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ABSTRACT
The human cytomegalovirus (HCMV) encoded chemokine receptor US28
promotes tumorigenesis through activation of various proliferative and angiogenic
signaling pathways. Upon infection, US28 displays constitutive activity and signals
in a G protein-dependent manner, hijacking the host’s cellular machinery. In tumor
cells, the hypoxia inducible factor-1α/pyruvate kinase M2 (HIF-1α/PKM2) axis plays
an important role by supporting proliferation, angiogenesis and reprogramming of
energy metabolism. In this study we show that US28 signaling results in activation
of the HIF-1α/PKM2 feedforward loop in fibroblasts and glioblastoma cells. The
constitutive activity of US28 increases HIF-1 protein stability through a Gαq-,
CaMKII- and Akt/mTOR-dependent mechanism. Furthermore, we found that VEGF
and lactate secretion are increased and HIF-1 target genes, glucose transporter type
1 (GLUT1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), involved in
glucose metabolism, are upregulated in US28 expressing cells. In addition, PKM2
is phosphorylated and found to be in a tumor-associated dimeric state upon US28
expression. Also in HCMV-infected cells HIF-1 activity is enhanced, which in part is
US28-dependent. Finally, increased proliferation of cells expressing US28 is abolished
upon inhibition of the HIF-1α/PKM2 cascade. These data highlight the importance
of HIF-1α and PKM2 in US28-induced proliferation, angiogenesis and metabolic
reprogramming.

INTRODUCTION

presence of HCMV in a spectrum of malignant tumors.
While HCMV gene products and proteins have been
found in colorectal [6, 7], breast [8], prostate [9] and lung
tumors [10], among others, the association of HCMV with
glioblastoma is most extensively studied [11-16]. It is
well established that various human herpesvirus genomes
encode G protein-coupled receptors (GPCRs) to support
viral pathogenesis [5]. Most of these viral GPCRs show
homology to the human chemokine receptor family [17].
Previously, we have shown that the HCMV encoded
chemokine receptor US28 promotes tumorigenesis both
in vitro and in vivo by constitutively activating signaling
pathways in a G protein-dependent manner, leading to

The human cytomegalovirus (HCMV) is a
widespread pathogen that infects up to 90% of the
population [1]. Following a generally asymptomatic
primary infection, the virus is able to establish lifelong
latencies to evade the host’s immune system in healthy
individuals. In contrast, during immune-suppression
(e.g. AIDS, (auto-) inflammatory disease or allograft
patients) the opportunistic virus can cause severe
pathology [2-5]. Additionally, HCMV is suggested to act
as an oncomodulator during primary infection and/or virus
reactivation. A growing body of evidence demonstrates the
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Table 1: Overview of US28 HIF-1 reportergene data.
Inhibitor

Target

Reporter only US28 inhibition US28-selective
inhibition (%)
(%)
inhibition (p value)

Pertussis Toxin

Gαi

-5

-5

0,886

UBO-QIC

Gαq

1

71

1,30E-06

Gallein

Gβγ

11

2

0,057

U73122
KN-93
LY-294002
Rapamycin
GSK690693
BAY 11-7082
H89
Y27632
P6
Stattic
Bisindolylmaleimide

Phospholipase C
CaMKII
PI3K
mTOR
Akt
NF-κB
PKA/ROCK
ROCK
JAK
STAT3
PKC

2
30
29
71
56
9
30
2
0
11
68

2
65
18
76
50
-1
43
-7
-3
-11
68

0,928
1,20E-04
0,145
0,024
0,084
0,581
0,027
0,224
0,640
0,021
0,862

The applied inhibitors and their pharmacological targets, inhibition of transcriptional activity in HIF-1 reporter only transfected cells and inhibition on US28 and HIF-1 reporter transfected cells. Multiple t-tests with Holm-Sidak correction were
performed to determine statistically significant (α=0.05) US28-selective inhibition (P value).
proliferation and angiogenesis [18, 19]. More specifically,
US28 constitutively activates NF-κB, increasing COX2 expression and activity [20]. In addition, US28 is
responsible for the secretion of IL-6, thereby activating
the transcription factor STAT3 via a positive feedback
mechanism involving the cytokine. US28-induced
STAT3 activation enhances expression of pro-angiogenic
factors such as VEGF [14, 21]. In glioblastoma and
medulloblastoma patients, expression of US28 has been
exemplified and correlated with increased STAT3/IL-6 as
well as COX-2 expression [14, 21, 22].
In order to sustain proliferation and survival
of cancer cells, angiogenesis, primarily orchestrated
by VEGF, is vital for efficient tumor growth [23]. An
important factor known to regulate VEGF expression is
the hypoxia-inducible factor 1 (HIF-1). The transcription
factor HIF-1 contains an oxygen-regulated α subunit and a
stable β subunit, which upon complex formation activates
transcription of many genes involved in proliferation (e.g.
TGFA and IGF2), angiogenesis (e.g. VEGF and PDGF)
as well as glycolysis (e.g. GLUT1, HK1 and PKM2
[24]. In cancer cells, expression of oxygen-regulated
subunit (HIF-1α) is increased by either increased HIF1α protein synthesis and stability or by increased mRNA
levels [24]. Reprogramming of energy metabolism is
a hallmark of cancer, transformed cells switch from the
slow yet energetically favorable oxidative phosphorylation
towards the fast and less glucose-efficient aerobic
glycolysis to generate ATP [25]. Pyruvate kinase M2
(PKM2) is an important enzyme in energy metabolism,
www.impactjournals.com/oncotarget

since it converts phosphoenol pyruvate (PEP) and ADP to
pyruvate and ATP [26].The glycolytic enzyme PKM2 is
both a HIF-1 target gene and a regulatory protein of HIF-1
activity. The protein kinase activity and co-transcription
factor function of PKM2 stimulate HIF-1α activity and
expression, respectively. Thus, HIF-1α and PKM2 engage
in a feedforward loop, enhancing activity of both key
metabolic regulatory proteins [27-29].
In this study we demonstrate that the HCMVencoded chemokine receptor US28 stimulates the
HIF-1/PKM2 feedforward loop, resulting in increased
cell proliferation, VEGF secretion and glycolysis in
fibroblasts and glioblastoma cells. Also in HCMVinfected cells, US28 mediates increased HIF-1α activity.
These observations further confirm the oncomodulatory
role of US28, which through HIF-1α and PKM2 drives
cell proliferation, angiogenic processes and metabolic
reprogramming.

