, pRSV86, pCD-MIE, or
a control vector (see Materials and Methods). At 48 h after electro-
poration, the cells were refed with serum-free DMEM. Total RNA was
isolated at 72 h postelectroporation. GLUT1 and GLUT4 mRNA
levels were measured by quantitative RT-PCR and normalized to
PPIA mRNA levels. (B) Cultures prepared in parallel with those
reported in panel A were harvested for protein level and analyzed by
Western blotting for MIE proteins and actin. (C and D) Both the
GLUT1 mRNA level and protein levels were decreased in ihfiel.3
cells, which stably express HCMV IE72.

HFs in DMEM with different concentrations of glucose. At 2
hpi, the medium was changed to medium containing 1, 5, or 25
mM glucose; the cells were harvested at 48 hpi and the GLUT4
mRNA levels were determined (Fig. 4A). In mock-infected
cells, the very low levels of GLUT4 mRNA were not affected
by the different glucose concentrations. In HCMV-infected
cells, the virally induced levels of GLUT4 mRNA were mod-
erately decreased at higher glucose concentrations; however,
even at 25 mM glucose the HCMV-mediated induction of
GLUT4 mRNA was very high, suggesting that in HCMV-
infected cells GLUT4 mRNA levels can be significantly in-
creased by a mechanism that is, in large part, resistant to
inhibition by high glucose concentrations.

GLUT4 activation does not involve ATP-citrate lyase. Re-
cent studies have suggested that ACL, the enzyme that con-
verts citrate to acetyl coenzyme A (CoA) and oxaloacetate,
plays a critical role in determining the total amount of histone
acetylation in mammalian cells. ACL-dependent production
of acetyl-CoA in the nucleus contributes to increased histone
acetylation during the cellular response to growth factor stim-
ulation and during adipocyte differentiation (42). In this re-
gard, the experiments showed that ACL-dependent histone
acetylation contributes to the elective regulation of genes in-
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volved in glucose metabolism, including GLUT4. In HCMV-
infected HFs, we observed a moderate increase in total ACL
protein levels in infected cells at 48 hpi (Fig. 4B), as well as a
significant increase in the phosphorylation of ACL at Ser454
(Fig. 4B), which has been reported to activate ACL (33). While
this activation of ACL is important for acetyl-CoA production
for fatty acid synthesis that is critical for HCMV infection (28),
it is also possible that ACL’s nuclear activity may participate in
GLUT4 expression. To test this we depleted ACL using
shRNAs and found that at 48 hpi GLUT4 levels increased
identically in control and ACL-depleted, HCMV-infected cells
(Fig. 4C). These results suggest that a virus-specific, ACL-
independent mechanism mediates GLUT4 expression in
HCMV-infected cells.

Our data thus far suggest that the HCMV-induced increase
of GLUTH4 levels is independent of ACL function in histone
acetylation and is significantly resistant to glucose concentra-
tion; thus, it is nutrient independent. In addition, the data in
Fig. 3A and C suggest that independent expression of the MIE
proteins has only a modest effect on GLUT4 mRNA levels.
Thus, as suggested above, it is likely that an early protein may
be involved in GLUT4 activation. The involvement of an early
protein is supported by the more detailed evaluation of
GLUT4 mRNA levels during the time course of an HCMV
infection in HFs (Fig. 4D). These data show that GLUT4 RNA
levels increased very little during the immediate-early period
(4 to 12 hpi), which correlates with the modest activation
mediated by transfected MIE proteins (Fig. 3A). A more sig-
nificant increase in GLUT4 mRNA was seen by 24 hpi, and this
was substantially increased between 24 and 48 hpi. These data
suggest that early viral protein synthesis is needed for the full
activation of GLUT4 expression in infected cells.

Translocation of GLUT4 in HCMV-infected cells bypasses
Akt signaling. Under conditions when increased glucose up-
take is not needed, GLUT4 resides primarily in intracellular
vesicles. Upon signaling for increased glucose uptake, GLUT4
translocates to the plasma membrane; for example, insulin
stimulation activates Akt, which mediates the rapid transloca-
tion of GLUTH4 to the cell surface (5). HCMV infection is able
to activate Akt signaling (15, 19), which was shown by the
increase of Akt phosphorylation at Ser473 (Fig. SA). Treat-
ment with AKTi abolished S473 phosphorylation in infected
cells (Fig. SA). When we compared untreated and AKTi-
treated HCMV-infected cells, there was no difference in total
GLUT4 protein levels in whole-cell extracts (Fig. 5), indicating
that the increase in GLUT4 expression in infected cells does
not involve Akt signaling.

