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Abstract

Herpesviruses encode transmembrane G protein-coupled receptors (GPCRs), 
which share structural homology to human chemokine receptors. These viral 
GPCRs include KSHV-encoded ORF74, EBV-encoded BILF1, and HCMV-encoded 
US28, UL33, and US27. Viral GPCRs hijack various signaling pathways and cellular 
networks, including pathways involved in the so-called cancer hallmarks. This 
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eventually affects host cell proliferation, replication, and survival. In this review, we 
discuss how viral GPCRs hijack certain signaling routes, which play a role in the 
cancer hallmarks as recognized by Hanahan and Weinberg. 

1. Introduction

1.1. Herpesviruses
Herpesviridae are ubiquitous double stranded DNA viruses, establishing life-long 
infections in their host that typically are asymptomatic. The latency of the infection 
allows these viruses to persist without being eliminated by the host’s immune 
system. Sporadically, upon decreased activity of the immune system, herpesviruses 
reactivate to ensure intra- and interhost virus spread. In immunosuppressed hosts 
or in infants with pre-mature immune system, inadequate immune surveillance 
can result in the development of severe pathologies upon reactivation of these 
opportunistic pathogens [1], [2]. 

Based on variation in their conserved glycoprotein H (gH) genes, herpesviruses 
are categorized in three subfamilies [3]. Human simplex virus (HSV) 1, HSV2 and 
varicella zoster virus form the α subfamily, human cytomegalovirus (HCMV) and 
Roseoloviruses HHV6 and HHV7 are β herpesviruses, and the γ subfamily consists 
of the Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus 
(KSHV). 

1.2. Herpesviruses and their GPCRs
All herpesviruses of the β and γ family have incorporated G protein-coupled receptor 
(GPCR) genes into their genome (Figure 1), most likely the result of previous co-
infection(s) with retroviruses [4]. These receptor genes were captured from the 
host and have been adapted to the advantage of the viruses, thereby diverging 
from their origins. Through the expression of viral GPCRs, herpesviruses acquired 
means to reprogram cellular signaling and modulate migration in host cells, evade 
immune surveillance, and support viral dissemination and reproduction [5]. Most 
of the viral GPCRs show homology to chemokine receptors, important regulators 
of development and inflammation [6]. Several viral GPCRs bind chemokines, i.e. 
HCMV-encoded US28, KSHV-encoded ORF74, as well as U12 and U51 encoded 
by both HHV6 and HHV7, whereas the others are orphan receptors for which 
ligands have not been discovered to date. Host chemokine receptors are generally 
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activated through ligand binding and couple predominantly to Gαi proteins. However, 
viral homologs are fundamentally different and exhibit broad-spectrum G protein-
coupling and constitutive activity [7].

Enhanced and/or constitutive (chemokine) GPCR signaling, via aberrant expression 
of GPCR ligands or increased expression of or mutations in cellular GPCRs or 
G proteins, has been linked to various pathological conditions and is frequently 
observed in cancer [8], [9]. This review focuses on modulation of carcinogenesis by 
the cancer-associated viruses EBV, HCMV and KSHV through their viral GPCRs. 
Even though the Roseoloviruses HHV6 and HHV7 both encode viral chemokine 
receptors, some of which are constitutively active, lack of correlation of receptor 
activity to cancer-related signaling prompted us to exclude these from the current 
work.