RESULTS
US28 mediates increased VEGF secretion involves
HIF-1 activation in (pre-) malignant cells
Previously, we demonstrated that the HCMVencoded receptor US28 constitutively promotes
tumorigenesis in NIH-3T3 cells, among other mechanisms,
through secretion of VEGF [18]. In tumor tissue samples
67967
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from glioblastoma patients we also detected US28
expression, indicating a potential role for the viral GPCR
in HCMV-infected tumors [21]. To study the role of US28
in more detail we evaluated its effects in pre-malignant

fibroblasts (NIH-3T3) and disease-relevant malignant
glioma cells (U251), to define the role of the receptor in
different stages of cancer development. To this end an
inducible U251 glioblastoma cell line was generated with

Figure 1: US28 constitutively induces promoter activation and secretion of VEGF via HIF-1. NIH-3T3 cells stably

expressing US28 A. or U251 cells with inducible expression of US28 B. were assayed for binding of radiolabeled 125I-CCL5 (200 pM)
and displacement with unlabeled US28 ligand CX3CL1 (100 nM). C. 48 hour secretion of VEGF-A in the supernatant of synchronized
mock and US28-expressing NIH-3T3 or U251 cells. D. VEGF-A secretion after 24/48 hour incubation with or without HIF-1 dimerization
inhibitor acriflavine (1 μM) treatment. Significant differences between conditions are depicted by asterisks (*** = P < 0.001, **** = P
< 0.0001). E. HEK293T cells transfected with US28 and VEGF promoter reporter gene were treated with HIF-1 dimerization inhibitor
acriflavine (1 μM), VEGF promoter activity was measured after 24 hours.
www.impactjournals.com/oncotarget
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US28-dependent Gαq protein signaling increases
HIF-1 transactivation through activation of CaMKII and Akt/mTOR pathways

Tet-repressor regulated US28 expression (U251-iUS28).
Constitutive or doxycycline-induced US28 expression was
detected by specific 125I-CCL5 displacement, a chemokine
known to bind US28, on NIH-3T3 and U251-iUS28 cells,
respectively (Figure 1A, 1B). US28 expression resulted in
elevated secretion of VEGF in both cell lines (Figure 1C).
The basal levels of VEGF secretion were, as expected,
much higher in U251 glioma cells compared with the
non-malignant NIH-3T3 fibroblasts. US28 expression in
U251 cells resulted in a pronounced increase of VEGF
secretion, albeit with a relative smaller fold-increase
compared to NIH-3T3 cells (2.2 ± 0.1 vs. 3.3 ± 0.2).
Since HIF-1 is known to regulate VEGF expression we
investigated the role of HIF-1 in US28-induced VEGF
secretion. Acriflavine, an inhibitor of HIF-1 dimerization
[30], significantly inhibited VEGF secretion after 24 and
48 hours of treatment (Figure 1D). In HEK293T cells
transiently expressing US28, VEGF promoter activation
was increased, which was partially inhibited by acriflavine
treatment (Figure 1E). These findings indicate the
involvement of HIF-1 in US28-induced VEGF expression.

In order to elucidate the mechanism by which
US28 controls HIF-1, a hypoxia response element
(HRE) luciferase reporter gene was used. Because the
HIF-1 complex associates with HRE sequences of target
gene promoter regions, the reporter gene luminescence
accurately reflects HIF-1 transcriptional activity. Transient
co-transfections of HEK293T cells with increasing
amounts of US28 DNA and a fixed amount of the HRE
reporter gene revealed a dose-dependent increase in
luminescence, indicating that US28 is able to constitutively
stimulate HIF-1 activity (Figure 3A). In contrast, HIF1 activation was not observed in cells expressing the G
protein-uncoupled receptor mutant US28-R129A (US28R3.50A, according to Ballesteros-Weinstein nomenclature),
demonstrating that US28-induced HIF-1 activity is G
protein-dependent. HIF-1 reporter gene activity could be
further induced in mock and US28 expressing cells by
chemically mimicking hypoxia using CoCl2 [32] (Figure
3B). A direct inhibition of HIF-1 transactivation resulted
in an apparent decrease of basal and US28-dependent
reporter gene activity (Figure 3C). Taken together,
these data show the involvement of US28 signaling
in stimulation of HIF-1 complex activity to regulate
expression of HRE target genes. Next, the mechanism of
US28-dependent HIF-1 activation was addressed, which
potentially involves a previously undescribed signaling
cascade. US28 is known for its pleiotropic activation
of proliferative and inflammatory signal transduction
pathways, including activation of many transcription
factors, such as NF-κB, NFAT, TCF-LEF and STAT3
[5]. HIF-1 reporter gene assays were conducted in the
presence of pharmacological inhibitors targeting key
proteins of US28 and/or HIF-1 signaling. Since US28
promiscuously interacts with several G protein families
[5], the G protein family-specific inhibitors pertussis
toxin (Gαi/0) and UBO-QIC (Gαq/11), and the βγ-subunit
inhibitor gallein were included in the reporter gene assay.
Using pathway inhibitors the involvement of PI3K/Akt/
mTOR (inhibitors; LY-294002, GSK690693, rapamycin)
PLC-β/PKC (inhibitors; U73122, Bisindolylmaleimide I,
KN-93), RhoA/ROCK (inhibitors; Y-27632, H89), JAK/
STAT3 (inhibitors; P6, Stattic) and NF-κB (inhibitor;
BAY11-7082) signaling was determined. Figure 3D
depicts the HIF-1 reporter gene activities of US28- and
mock-transfected (i.e. reporter gene only) HEK293T cells
with a number of inhibitors, relative to the vehicle-treated
mock control. An overview of the applied inhibitors is
portrayed in Table I, showing the pharmacological target,
percentage of HIF-reportergene inhibition with mock and
US28 transfected cells. Multiple t-tests were performed to
indicate whether there is a significant difference between

HIF-1α protein levels are increased under
normoxic conditions in US28-expressing cells
Under normoxic conditions HIF-1α is usually
rapidly degraded in healthy cells by an efficient oxygenregulated mechanism [31]. In cancer cells, however, HIF1α protein levels are generally increased, independent
of the oxygen level, thus stimulating HIF-1α/HIF-1β
transactivation and regulation of HIF-1 target genes. Since
HIF-1β is constitutively expressed, upregulation of HIF-1α
level is the determining factor enhancing HIF-1 complex
transactivation. The effects of US28 expression on HIF1α gene transcription and protein level were evaluated
under normoxic conditions (Figure 2). As depicted in
Figure 2A, NIH-3T3 cells showed no relevant change in
HIF-1α transcription, represented by mRNA transcript
levels of mock and US28-expressing cells. However on
the protein level, a clear upregulation of HIF-1α was
observed in NIH-3T3 cells constitutively expressing US28
(Figure 2B). A 48 hours induction of US28 expression
in synchronized U251 glioma cells similarly resulted in
HIF-1α upregulation (6.7 ± 1.2 fold increase) (Figure 2C).
Since HIF-1α undergoes post-translational modifications
that affect activity and stability [31], HIF-1α is detected by
multiple protein bands in the 100-120 kDa range. Overall
the data demonstrates that US28 expression in fibroblasts
and malignant glioma cells results in an extensive increase
of HIF-1α protein levels, whereas gene transcription
is unaffected. This indicates a direct mechanistic link
between US28 signaling and HIF-1 activation potentially
in different stages of tumor development.