The data above show that AKTi was effective in inhibiting
Akt activation in infected cells; therefore, we used it to deter-
mine whether Akt activity was necessary for GLUT4 translo-
cation to the cell surface in HCMV-infected HFs. At 2 hpi,
mock- or HCMV-infected cells were electroporated with the
HA-GLUT4-GFP reporter plasmid. The doubly tagged
GLUT4 construct is GFP-tagged at the C terminus and HA
tagged in the first extracellular loop (10). Fluorescence micro-
scopic analysis of nonpermeabilized cells expressing this pro-
tein shows total GLUT4 by GFP fluorescence (green) regard-
less of it cellular location; however, immunofluorescent
detection of the HA tag (red) can only occur if the GLUT4 is
on the cell surface, where the HA tag is outside the cell and
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FIG. 4. (A) GLUT4 expression is resistant to glucose concentration in HCMV-infected cells. HFs were mock treated or HCMYV infected as
described in the text. At 2 hpi the cells were refed with serum-free medium containing 1, 5, or 25 mM glucose. At 48 hpi, total RNA was isolated,
and GLUT4 mRNA levels were determined by quantitative RT-PCR. (B) ACL is activated in HCMV infection. Western analysis was performed
to determine the levels of total and phosphorylated (S454) ACL in mock-infected (M) or HCMV-infected (V) cell extracts harvested at 48 hpi;
MIEPs and actin were also analyzed. (C) ACL is not required for the activation of GLUT4 expression in HCMV infection. Confluent HFs were
mock infected or infected with lentiviral vectors expressing a control siRNA (shCTRL) or an shRNA specific for ACL (shACL). Two days after
lentiviral infection, the cells were refed with serum-free DMEM. One day later the cells were either mock treated or HCMYV infected; at 48 hpi
total RNA was isolated and GLUT4 mRNA levels were determined by quantitative RT-PCR. (D) Time course of GLUT4 mRNA levels during
HCMYV infection. Total RNA was prepared from HCMV-infected HFs at 0, 4, 8, 12, 24, 48, 72, and 96 hpi. GLUT4 mRNA levels were determined
by RT-PCR as described in the text.

accessible by anti-HA antibody. At 48 hpi the cells were serum starved cells. As expected, upon insulin stimulation a signifi-
starved for 4 h and then either left untreated or treated with cant amount of GLUT4 translocated to the cell surface, as
insulin and AKTi as described in Materials and Methods. In indicated by HA surface staining. However, the presence of

Fig. 5B, immunofluorescence microscopy shows that GFP flu- AKTi inhibited GLUT4 surface localization. In contract, in
orescence stayed in the cytoplasm in mock-infected, serum- infected cells the HA staining of cell surface GLUT4 was
A B Mock HCMV

Insulin AKTi

FIG. 5. Translocation of GLUT4 can bypass Akt signaling in HCM V-infected cells. (A) Akt signaling is not involved in the activation of GLUT4
expression in HCMV-infected cells. Serum-starved HFs were pretreated with 1 wM AKTi for 1 h. Then, the cells were either mock treated or
infected with HCMV in serum-free medium in the presence or absence of 1 pM AKTi. Whole-cell extracts were prepared at 48 hpi, and GLUT4,
phospho-Akt S473, MIEPs, and actin protein levels were determined by Western analysis. (B) Translocation of GLUT4 can bypass Akt signaling
in HCMV-infected cells. Results of fluorescence microscopy analysis of the cellular localization of HA-GLUT4-GFP in HFs are shown. At 2 hpi,
mock- or HCMV-infected HFs were electroporated with the HA-GLUT4-GFP reporter plasmid. At 48 hpi the cells were serum starved for 4 h
and then either left untreated or treated with insulin and AKTi as described in detail in Materials and Methods. GFP fluorescence (green) is a
measure of total GLUT4 expression. Immunofluorescence staining for the HA tag (red) is a measure of GLUT4 on the cell surface. The nuclei
were stained with DAPI (blue).
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FIG. 6. Inhibition of GLUT4 by indinavir results in reduced HCMV growth. (A) Indinavir inhibits production of infectious HCMYV virions.
HCMV virus growth curves were generated in the presence of indinavir or water (drug solvent, Control). HFs were infected with HCMV as
described in the text. The black line with solid squares indicates the control growth curve in which water was added at 2 hpi. The black line with
open squares indicates the indinavir-treated cultures where 200 wM indinavir was added at 2 hpi and staged in the infection until harvesting. The
dashed line with open triangles indicates that indinavir was added for 24 h prior to harvest, i.e., 24 to 48, 48 to 72, 72 to 96, or 96 to 120 hpi.
(B) Glucose uptake was inhibited by indinavir in HCMV-infected cells. Glucose uptake was measured in HCMV-infected cells in the presence or
absence of 200 wM indinavir as described in Materials and Methods. ND, no drug. (C) Virus protein levels in control and indinavir-treated cultures.
Whole-cell extracts were prepared from HCMV-infected cultures treated with indinavir as described for panel A and evaluated by Western

analysis.

