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Abstract

e human cytomegalovirus (HCMV), associated with the development of ma-
lignancies, encodes the constitutively active G protein coupled receptors (GPCRs)
UL andUS. AsUS possesses oncogenic properties and is expressed inCMV
positive human glioblastomas, we set out to investigate the signaling properties of
UL. US expression is detected early aer infection, whereas UL is expressed
at later stages. In transient, as well as stable transfection systems, UL, like US,
constitutively activates various proliferative, pro-angiogenic signal transduction
pathways. In xenogra models, UL was shown to induce tumor growth. As
shown previously for US, UL expression was also detected in human glioblas-
toma. Interestingly, the distribution of UL in the primary glioblastoma samples
was more dispersed, while expression of US was conĕned to the vascular niche.
Taken together, our data indicate that the viral GPCR UL has oncogenic po-
tential and could play a role in HCMV-associated malignancies. e differential
kinetics of UL and US expression and pronounced expression of UL in
human glioblastoma, indicate that HCMV has devised distinct means to engage
or prolong proliferative signaling pathways upon infection through expression of
these viral receptors.
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4.1 Introduction

e mammalian line of defence against invasion of pathogens or injury depends
on timely activation and proper targeting of leukocytes [, ]. Chemokine-
chemokine receptor interactions are crucial to control both onset and localization
of leukocyte-mediated responses. Several β-herpesviruses have corrupted this sys-
tem by hijacking and subverting components, both ligands and receptors, of the
chemokine system [, , ]. Human cytomegalovirus (HCMV, HHV), a
member of the β-herpesvirus subfamily has successfully utilized this strategy re-
sulting in high prevalence with up to  of the population harbouring a latent
infection []. While HCMV infection is asymptomatic in immune-competent
individuals, it can cause severe pathologies in immune-compromised patients [,
]. Moreover, HCMV infection during pregnancy is the leading infectious agent
causing mental retardation and deafness of the unborn child []. Furthermore,
HCMV infection is associated with several pathologies, such as atherosclerosis
[], autoimmune diseases and cancers [, -]. HCMV infection has been
proposed to aggravate the malignant phenotype of e.g. colon cancer [] malig-
nant glioma [, ] andmedulloblastoma [].eHCMV-encoded chemokine
receptor US is one of the HCMV-encoded proteins believed to contribute to the
malignant phenotype [, , ].

US has been shown to scavenge and internalize different members of the
CC family chemokines including CCL and CCL, and also CXCL []. Fur-
thermore, US has been shown to constitutively stimulate proliferative signaling
[, -]. Moreover, this GPCR have been implicated in oncomulation in vivo,
as heterologous expression of US in mice, stimulates intestinal neoplasia [].
Furthermore, expression ofUSwas correlated to proliferative signaling and poor
prognosis in human glioblastoma [].

Besides US, HCMV encodes three other viral G protein coupled receptors
(vGPCRs) with homology to human chemokine receptors; US, UL, andUL
[]. ese receptors and two chemokine homologues (vCXCL and ) []
may be utilized by the virus to deceive the host’s immune system and could be
instrumental in viral pathology. Homologues of UL and UL are conserved
throughout the β-herpesvirus family []. In contrast, US and US have been
identiĕed only in CMVs, closely related to HCMV, targeting primate hosts [].

Like US, UL has been shown to signal in a constitutive manner via Gαq,
Gαi, and Gαs []. e constitutive activation of both receptors could be instru-
mental in HCMV-mediated pathology. erefore, it is crucial to determine the
kinetics and cellular consequences of signaling mediated by these vGPCRs. e
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UL homologue in the murine cytomegalovirus (M) was shown to be func-
tional in viral dissemination []. Interestingly, loss of M can be partially com-
plemented with functional UL, suggesting conservation of functionality. Both
UL and US were found to co-localize with the viral envelop glycoproteins
gB and gH [, ]. Although UL [] and US [] are dispensable for
viral replication in respectively MCR and human forskin ĕbroblasts, functional
consequence of expressing vGPCRs on the viral particle may enhance binding of
the virus particles to target cells. Alternatively, these receptors could exert their
effect by rewiring cellular signaling of the host cells.

In this study we describe the UL-mediated constitutive activation of prolif-
erative signal transduction pathways, and consequences for cellular transforma-
tion. Moreover, we detected the expression of this vGPCR in human glioblastoma.
As UL and US expression patterns aer HCMV infection revealed different
kinetics, our data suggest HCMV may use both UL and US to successfully
engage proliferative signaling pathways in the host cell.