www.impactjournals.com/oncotarget
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Figure 2: US28 constitutively induces the transcriptional activity of the HIF-1 complex by increasing the HIF-1α
protein level. A. Stably transfected mock and US28 NIH-3T3 cells were used for RNA isolation. Quantitative RT-PCR is performed to

determine HIF1A relative mRNA expression levels, using ACTB as normalization control. Lysates were prepared from stably transfected
NIH-3T3 cells with US28 or control vector B. or U251-iUS28 cells with inducible US28 expression C., expression of HIF-1α protein was
evaluated with a specific antibody by Western blotting, followed by signal quantification using β-actin expression as a loading control.
Significant differences between conditions are depicted by asterisks (** = P < 0.01, *** = P < 0.001)

www.impactjournals.com/oncotarget
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the percentage inhibition by the inhibitors in mock and
US28-expressing cells associated with US28-selective
inhibition (Table I). The US28 induced HIF-1 activity
can be fully inhibited to mock levels with the Gαq/11specfic inhibitor UBO-QIC. Pertussis toxin or gallein
treatment, in contrast, do not affect US28-dependent
HIF-1 activity (Figure 3D). Together this illustrates that
US28-dependent HIF activity is mediated through Gαq/11

signaling. Interestingly, CaMKII activation appears to
be paramount in US28-dependent HIF-1 signaling, since
KN-93 treatment results in effective (65%) and specific
inhibition of US28-dependent HIF-1 activation (Figure
3D). Downstream of CaMKII, US28 signaling appears
to feed into the canonical Akt/mTOR cascade of HIF1 activation, since GSK690693 (Akt) and rapamycin
(mTOR) strongly impair US28-dependent and basal

Figure 3: US28 stimulates HIF-1 transcriptional activity through concerted activation of Gαq, CaMKII and the Akt/
mTOR signaling cascade. A.-D. HEK293T cells were transiently co-transfected with US28-encoding DNA and 500 ng of hypoxia

response element (HRE) HIF-1 reporter gene, transcriptional activity was measured 24 hours after transfection and treatment. A. Increasing
amounts of US28-WT DNA were transfected with a fixed amount of reporter gene B. Transfection of US28-WT or the G protein-uncoupled
mutant US28 R129A and treatment with cobalt chloride (150 μM) to mimic hypoxia C. Treatment with HIF-1 dimerization inhibitor
acriflavine (1 μM). D. A panel of pharmacological inhibitors is applied to inhibit US28-dependent HIF-1 activation in a HIF-1 reporter
gene assay using HEK293T cells. US28-expressing and mock (reporter only) cells were treated with inhibitors for 24 hours before activity
was measured. The results normalized to the vehicle condition of the reporter only control. The dotted lines represent the basal level of
US28-expressing or mock cell reportergene activity. Significant (α=0.05, P < 0.05) reporter gene activity inhibition compared to the vehicle
controls is represented by an asterisk (*) above the bar.
www.impactjournals.com/oncotarget
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HIF-1 reporter gene activity (Figure 3D, Table I). LY294002 treatment results in a weak and non-selective,
yet significant signal inhibition (Figure 3D, Table I). The
NF-κB inhibitor (BAY 11-7082) and JAK/STAT3 pathway
inhibitors (P6, Stattic), previously shown to inhibit US28
mediated STAT3 activity [20, 21], do not impair US28dependent HIF-1 activation (data not shown).
The pharmacological inhibitors that inhibit HIF1 reportergene activity were also tested in an upstream
inositol-phosphates (IP) accumulation assay (data not
shown). The experiments revealed that only the Gαq
inhibitor (UBO-QIC) attenuated US28-dependent IPaccumulation, the other pharmacological inhibitors had no
effect in this assay. This shows that the pharmacological
inhibitors do not induce acute cell toxicity. In order to
confirm the abovementioned findings, we next investigated
the effects of the pharmacological inhibitors in more
disease-relevant models and assay read-outs, which will
be discussed in detail below.

and signaling. After 48 hours of doxycycline-induced
US28 expression in U251 cells, an increase of Akt
phosphorylation at Ser473 (ratio: 1.8 ± 0.2) was detected,
which could be inhibited by Gαq (UBO-QIC) and CaMKII
(KN-93) inhibitors (Figure 4B). NF-κB (BAY 11-7082)
or PI3K (LY-294002) inhibition did not attenuate US28dependent Akt phosphorylation in U251 cells, which is
in line with the HIF-1 reportergene data. BAY 11-7082
(NF-κB inhibitor) treatment resulted in an increase of Akt
activity, regardless of US28 expression. This indicates a
non-specific and/or US28 unrelated effect of this inhibitor
on basal Akt activity. Since BAY 11-7082 treatment on
US28-expressing cells did not suppress relative Akt
phosphorylation this implies that US28 stimulates Akt
signaling independently of NF-κB. PI3K inhibition
resulted in a decrease of basal Akt phosphorylation,
however, US28-dependent Akt phosphorylation was
unaffected. These data illustrate that US28 signaling
promotes non-canonical (PI3K-independent) Akt
activation.
The combined observations of increased HIF-1
protein levels and transcriptional activity, together with
increased Akt/mTOR activity, led to the hypothesis that
US28 might enhance glycolysis. To test this hypothesis,
we examined the phosphorylation and oligomeric status
of PKM2, a crucial regulatory enzyme in the glycolytic
pathway. PKM2 functions as a metabolic master switch
with a distinct dual role depending on its oligomeric
form. Tetrameric PKM2 functions as a pyruvate kinase in
the cytosol, driving the energetically favorable cycle of
oxidative phosphorylation [38]. PKM2 phosphorylation
at Tyr105 was shown to inhibit formation of the active
tetramer and promotes dimerization of the protein [39].
The PKM2 dimer displays reduced pyruvate kinase
activity and is associated with increased glycolytic flux
and lactate secretion [39]. In addition, dimeric PKM2 is
able to translocate to the nucleus where it functions as a
protein kinase and/or co-transcription factor, regulating
expression of proliferative genes thereby promoting
tumorigenesis [28, 38, 40]. In US28-expressing NIH3T3 cells there is an evident (3-fold) increase in Tyr105
phosphorylation of PKM2, with only a modest (roughly
10%) increase in PKM2 protein levels (Figure 4C). This
suggested a switch of PKM2-dependent pyruvate kinase
activity towards an increase in protein kinase and cotranscriptional activity in these US28 expressing NIH3T3 cells, compared to control cells. A similar trend was
observed in U251 cells with inducible US28 expression,
albeit to a lesser extent compared to NIH-3T3 cells. US28
expression results in a marked increase of phosphorylated
PKM2 in the U251 glioma cells (1.55 ± 0.19) (Figure
4C). PKM2 cross-linking experiments were performed
to elucidate if the abundance of PKM2 dimers is altered
by US28 expression. Native lysates of stably transfected
NIH-3T3 cells and U251 cells with inducible US28
expression were subjected to formaldehyde cross-linking