readily detected in serum-starved cells. This was neither in-
creased by insulin treatment nor inhibited by treatment with
AKTi. These data show that GLUT4 protein translocation in
infected cells does not require insulin stimulation and is insen-
sitive to Akt inhibition. Thus, HCMYV infection induces trans-
location of GLUTH4 to the cell surface by a mechanism that
bypasses Akt signaling. Previous studies have suggested that
overexpression of GLUT4 alone, similar to that seem in
HCMV-infected cells, can increase GLUT4 levels on the cell
surface (8).

Indinavir impairs HCMYV growth by reducing glucose up-
take. In order to assess the significance of GLUT4 during
HCMYV infection, it would be ideal to use shRNA depletion.
However, after testing the available sShRNAs for GLUT4, we
found none that could significantly deplete GLUT4 levels in
infected cells (data not shown). Thus, we turned to the inhib-
itor indinavir, an HIV protease inhibitor which is used in com-
bination with other drugs in AIDS antiviral therapy. Many
patients being treated with indinavir develop insulin resistance
(29). It has been determined that insulin resistance results
from indinavir’s selective inhibition of the glucose transport
activity of GLUT4, but not GLUT1, at physiologic concentra-
tions of indinavir (30). Therefore, we used indinavir to show
that GLUT4-mediated glucose uptake is necessary for viral
growth.

Figure 6A shows a normal growth curve of HCMV in HFs.
The dashed lines indicate the changes in growth caused by a
24-h treatment with 200 wM indinavir from 48 to 72, 72 to 86,
and 96 to 120 hpi. In all cases the indinavir treatment slowed
infectious virion formation; the most significant effect was in
the 48-to-72-hpi period, during which the titer was reduced by
1.5 logs. Treatment with indinavir from the beginning of the
infection (drug added at 2 hpi) had a more sever effect on viral
growth (Fig. 6A).

Inhibition of glucose uptake by indinavir was assayed at 48

hpi; the cells were either mock treated or treated with 200 uM
indinavir for 1 h before glucose uptake analysis. The results
showed that the 1-h indinavir treatment inhibited glucose up-
take in HCMV-infected HFs by at least 50% (Fig. 6B). Figure
6C shows Western analysis results of proteins in normal and
indinavir-treated cells. As described above, HCMV-infected
cells without indinavir treatment had reduced GLUT1 and
elevated GLUT4 protein levels, and this was not altered by
indinavir treatment (Fig. 6C). We also noted that temporal
expression and levels of viral proteins representative of the
immediate-early (MIEPs), early (pp52), and late (pp65 and
pp28) classes of HCMV genes were not altered by indinavir
treatment from 2 hpi or during the last 24 h of infection before
harvest. The lack of effects of indinavir on viral protein levels
suggests that the indinavir inhibitory effects on viral growth are
at the level of infectious virion formation. This is likely, since
the inhibition of glucose consumption would limit the ability of
infected cells to make fatty acids, which are necessary for virion
maturation (28), but may not affect viral protein synthesis and
accumulation.

DISCUSSION

Metabolic flux analysis of HCMV-infected cells, compared
to mock-infected cells, shows global metabolic upregulation in
infected cells (27, 28). This includes greatly increased glycoly-
sis, in which the vast majority of glucose-derived acetyl-CoA
supports fatty acid synthesis to make membranes needed by
the virus (28). As a result there is a great decrease in glucose-
derived carbon entering the tricarboxylic acid (TCA) cycle.
This presents the potential problem of limiting TCA cycle
intermediates that are used biosynthetically and whose synthe-
sis is the source of NADH for oxidative phosphorylation and
the production of ATP. However, we have recently demon-
strated that HCMV-infected cells are not as dependent on
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glucose for energy as are uninfected cells; in infected cells
glutamine is used for the TCA cycle (anaplerosis) and is a
major source of energy (9). This occurs in infected cells due
to the induction of enzymes needed to convert glutamine to
a-ketoglutarate, which enters the TCA cycle (9). For these
alterations in metabolism to support the production of
HCMV, it is key that the uptake of both glutamine and
glucose increase significantly during infection. We have pre-
viously shown that glutamine uptake is increased (9), and it
has long been known that glucose uptake increases in
HCMV-infected cells (3, 21, 37).