4.2 Results

UL33 is expressed with different kinetics compared to US28 in
HCMV infection cycle

As bothUS andULwere previously shown to constitutively signal viamultiple
Gα-dependent signaling pathways, we examined the possibility of these events to
occur in concert by monitoring expression of both receptors during the HCMV
infection cycle. We evaluated the kinetics of US and UL expression aer in-
fection of human foreskin ĕbroblasts (HFF) using the HCMV TB-BAC strain.
We analyzed the kinetics of UL expression taking advantage of the N-terminally
Flag tagged UL (TB-BAC-ULex-FLAG). US was visualized using the
antibody described []. Intracellular distribution of both US and UL was
similar as described earlier [, ] with UL mostly present in intracellular
vesicles and US concentrated in the perinuclear area (data not shown). e
kinetics of expression of both UL and US were investigated in situ and by
Western analysis (Figure .A and B). As can be seen in Figure .A, expression
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of ULex-FLAG was observed at ,  and  hours post infection (h.p.i.),
whereas US is already detecTable  h.p.i., at low levels as indicated by West-
ern blotting (Figure .B). is may indicate an exclusive role of US early aer
infection and collective effects of both receptors, later in the infection cycle. Con-
ĕrmation of US expression early in the HCMV infection cycle was obtained by
means of radioligand binding assays, using [I]-CCL, a chemokine known to
bind US. In these analyses, increased binding of [I]-CCL was observed 
hrs aer infection with the wild type HCMV strain (Wt) but not with the ΔUS
(US deletion strain) - or UV-inactivated virus (Figure .C). As no ligands for
UL have been identiĕed to date, these assays could not be performed for this
vGPCR. To examine the functional consequence of differential expression of both
viral GPCRs, PLC activation was measured in HCMV infected cells. For this pur-
pose, TB wild type and mutant viral strains, deleted for UL, US or both
were used []. All HCMVmutants used in this study displayed similar infection
properties as conĕrmed by back titration (data not shown). Activation of PLC in
HFF was signiĕcantly reduced for ΔUS and the double deletion mutant ΔUS-
ΔUL viral strains  h.p.i. (Figure .D). Deletion of UL alone did not result
in a signiĕcant reduction of PLC activation  h.p.i.

HCMV-encoded UL33 constitutively activates multiple signaling
pathways

AsUSwas described to promiscuously trigger activation of various proliferative-,
angiogenic- and inĘammatory signaling pathways resulting in oncomodulatory ef-
fects [-], we evaluated UL-mediated activation of these signaling pathways.
As can be seen in Figure .A, transfection of increasing amounts of pcDEF-UL
increased levels of UL protein as detected in an ELISA using anti-UL antibody
[]. UL constitutively induced VEGF promotor activity in a dose-dependent
manner, as was measured with a speciĕc reportergene (Figure .B). Likewise,
UL expression induced activation of the NFAT pathway, COX- promotor ac-
tivity and STAT transcriptional activity as measured with speciĕc reportergenes
when expressed in HEKT cells (Figure .C-E).
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UL33 induces a transformed phenotype in NIH-3T3 cells

To investigate whether UL expression was associated with onset of transforma-
tion, as shown earlier for US [], stable NIH-T cell lines expressing UL
were generated. To this end, wildtype UL and C-terminally eGFP-tagged UL
constructs were used. Constitutive PLC activation indicated proper receptor func-
tionality and expected signaling properties of both wt UL and eGFP-tagged
UL receptors (Figure .A).e observed increase in PLC activation in cell lines
expressing UL was lower compared to those in US-expressing NIH-T cells

To examine the proliferative potential of UL, a thymidine incorporation
assay was done. Clearly, cell lines expressing UL displayed increased [H]-
thymidine incorporation. DNA synthesis upon serum starvation was two-to four-
fold higher in UL-expressing cells compared to mock transfected cells. To con-
ĕrm the oncogenic potential of UL a foci formation assay was performed. As
depicted in Figure .C UL-eGFP expressing cells lost contact inhibition and
formed foci as seen for US-expressing cells, albeit with a lower efficiency com-
pared to US. In view of convergence of UL signaling into the STAT path-
way, observed earlier for US [], cells were treated with stattic, a small in-
hibitor molecule inhibitor targeting STAT []. Stattic inhibited foci formation
in UL-expressing cells to a similar extent as seen in US-expressing cells (Fig-
ure .D). Based on the enhanced increase in PLC activation, thymidine incor-
poration and foci formation, the stable UL-eGFP expressing T clone  was
selected for further analyses in vivo.

UL33 stimulates proliferative signaling

Since in vitro studies with UL-expressing cells showed a transformed and pro-
liferative phenotype, we determined whether UL-eGFP expressing cells could
also induce tumor formation in vivo. To this end, UL-eGFP or US-expressing
NIH-T cells were subcutaneously (s.c.) injected in the Ęanks of nude athymic
mice ( mice injected per cell line;  inoculations). First signs of tumor forma-
tion appeared as early as  week post injection for the mice injected with US-
expressing cells, and shortly aer that for the mice injected with the UL-eGFP
cells, as shown in the Kaplan-Meier curve (Figure .B). Tumors were clearly visi-
ble - weeks aer inoculation (Figure .A), aer which animals were sacriĕced.
Some mice injected with UL-expressing cells displayed smaller tumors at the
exterior, however, large internal tumors were present in all cases.emock group,
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( vs  months, p=., Figure .H).  patients were alive;  patients in group I
and  patients in group .