US28 promotes transcription of HIF-1 target
genes and reprograms Akt and PKM2 activity in
fibroblasts and glioma cells
Solid tumors are generally characterized by
increased glucose uptake and metabolism [33], HIF1 transcriptional activity contributes to this phenotype
by regulating the gene transcription of, amongst
others, glyceraldehyde-3-phosphate dehydrogenase
(GAPDPH), glucose transporter type 1 (GLUT1), lactate
dehydrogenase A (LDHA) and pyruvate kinase M2
(PKM2), all involved in glucose uptake and metabolism
[34-36]. Since increased HIF-1α protein levels (Figure
2) and transcriptional activity (Figure 3) were observed,
we next assessed mRNA relative expression levels of
HIF-1 target genes VEGFA, GAPDH and GLUT1 in NIH3T3 cells by quantitative RT-PCR. As expected from the
measurements of VEGF promotor activity and secretion
(Figure 1), the level of mRNA encoding the angiogenesis
regulator VEGFA was increased in US28-expressing NIH3T3 cells (Figure 4A). Additionally, GAPDH and GLUT1
mRNA expression were also significantly upregulated for
these glucose metabolism genes in cells expressing US28
(Figure 4A). These findings suggest that US28 may drive
reprogramming of glucose metabolism in pre-malignant
cells.
The reporter gene data obtained from US28
expressing HEK293T cells, suggested the involvement
of the Akt/mTOR signaling cascade in regulating US28dependent HIF-1 activity in these cells (Figure 3E).
Since Akt is reported to play a role in HIF-1 translation
and transcription [37], we studied the role of active Akt
(phosphorylated at Ser473) in US28-expressing cells.
The phosphorylated Akt/total Akt (pAkt/Akt) ratios were
determined to assess the relative level of Akt activity
www.impactjournals.com/oncotarget
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and subsequently probed for PKM2 levels by Western blot
analyses (Figure 4E). Without cross-linking the PKM2
antibody shows a specific interaction at 60 kDa, the size
of monomeric PKM2. Upon crosslinking the proteins
in the cell lysates, an additional signal appears at 120

www.impactjournals.com/oncotarget

kDa, the expected molecular weight of dimeric PKM2.
The crosslinking conditions with a low formaldehyde
concentration (0.25%) were highly stringent, since no
additional PKM2 signals could be detected between 60
and 120 kDa in molecular size. There is an increase of
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Figure 4: US28 promotes HIF-1 target gene transcription and reprograms activation of Akt and PKM2 which are
involved in proliferation, angiogenesis and glucose metabolism through a Gαq/CaMKII/Akt/HIF-1 dependent fashion
in fibroblasts and glioma cells. A. HIF-1 target genes GAPDH, GLUT1 and VEGFA relative mRNA levels were determined by

quantitative RT-PCR using RNA isolated from US28 or mock transfected NIH-3T3 cells and gene-specific primers. Significant differences
in HIF-1 target gene expression are depicted by asterisks (* = P < 0.05, **** = P < 0.0001). B. Lysates were prepared from synchronized
U251-iUS28 cells with/without 48 hours of doxycycline-induced US28 expression and treatment with signaling pathway inhibitors.
SDS/PAGE Western blot analysis for phosphorylated Akt (Ser 473), total Akt and the loading control β-actin. Relative Akt activity is
semi-quantified by pAkt/Akt ratios C. Lysates were prepared from synchronized, stably transfected NIH-3T3 or U251-iUS28 cells and
phosphorylation status of PKM2 were assessed by Western blotting. Relative PKM2 phosphorylation is semi-quantified by pPKM2/
PKM2 ratios D. Native lysates were prepared from synchronized US28 or mock NIH-3T3 and U251-iUS28 cells. For U251-iUS28, native
lysates were prepared after 48 hours of US28 expression with/without vehicle, DMSO or UBO-QIC treatment. PKM2 protein was crosslinked using 0.25% formaldehyde/PBS solution (+), lysates without cross-linking treatment (-) were included as loading and total PKM2
expression controls. PKM2 and β-actin expression levels were assessed by Western blotting.
www.impactjournals.com/oncotarget
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Figure 5: US28 signaling results in increased cell proliferation and metabolic reprogramming. A. Stably transfected
NIH-3T3 cells with US28 or empty vector were treated with acriflavine for 48 hours. Proliferation of the cells was determined by 3Hthymidine incorporation assay. B. Mock and US28 NIH-3T3 cells were synchronized and subsequently treated with UBO-QIC for 48
hours before lysates were prepared and protein content was determined using a BCA assay C., D. Synchronized U251 cells with inducible
US28 expression were cultured for 48 hours with/without doxycycline and pharmacological inhibitors. (D) The lysate protein content was
determined using a BCA assay, E. whereas cell culture medium supernatant was analyzed for L-Lactate levels using a cell-based glycolysis
assay. The L-Lactate levels are normalized to the total protein content. Significant differences between conditions are depicted by asterisks
(***= P < 0.001, **** = P < 0.0001).
www.impactjournals.com/oncotarget
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dimeric (120 kDa) PKM2 in US28-expressing cells
compared to mock cells in NIH-3T3 and U251 cell lines.
In doxycycline-treated U251-iUS28 cells, inhibition of
Gαq by UBO-QIC resulted in decreased dimeric PKM2
protein levels, again illustrating the involvement of
this G-protein in US28-dependent PKM2 regulation,
in line with the previous HIF-1 reportergene and Akt
phosphorylation data. All together the data supports the
hypothesis that US28 stimulates the metabolic master
switch PKM2 to be in a dimeric conformation enhancing
glycolysis and promoting cell proliferation.

results in increased HIF-1-dependent cell proliferation
of NIH-3T3 and U251 cells, which is accompanied by
reprogramming of glucose metabolism indicated by an
elevation of glycolysis.