In this study we analyzed the means by which HCMV in-
creases glucose uptake. Our data show a significant alteration
in the glucose transporters on the surface of HCMV-infected
HFs. GLUT]I, the normal glucose transporter of HFs, is a
housekeeping transporter residing constitutively in the plasma
membrane and is responsible for basal glucose transport (26).
We showed that GLUT1 is eliminated from infected cells and
replaced with GLUT4, which has a 3-fold-higher glucose trans-
port capacity than GLUT1 (31). GLUT4 is normally an acute
insulin-sensitive isoform that can quickly boost glucose trans-
port in response to insulin stimulation in adipocytes and mus-
cle cells (14, 17). We showed that HCMYV infection increases
GLUT4 expression in HFs, as well as its location on the cell
surface, in order to elevate glucose uptake. This utilization of
GLUTY4 is critical for the success of the HCMYV infection, since
inhibition of GLUT4 transport function using indinavir signif-
icantly inhibited glucose uptake and HCMV growth. One ca-
veat for the indinavir experimental findings must be men-
tioned: while the ability of the drug to inhibit GLUT4 is well
established, indinavir is also an HIV protease inhibitor. In this
regard, we do not know whether there are HCMV proteases
that may be inhibited by the drug and thus complicate our virus
growth inhibition results (Fig. 6A). However, Fig. 6B does
show that the drug significantly inhibited glucose uptake in
infected cells, as predicted by its inhibitory effects on GLUT4.

Our data suggest that the HCMV MIE proteins, particularly
IE72 (IE1), mediate the reduction in GLUT1 mRNA levels in
infected cells. However, why GLUT1 is eliminated in HCM V-
infected cells is not clear; there is no apparent reason why the
presence of GLUT1 with GLUT4 should interfere with glucose
transport in HCMV-infected cells, unless there are limited
sites for glucose transporters on the cell surface and the elim-
ination of GLUT1 enables the insertion of GLUT4. The mech-
anism for increasing GLUT4 mRNA and protein levels is also
unclear. Our data suggest that the MIE proteins by themselves
have a very modest effect on GLUT4 mRNA levels; tempo-
rally, it appears that the expression of an early protein is
needed for significant increases in GLUT4 mRNA.

The HCMV-mediated induction of GLUT4 appears to cir-
cumvent characterized controls of GLUT4 expression and lo-
calization. Our data show that activation of GLUT4 expression
is neither nutrient dependent nor ACL dependent. As dis-
cussed above, acetyl-CoA generated by ACL is required for
metabolism gene expression, including GLUT4, in response to
growth factor (serum) stimulation (42). Our studies showed
that GLUT4 mRNA and protein levels are increased in the
absence of serum stimulation and when ACL is depleted by
using shRNAs. Thus, HCMV appears to utilize a virus-specific
mechanism for GLUT4 induction. Although ACL is not in-
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volved in GLUT4 upregulation, it is important in infected cells
for the production of acetyl-CoA for de novo lipogenesis (28).

The HCMV-mediated induction of GLUT4 also circum-
vents the well-characterized Akt-mediated translocation and
occurs in the absence of insulin stimulation. It has been re-
ported that overexpression of GLUT4 can bypass insulin sig-
naling and dramatically increase the levels of GLUT4 on the
plasma membrane as well as increase glucose transport activity
(1, 8, 36). Thus, we suggest that the Akt-independent localiza-
tion of GLUT4 to the cell surface in infected cells is, at least in
part, due to the significant increase in GLUT4 levels in in-
fected cells.

In these studies we found that GLUT4 overproduction and
localization to the cell surface is very important for the success
of an HCMYV infection in HFs. However, GLUT4 is not the
only GLUT with a high glucose affinity; others include
GLUT3, GLUT7, GLUTS, and GLUT10. HFs had no detect-
able GLUT7 expression in either mock- or HCMV-infected
cells (data not shown). However, GLUT3, GLUTS, and
GLUT10 are represented in HFs; GLUT3 and -8 mRNA levels
increase modestly, 2- to 3-fold on average, over a 72-h infection
time course, while GLUT10 mRNA levels decreased (see Fig.
S1 in the supplemental material). Western analysis showed no
change in GLUT3 or GLUT10 protein levels between mock-
treated and infected cells at 48 hpi (see Fig. S2 in the supple-
mental material); GLUTS could not be tested because there is
no suitable antibody for Western analysis. Thus, other GLUTs
may contribute to glucose uptake in HCMV-infected cells;
however, the most significant and dramatic alteration in GLUT
expression in infected cells is the induction of GLUT4 accom-
panied by the loss of GLUTI.
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