Expression of UL around vessels, the main site for expression of US in
primary glioblastoma, in these tissue samples (Figure .F) was detected in  out of
the  () of tumor samples. In these cases mostly endothelial cells and smooth
muscle cells (SMC) appeared to be positive for UL staining. Interestingly, in-
ĕltrating neutrophils and granulocytes appear to be strongly positive for UL in
/ () of these patients (Figure .F).

4.3 Discussion

Herpesviruses are known to alter cellular gene expression and cell function [,
]. While the oncogenic potential of some viruses like Kaposi’s sarcoma associ-
ated herpes virus and human papilloma virus is well established [, ], HCMV
is believed to possess oncomodulatory properties. In view of the oncomodula-
tory potential of the HCMV-encoded chemokine receptor US [, , , ,
], we subjected UL, another constitutively active viral encoded chemokine
receptor homolog [] to signaling and cell proliferation studies. In this study we
clearly demonstrate that UL, like US, has oncogenic potential in vitro as well
as in vivo. UL constitutively activates several signaling pathways (Figure .),
which play key roles in enhanced cellular proliferation and oncogenesis [, ,
]. UL stimulated transcriptional activation of NFAT and STAT (Figure .C
and .E) and induced VEGF and COX- promoter activation (Figure .B and
.D). NIH-T cells stably expressing UL exhibit constitutive PLC activation,
increases in DNA synthesis rate and loss of contact inhibition (Figure .), prop-
erties indicative of transformation. UL-eGFP-expressing NIH-T cells induce
tumor growth within  weeks in a nude mice xenogramodel (Figure .). Tumor
formation was apparent aer  weeks, while did occur earlier for US.e slower
onset of tumor formation compared to mice injected with US-expressing NIH-
T cells, can be explained by reduced increases in PLC activity and foci formation
UL compared to US-expressing NIH-T cells. Moreover, the UL mRNA
levels in the xenogras are signiĕcantly lower compared to US mRNA levels
in US-induced xenogras (Figure .C), suggesting that the oncomodulatory
effects of both US and UL may differ, despite the overlap in receptor-induced
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signaling we have observed. Noteworthy, unlike for US [], increased IL levels
could not be detected in medium from NIH-T cells stably expressing UL
(data not shown) nor could we measure increased PGE levels. Although both
vGPCRs can activate a comparable set of signaling pathways, a certain threshold
of activation may be required to induce rapid onset of turmorigenesis.

To study the expression kinetics ofUL andUS inHCMV infected cells, hu-
man foreskin ĕbroblasts (HFF) were infected with amutantHCMVvirus (BAC-
ULex-Flag). Intracellular localization of both US and UL was compara-
ble as described earlier []. e kinetics of expression of both vGPCRs differ,
with US being detecTable  h.p.i., whereas UL only appeared aer  h.p.i.
Early expression kinetics of US was conĕrmed in a CCL binding assay and
by measuring PLC activation  h.p.i. using HCMV TBWT and mutant strains
lacking eitherUS,UL or both vGPCRs [].Our data show thatUL, unlike
US, is expressed at a late stage of the HCMV replication cycle. is conĕrmed
earlier observations on US and UL expression proĕles in HFF and U-
MG cells [, , ]. In a viral setting, both receptors could have modulatory
functionalities important in HCMV pathology. As the UL expression kinetics is
slower compared to that of US, this may result in further activation of signaling
pathways initially triggered by US. For instance, the enhanced COX- promoter
activity as previously described for US [], could be prolonged byUL late ex-
pression. A comparable synergism could be postulated for the activation of STAT
signaling important in US mediated oncomodulation []. Yet, co-expression
of both receptors could also result in antagonizing effects. Recently, UL was
reported to co-localize and form heterodimers with US []. Interestingly, the
constitutive activation of the US-mediated Gαq/phospholipase C pathway was
not affected by receptor heteromerization, while UL was able to silence US-
mediated activation of the transcription factor NF-κB. ese data imply that co-
expression may result in inhibitory effects on downstream signaling. Further ex-
periments are required to substantiate whether co-expression of both receptors
does result in altered proliferative signaling.

Besides temporal synergy or modulatory function between the vGPCRs also
a spatial complementarity between UL and US could affect HCMV-induced
pathology. In this study we have shown that UL is expressed at detectable lev-
els in primary glioblastomas (Figure .). Compared to our earlier observation
regarding expression of US in glioblastoma the pattern of UL expressed in
these tumors is more pronounced. Whereas US is primarily expressed around
the blood vessels within the so-called vascular niche [], UL expression is de-
tected in the vessel area as well within the cells that make up the tumor tissue