HCMV infection induces HIF-1 activity in part
via US28
As US28 is an HCMV-encoded GPCR it is essential
to study its signaling properties in a viral context.
McFarlane and colleagues described the ability of HCMV
to induce HIF-1 [43], yet the viral proteins and molecular
mechanism driving this process remain unclear. To
improve our understanding of HCMV-dependent HIF-1
induction, we studied the contribution of US28 to HIF1 activity upon HCMV infection of relevant cell lines.
Human foreskin fibroblasts (HFF) and U251 malignant
glioblastoma cells were infected with the clinical HCMVTitan strain (Titan WT) and its US28 deletion mutant
(Titan ΔUS28) [18] at a multiplicity of infection (MOI)
of 2 and assessed for viral protein (Immediate early
antigen (IEA) and US28) expression and HIF-1 activity
48 hours post-infection (Figure 6). Immunofluorescence
of HCMV Titan WT and ΔUS28-infected HFF and
U251 were performed to verify infection efficiency
and US28 expression (Figure 6A). The infected cells
can be visualized by IEA staining in the nucleus (green
fluorescence). The genomes of HCMV Titan strains
encode GFP, resulting in minor cytosolic expression levels
of this fluorescent protein (also green fluorescence) during
later phases of the infection cycle. The representative
immunofluorescence images (panel I-IV) illustrate that
HFF and U251 cells are susceptible to HCMV Titan WT
and ΔUS28 infection. As described previously, US28 (red
fluorescence) is only expressed in the WT-infected cells
(panel I and III) and primarily localized to the perinuclear
region [21, 44]. As can be seen in figures 6B and 6C, the
HRE reporter gene results of infected HFF (Figure 6B)
and U251 (Figure 6C) cells indicate that HCMV Titan WT
infection induces HIF-1 transcriptional activity to a great
extent, which is partially, but significantly reduced in cells
infected with the Titan ΔUS28 strain. Thus, demonstrating
that HCMV-dependent HIF-1 transactivation is in part
attributed to US28 signaling. Co-transfection of HFF and
U251 cells with a constitutive Renilla luciferase reporter
as control showed similar Renilla luciferase activities
in all conditions (data not shown), demonstrating that
HCMV infection and US28 expression do not affect the
basal transcription machinery. Altogether, the HCMV
infection experiments demonstrate that US28 affects HIF1 transactivation in a viral context.

US28 stimulates cell proliferation and initiates
reprogramming of glucose metabolism
Previously, we have shown that NIH-3T3 cells
stably expressing US28 display increased cell growth
and proliferation [18]. To determine whether activation
of the HIF-1/PKM2-axis is of importance in US28dependent cell growth, 3H-thymidine incorporation was
measured after treatment with the HIF-1 dimerization
inhibitor acriflavine (Figure 5A). Acriflavine treatment
resulted in decreased proliferation of cells expressing
US28, compared to untreated cells. As cell proliferation
correlates to increased biomass, we next assessed the
US28-dependent differences in total protein content of
NIH-3T3 and U251 cell lysates. US28-expressing cells
demonstrated a greater increase in biomass in both cell
lines (Fig 5B, 5C). In NIH-3T3 cells, Gαq inhibition with
UBO-QIC resulted in selective inhibition of biomass
increase in US28-expresssing cells (Figure 5B). US28dependent U251 cell proliferation could be inhibited by
the pharmacological inhibitors UBO-QIC (Gαq) and KN93 (CaMKII), whereas there was no significant effect
of LY-294002 (PI3K) treatment in these cells (Figure
5C). This highlights that US28 drives Gαq/CaMKII/Akt/
HIF-1 signaling to support cell proliferation. Increased
cell proliferation of malignant cells frequently relies on
increased glycolysis to generate ATP, which is classically
known as the Warburg effect [41]. Glycolysis, a rapid yet
energetically inefficient mechanism of glucose metabolism
is concomitant with increased lactate production and
secretion. Also in glioblastoma, glycolysis plays a
prominent role and intervention in the glycolytic cascade
is considered as a viable therapeutic approach targeting
this disease [42]. Since US28 upregulates glycolytic HIF-1
target genes and modulates of PKM2 functionality (Figure
4), we postulated that US28 signaling affects glycolysis
and thus lactate production in U251 glioma cells. This
was confirmed by measuring increased L-lactate levels in
conditioned medium of iUS28-U373 cells 48 hours after
stimulation of expression of this viral GPCR. The elevated
level of lactate secretion in US28-expressing cells was
reduced to control levels by Gαq inhibition (Figure 5D).
Taken together, these data indicate that US28 signaling
www.impactjournals.com/oncotarget

DISCUSSION
HIF-1α is an oxygen-sensitive regulator of many
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key cellular processes such as cell proliferation and
survival, metabolism and angiogenesis. In normoxia,
HIF-1α protein levels are low due to concerted action
of hydroxylases, which promote interaction with
ubiquitin ligases, marking the transcription factor for
proteosomal degradation [31]. Under hypoxic conditions,

oxygen-dependent hydroxylases fail to promote HIF1α degradation, resulting in its translocation to the
nucleus where it forms a functional dimer with HIF1β and regulates transcription of over 100 HRE genes
[45]. Increase of HIF-1α protein levels allows for the
activation of many genes that will provide the required

Figure 6: US28 contributes to HCMV-dependent HIF-1 activation in U251 glioblastoma and HFF cells. A.

Immunofluorescence of HCMV Titan WT and ΔUS28 infected U251 or HFF cells 48 hours post-infection at MOI2. Cells were stained
with US28 antibody (red fluorescence), anti-immediate early antigen (IEA) antibody (green fluorescence) and DAPI (blue fluorescence).
Additionally, since a GFP tag is incorporated in the viral genome, the cytosol of infected cells can also be detected with green fluorescence.
Panel I-IV display IEA-specific staining in the nuclei and GFP in the cytosol of HCMV Titan-infected cells. Panels I and II display US28specific staining in primarily the perinuclear region of Titan WT infected cells, which cannot be detected in cells infected with the US28
deletion mutant (ΔUS28). B. HFF or C. U251 cells were infected with HCMV Titan WT or ΔUS28 at MOI of 2. Mock and infected cells
were transfected with the HRE reporter gene 24 hours post-infection, followed by HIF-1 activity measurement 48 hours post-infection.
Significant differences between conditions are depicted by asterisks (** = P < 0.01, **** = P < 0.0001).
www.impactjournals.com/oncotarget
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building blocks for rapid cell growth [46]. Cancer cells
are able to increase HIF-1α levels even under normoxic
conditions. This occurs mostly through mutations of
regulatory proteins resulting in activation of receptor
tyrosine kinases and/or GPCRs or loss of tumor suppressor
function (e.g. p53 and PTEN). Besides mutations,
infection with oncogenic viruses has been reported to alter
HIF-1α regulation, thereby contributing to the oncogenic
phenotype. KSHV is known to increase HIF-1-mediated
transactivation as well as nuclear localization and decrease
protein degradation [47-50]. This is, partially, attributed
to the KSHV-encoded GPCR ORF74 that induces HIF1 transactivation under non-hypoxic conditions [46, 49].
Other examples of oncogenic viruses increasing HIF-1

activity are Hepatitis B and C virus [51, 52], EBV [53,
54], HPV [55] and HCMV [43].
Although the precise role of HCMV in tumor
etiology and development remains elusive, the virus and
more specifically its encoded viral GPCR US28 have been
ascribed an oncomodulatory role in tumorigenesis [5, 12,
14]. In this study we evaluated the role of US28 in the
context of glioblastoma, a highly malignant tumor which
is frequently positive for HCMV [56]. We demonstrate that
HCMV-encoded viral GPCR US28 mediates proliferation,
angiogenic processes and metabolic reprogramming
via activation of HIF-1α. Inhibition of HIF-1α results
in impaired proliferation and VEGF secretion in US28expressing cells (Figure 1 and 5, respectively). In line with

Figure 7: Proposed mechanism of US28 induced activation of the HIF-1α/PKM2 feedforward loop. US28 constitutively

stimulates Gαq-dependent signaling cascades resulting in CaMKII activity and subsequent stimulation of the Akt/mTOR cascade to increase
HIF-1α translation and/or stability. HIF-1α translocates to the nucleus and dimerizes with HIF-1β to form a functional HIF-1 transcription
factor that binds HRE regions to regulate HIF-1 target genes supporting proliferation, angiogenesis and metabolic reprogramming.
US28 signaling modulates PKM2 phosphorylation and rearrangement into enzymatically less active, but transcriptional active dimers.
Dimeric PKM2 is linked with glycolysis and thus increased levels lactate production and secretion. PKM2 dimers and HIF-1α engage in a
feedforward loop supporting a proliferative, angiogenic and glycolytic phenotype.
www.impactjournals.com/oncotarget
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earlier observations [43], HCMV-infected human foreskin
fibroblasts and glioblastoma cells displayed increased
HIF-1 transcriptional activity that could be attributed to
US28 (Figure 6). Moreover, McFarlane et al. showed
that inactivated HCMV, irradiated with ultraviolet light,
also induced HIF-1, demonstrating that the response was
elicited by interaction of the infecting virion with the cell
and that de novo viral gene expression was not required. A
viral factor involved could be US28, since it is expressed
on the virion [57]. In cells infected with the HCMV Titan
ΔUS28 strain, significant residual HIF-1 activity remained,
suggesting other HCMV-encoded proteins affect HIF-1
transactivation. Other HCMV-encoded receptors GPCRs
also reported to be expressed on the virion, like UL33
[58], may play a role in modulating this pathway as well.
Previously, we have shown that VEGF promoter
activation by US28 was mediated through activation of
G-proteins, more specifically Gαq and Gβγ, followed by
activation of protein kinases p38 and p44/42 MAPK [18].
Subsequently, we confirmed the involvement of STAT3
in US28-mediated VEGF promoter activity and showed
that COX-2 inhibitor celecoxib is able to partially decrease
US28-induced VEGF secretion [20, 21]. Here, we show
that US28-induced VEGF promoter activity and secretion
is mediated through HIF-1 transactivation via activation of
Gαq, CaMKII and Akt/mTOR (Figure 3). Pharmacological
inhibition of the previously described NF-κB and STAT3/
IL-6 pathway signaling did not significantly inhibit
US28-dependent HIF-1 activation, indicating this is
an independent and previously unrecognized signaling
cascade. As the VEGF promoter region contains both HRE
and STAT3 response elements, US28 may facilitate VEGF
expression and thus angiogenesis, through at least two
distinct mechanisms [59]. These findings accentuate the
complexity and promiscuity of the signaling mechanisms
of this viral chemokine receptor. The involvement of Akt/
mTOR cascade in canonical HIF-1 regulation is well
established. This signaling cascade has been reported to
promote HIF-1α activity by stimulating mRNA translation,
thus elevating protein levels, whilst HIF-1α protein
stability is unchanged [60, 61]. Our data suggests that
US28 utilizes a similar mechanism for HIF-1α regulation
by increasing the rate of mRNA translation to protein
through Akt/mTOR-dependent pathways. HIF1A mRNA
levels are unchanged in US28-expressing cells, while the
protein levels and transcriptional activity are increased
(Figure 2) and can be attenuated by the mTOR inhibitor
rapamycin and Akt inhibitor GSK690693 (Figure 3). In
US28-expressing glioblastoma cells we detected elevated
levels of active (phosphorylated at Ser-473) Akt (Figure
4), further implicating the involvement of the Akt/mTOR
pathway in US28 oncomodulatory signaling. Akt/mTOR
signaling is frequently regulated by PI3K activation,
which can be induced by receptor tyrosine kinase growth
factor or GPCR signaling. Interestingly, the US28
mediated effects appear to be PI3K independent (Figure
www.impactjournals.com/oncotarget

3 and 4). As CaMKII inhibition results in attenuated
HIF-1 transcriptional activity, Akt phosphorylation
and cell proliferation (Figure 3, 4 and 5 respectively),
we suggest that US28 may activate CaMKII which
subsequently orchestrates activation of the Akt/mTOR
cascade to activate HIF-1α. Our data confirms previous
research, which demonstrated that CaMKII stimulates
Akt phosphorylation, HIF-1 protein stability and VEGF
secretion [62-64].
PKM2 plays an enigmatic dual role in cellular
metabolism and proliferation. In healthy cells primarily
PKM2 exists in a tetrameric state, functioning as an
essential enzyme in glucose metabolism [65]. Intriguingly,
its enzymatic role can be changed by oncogenic signaling
that causes phosphorylation and subsequent destabilization
of the tetramer, thus promoting less enzymatically active
PKM2 dimers [66]. As a consequence of reduced PKM2
enzyme activity, accumulation of PEP, elevated levels of
aerobic glycolysis and lactate production occurs [26, 38].
Only in its dimeric form PKM2 can translocate into the
nucleus and act as a transcriptional co-activator, enhancing
activity of STAT3 [28], β-catenin [67] and HIF-1 [68].
This study revealed that US28 expression in NIH-3T3
cells strongly stimulates the Tyr105 phosphorylation and
related dimeric state of PKM2. Similar trends, although to
a lesser extent are observed after expression of US28 in
U251 cells (Figure 4). It is noteworthy that basal PKM2
protein levels are considerably higher (over 10-fold, data
not shown) in U251 glioma cells compared to the NIH-3T3
cells, which might indicate that U251 cells rely on aerobic
glycolysis for glucose metabolism, and have previously
undergone metabolic reprogramming. Nevertheless, US28
expression did have an effect on PKM2 phosphorylation
and dimerization in the glioblastoma cells, suggesting
that US28 affects glucose metabolism of HCMV-infected
tumor cells. The expression and function of PKM2 are
closely intertwined with HIF-1 in feedforward loops,
whereas HIF1A is a target gene of the PKM2/STAT3
pathway, PKM2 expression is on its turn regulated by
the HIF-1 transcription complex [27]. The finding that
total protein expression levels of PKM2 are increased
in US28-expressing cells is in line with the reported
positive feedback loop between HIF-1 and PKM2,
since an increase in HIF-1 activity appears to be related
to an increase in PKM2 expression. Very recently it
was reported that ORF74 (i.e KSHV-encoded vGPCR)
signaling stimulates HIF-1α and PKM2 expression levels
[69]. Since we now observe similar effects in HCMVinfected and US28-expressing cells, this suggests a
conserved herpesvirus mechanism to exploit the host’s cell
machinery by means of viral GPCR signaling.
Although activation of proliferative and angiogenic
signaling by US28 is well established, the effects of this
viral GPCR on cell metabolism were not assessed in
previous studies. Here, we characterized the potential
of US28 to regulate transcription of genes involved in
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glucose metabolism and evaluated the effects on aerobic
glycolysis. We found that US28 expression in NIH-3T3
cells, increases mRNA levels of the glucose transporter
GLUT1 and metabolic enzyme GAPDH. Furthermore,
US28 expression in U251 cells enhances lactate secretion,
which may be indicative for increased glycolysis and a
tumor-promoting metabolic state. Overall, these findings
support the hypothesis that US28 signaling has the
potential to drive metabolic reprogramming of (pre-)
malignant cells in order to support an onco-proliferative
phenotype.
Our previous work has demonstrated the importance
of the constitutive activity of US28 in enhancing
proliferative and angiogenic signaling and contributing
to HCMV-associated malignancies [18, 20, 21, 70, 71].
The current data indicate that US28 is also able to impinge
into the signaling module regulating HIF-1 activity. Here,
we propose another novel mechanism by which US28 is
able to promote tumorigenesis by feeding into the HIF-1/
PKM2 axis (Figure 7). US28 constitutively signals through
Gαq which results in activation of CaMKII, stimulating
Akt activity by Ser-473 phosphorylation and subsequent
mTOR-dependent HIF-1α upregulation. This mechanism
is responsible for increased translocation of HIF-1α to
the nucleus, dimerizing with HIF-1β and binding to HRE
regions of angiogenic and glycolytic target genes like
VEGF-A, GLUT1 and GAPDH. Increased secretion of
VEGF-A, as was reported before, leads to angiogenesis in
vitro and in vivo [18]. Furthermore, active HIF-1α engages
with phosphorylated (Tyr105) and dimeric PKM2 in a
feedforward loop to sustain cell proliferation, angiogenesis
and glycolysis. Phosphorylation at Tyr-105 of PKM2
is mediated by US28, leads to less energy efficient
conversion of pyruvate on one hand and translocation of
PKM2 to the nucleus to function as a transcriptional coactivator of transcription factors like HIF-1 and STAT3.
In conclusion, in this study we show that the
HCMV-encoded GPCR US28 stimulates the HIF-1/
PKM2 feedforward loop through concerted activation
of Gαq, CaMKII and the Akt/mTOR cascade, regulating
proliferation, angiogenesis and reprogramming of glucose
metabolism. These findings further substantiate a role for
this viral GPCR in HCMV-associated malignancies.

were cultured in DMEM (Sigma-Aldrich) supplemented
with 10% fetal bovine serum, heat-inactivated bovine
serum (Gibco), respectively. Human foreskin fibroblasts
(HFF) were cultured in MEM Eagle with Earle’s salts
and sodium bicarbonate (Sigma-Aldrich) supplemented
with 0.1 mmol/L non-essential amino acids (PAA), 2
mmol/L L-glutamine and 10% fetal bovine serum. 50
IU/ml penicillin and 50 μg/ml streptomycin (PAA) was
added to all culture media and cells were grown at 37°C
in a humidified atmosphere with 5% CO2. Transient
transfections were performed using the polyethylenimine
(PEI) method [72]. A U251 cell line with inducible US28
expression (U251-iUS28) was generated by lentiviral
transduction. US28 (VHL/E strain) was subcloned in
the pLenti6.3/To/V5-DEST vector by recombination
cloning (Thermo Scientific). For lentivirus production,
US28- pLenti6.3/To/V5-DEST or pLenti3.3/TR (Thermo
Scientific) was co-transfected with pRSV-REV, pMDLg/
pRRE and pMD2.g packaging vectors in HEK293T cells.
24 hours post-transfection the transfection reagents are
removed from the medium and fresh culture medium is
added. After 24/48 hours of incubation, medium containing
lentiviral particles was collected from the transfected
HEK293T cells. The lentivirus medium centrifuged to
remove cell debris, sterile-filtered and stored at 4°C.
U251 cells were transduced with Tet-repressor encoding
lentiviral particles and incubated O/N. The lentivirus
containing medium was removed and cells were incubated
for 24 hours in regular culture medium. This was followed
by a second transduction with lentiviral particles encoding
US28 with inducible promoter, which were incubated
for 24 hours. US28 expression was induced by addition
of 1 μg/mL doxycycline (Sigma-Aldrich) to the culture
medium. The clinical HCMV strain Titan WT and the
deletion mutant Titan ∆US28, previously described in [18]
were used to infect U251 and HFF cells with a MOI of 2.
In order to synchronize the infection cycle, the virus was
removed 2 hours post infection.

Materials
Recombinant human CX3CL1 was obtained from
Peprotech. Recombinant human IL-6 protein was obtained
from R&D systems. Acriflavine (HIF-1 inhibitor), KN93 (CaMKII inhibitor), GSK690693 (pan-Akt inhibitor),
BAY 11-7082 (NF-κB signaling inhibitor), U73122
hydrate (pan-PLC inhibitor), Stattic (STAT3 inhibitor),
LY-294002 hydrochloride (PI3K inhibitor), Sodium
oxamate (LDHA inhibitor), pertussis toxin (PTx,Gαi/0
inhibitor), H-89 (PKA/ROCK inhibitor), Y-27632 (ROCK
inhibitor) and CoCl2 were all obtained from SigmaAldrich. Rapamycin (mTORC1 inhibitor) was purchased
from Cayman Chemical. 17-AAG (HSP90 inhibitor) and
P6 (pan-JAK inhibitor), Bisindolylmaleimide I (PKC
inhibitor) were purchased from Calbiochem. The Gαqinhibitor UBO-QIC was purchased from the Institute of

MATERIALS AND METHODS
Cell culture
All experiments were performed under normoxic
conditions. NIH-3T3 cells stably transfected with mock
vector (empty pcDEF3 expression vector), US28-WT
or US28-R129A were cultured as previously described
[18]. The human embryonic kidney cell line HEK293T
and the human malignant glioblastoma cell line U251
www.impactjournals.com/oncotarget
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Pharmaceutical Biology, University of Bonn. Gallein (βγsubunit inhibitor) was obtained from Tocris.

well assay plate and luciferase activity was measured 48
hours post-infection.

Radioligand binding

Quantitative real-time-PCR

Expression of US28 in stably transfected NIH-3T3
and U251-iUS28 cells was confirmed using 125I-CCL5
binding (specific binding was determined using CX3CL1
10-7 M) as was described previously [19]. When required,
1 μg/mL doxycycline was added to the medium for at least
24 hours to induce US28 expression in U251-iUS28 cells.

NIH-3T3-Mock, NIH-3T3-US28 (1.105) or U251iUS28 (1.5.105) cells were seeded in regular growth
medium in a 6-well plate. The next day cells were
synchronized by serum starvation (0.5% bovines serum
for NIH-3T3 cells, 0% serum for U251). After O/N
synchronization, the medium was refreshed with serum
starvation medium containing inhibitor or vehicle control.
After 24 or 48 hour incubation the conditioned medium
was collected, centrifuged and the supernatant was used
in a mouse-VEGF or human-VEGF Quantikine kit (R&D
Systems), according to manufacturer’s procedures.

NIH-3T3 cells were cultured in a 6-well plate and
harvested after 24 hours. The cells were centrifuged
and the pellet was used to isolate RNA with RNeasy kit
(Qiagen). Subsequently cDNA was prepared by the use
of iScript reverse transcriptase kit (Bio-Rad) according to
manufacturer’s instructions. The applied qPCR primers are:
HIF1A F:TCATCAGTTGCCACTTCCCCAC,
R:CCGTCATCTGTTAGCACCATCA;
GAPDH
F:TCAACGGCACAGTCAAGG,
R:ACTCCACGACATACTCAGC;
GLUT1
F:GAGACCAAAGCGTGGTGAGT,
R:GCAGTTCGGCTATAACACTGG;
VEGFA
F:GGCTCTTCTCGCTCCGTAGTAG,
R:CCTCTCCTCTTCCTTCTCTTCCTC;
ACTB
F:GGCTGTATTCCCCTCCATCG,
R:CCAGTTGGTAACAATGCCATGT.
PCR reactions were performed using SYBR Green mix
with MyiQ Real-Time PCR detection system (Bio-Rad).
The obtained Ct values of the genes of interest were
normalized to the internal control ACTB and relative
expression levels were determined using the 2-ΔΔCt method.

Reporter gene analysis

Western blot

HEK293T cells were transfected with US28
and either VEGF promoter luciferase reporter gene as
described earlier [18] or HIF-1 reporter gene. For the
latter, 1.106 cells were transfected with US28-pcDEF3
(25-100 ng), 1 μg pTL-HIF-1-luc vector (Affymetrix)
supplemented with empty pcDEF3 vector to a total of 2
μg. Transfected cells were seeded in white bottom 96-well
assay plates. Immediately after transfection, cells were
treated with Cobalt Chloride (150 μM), Acriflavine (1
μM), 17-AAG (1 μM), Rapamycin (1 μM), UBO-QIC (1
μM), pertussis toxin (100 ng/mL), KN-93 (10 μM), hIL-6
(6 pg/mL), GSK690693 (50 nM), Bisindolylmaleimide I
(5 μM), H-89 (10 μM), Y27632 (10 μM), BpV (1 μM),
P6 (1 μM), gallein (10 μM), U73122 (5 μM), LY-294002
(10 μM), Stattic (10 μM) or 2-APB (100 μM) overnight.
Luciferase activities were measured 24 hours after
transfection. For infection experiments, 2.105 HFF and
U251 cells were seeded and grown overnight in a 6-well
plate. The cells were transfected with 900 ng pTL-HIF1-luc vector (Affymetrix) and 100 ng constitutive renilla
luciferase-pcDNA3.1 vector. The constitutive renilla
luciferase activity was used to correct for changes in
basal transcriptional activity after infection. 6 hours post
transfection the cells were mock, HCMV Titan WT or
HCMV Titan ∆US28 infected with an MOI of 2 and grown
overnight. The cells were reseeded in a white bottom 96-

NIH-3T3 cells (1.105) cells were grown on a
6-well plate on full medium. After overnight incubation
the cells were either lysed (for detection of HIF-1α) or
synchronized by replacing the medium with 0.5% (v/v)
bovine serum DMEM and incubated for 24 hours before
lysis. U251 cells (1.5.105) with inducible US28 expression
(U251-iUS28) were seeded on a 6-well plate on full
medium. Cells were synchronized by serum starvation
with 0% FBS DMEM and grown overnight, medium
was replaced with 0% FBS DMEM with or without 1 μg/
mL doxycycline for US28 expression, and if necessary,
signaling pathway inhibitors, UBO-QIC (1 μM), KN-93
(10 μM), GSK690693 (50 nM), LY-294002 (10 μM),
BAY 11-7082 (10 μM). After synchronization (NIH-3T3)
or 48 hour induction of US28 expression and treatment
(U251-iUS28) cells were lysed with RIPA buffer or native
lysis buffer (25 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1% (v/v) NP40 and 5% (v/v) glycerol)
supplemented with 1 mM NaF, 1 mM NaVO4 and
cOmplete protease inhibitor cocktail (Roche), sonicated
and centrifuged to remove insoluble cell debris. Protein
content of the lysates was determined using a BCA protein
estimation assay according to manufacturer’s instructions
(Thermo Scientific). For cross-linking experiments, cells
were lysed using native lysis buffer, cross-linking was
carried out on native lysates through incubation with

VEGF ELISA
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0.25% formaldehyde (Sigma) solution in PBS for 10
minutes at 25°C. Cross-linking reaction was quenched
and sample was denatured and reduced by addition of 6X
laemmli sample and 5 minute incubation at 65°C. Western
blot was performed according to standard procedure
and blotted against HIF-1α (Millipore, #MAB5382 for
NIH-3T3 and BD Transduction, #610959 for U251),
pPKM2-Y105 #3827, PKM2 total #4053, pAkt-S473
#4060, Akt #9272 (all Cell Signaling Technology) and
β-actin #A5316 (Sigma). The Western blot images were
acquired by the use of Chemi Doc imager (Bio-Rad) and
quantified by densitometry using Image lab Software (BioRad).

and immunofluorescence was performed with mouse
anti-cytomegalovirus antibody (MAB810R, Millipore),
rabbit anti-US28 antibody kindly provided by Alberto
Fraille Ramos [21], and the secondary anti-mouse Alexa
Fluor® 488-conjugated and anti-rabbit Alexa Fluor®
568-conjugated antibodies. Imaging was carried out using
a Olympus FSX-100 microscope.

Data analyses
All data was obtained from at least three independent
experiments in triplicates. All bar graphs and statistical
analyses were obtained with GraphPad Prism 6 software
(GraphPad software Inc, San Diego) ANOVA analyses
with multiple comparisons test and Tukey correction were
performed or multiple t tests with Holm-Sidak correction
to statistically (α=0.05) compare different groups. Bars
and errors in the graphs as well as data in the text represent
the mean ± SEM.

Thymidine incorporation assay
Cell proliferation in NIH-3T3 cells was measured
using 3H-thymidine incorporation. Cells were grown in
full medium and next day put on medium containing 0.5%
bovine serum overnight with or without 1 μM Acriflavine,
before labeling in DMEM supplemented with 0.5% bovine
serum containing 1 μCi/ml 3H-thymidine (Perkin-Elmer).
The next day cells were fixed with methanol, washed,
lysed and radioactivity was measured with a scintillation
counter.
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