1.2.1. Kaposi’s sarcoma-associated herpesvirus
Involvement of viral GPCRs in oncogenic development is most clearly manifested in  
KSHV-driven malignancies; Kaposi’s sarcoma (KS), primary effusion lymphomas 
(PEL) and multicentric Castleman’s disease (MCD) [10], [11]. KSHV’s genome 
is around 140 kbp in size, which encodes over 80 open reading frames (ORFs), 
including one viral GPCR; ORF74 (also known as vGPCR) [12], [13]. This virally 
encoded GPCR is the driver of KSHV-associated malignancies and associated 
angio-proliferative phenotype [14]–[16]. ORF74 both displays ligand-induced as 
well as constitutive activity, coupling to Gαi, Gα13 or Gαq (Figure 1) [17]–[22]. The 
KSHV-encoded GPCR has been detected in KS and malignant lymphoma and 
stimulates transformation of endothelial cells [23]–[25]. Furthermore, transgenic 
mice ectopically expressing ORF74 develop KS-like lesions, underscoring its 
oncogenic potential [26]. Interestingly, in KS lesions, ORF74 expression in a small 
subset of endothelial cells results in transformation of bystander cells via paracrine 
mechanisms[20], [27]–[29]. Functional aspects contributing to the oncogenic 
properties of ORF74 have been charted using receptor mutants in xenograft or 
transgenic mice models. G protein-coupling is crucial for the tumorigenicity of 
ORF74 as G protein-uncoupled mutant receptors failed to induce tumor formation 
[30], [31]. Mutants unresponsive to agonist stimulation show reduced tumor forming 
potential compared to wildtype ORF74 [30], [32], underscoring importance of both 
modes of receptor activation to mediate its full oncogenic potential.
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1.2.2. Human Cytomegalovirus
HCMV is the human herpesvirus with the largest genome (approximately 240 kbp). 
Although the size of its proteome is not yet fully understood, HCMV is estimated 
to encode over 200 proteins [33]. HCMV gene products (proteins and RNAs) are 
present in malignancies of diverse origin, e.g. breast cancer [34], colorectal cancer 
[35], glioma [36], lung cancer [37], mucoepidermoid carcinoma [38], neuroblastoma 
[39] and prostate cancer [40]. Unlike KSHV, HCMV is considered to be an 
oncomodulator, aggravating rather than driving tumorigenesis [41]. The HCMV 
genome contains four GPCR-encoding genes (UL33, UL78, US27 and US28), 
which were acquired via three gene capture events [42]. US27 and US28 originate 
from a single host gene and are products of gene duplication and subsequent 
divergence [43]. US28 is the only HCMV-encoded GPCR currently known to interact 

Figure 1. Human herpesvirus-encoded GPCRs. GPCRs encoded by the human β- and γ-herpesviruses 
are depicted together with interacting chemokine ligands and G proteins. UL33, UL78 and BILF1 are or-
phan receptors as no ligands have hitherto been identified, whereas the other viral GPCRs bind broad 
spectra of human and viral chemokines of one or more subclasses. G proteins are classified based on 
their Gα subunit into Gαs, Gαi, Gαq and Gα12/13 proteins. Where BILF1 interacts with Gαi, UL33, US28, 
U51 (HHV6) and ORF74 promiscuously couple to G proteins of more than one family. Although signal-
ing by US27 requires Gβγ proteins, the corresponding Gα subclass(es) remain(s) to be identified. To 
date, G protein-dependent signaling has not been reported for UL78, HHV6 U12 and HHV7 U12 and U51.
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with chemokines (Figure 1) [44], [45]. UL33, US27 and US28 exhibit constitutive 
G protein-dependent signaling [46]–[48]. Where UL33 and US28 promiscuously 
couple to G proteins (Gαs, Gαi and Gαq, and Gαi, Gαq and Gα12/13, respectively) [46], 
[48]–[52], US27 signaling is mediated via Gβγ heterodimers but the corresponding 
Gα class remains unknown [47]. Thus far, signaling by UL78 has not been reported. 
Nonetheless, similar to UL33, heteromerization of UL78 with both HCMV-encoded 
as well as host receptors influences cellular [53].

US28 protein is detected in tumor tissue samples derived from both glioblastoma 
and colorectal cancer patients [54]–[57]. Moreover, increased levels of US28 
correlate with histological grade and reduced survival of colorectal cancer patients. 
Using transgenic mice and orthotopic xenograft models for glioblastoma or colon 
cancer, the capacity of US28 to accelerate tumor formation has been highlighted 
[57], [58]. Co-expression of an US28 agonist CCL2 augmented the development of 
neoplasms upon transgenic US28 expression in mouse intestinal endothelial cells, 
suggesting a contribution of ligand-mediated signaling [58]. Notably, tumor growth 
induced by US28 is not solely mediated via G protein signaling, as G protein-
uncoupling of the receptor could not completely abolish US28-dependent growth 
[49]. Modulation of tumor formation by UL33, UL78 or US27 has not been reported. 

1.2.3. Epstein-Barr Virus
The genome of EBV is around 170 kbp in size, encoding 84 genes. EBV is detected 
in B lymphocytes of Burkitt’s lymphoma patients (Epstein and barr 1964) and other 
tumors, including (non-)Hodgkin’s lymphoma, and epithelial cell tumors, gastric 
carcinoma [59]–[61] and nasopharyngeal carcinoma. Additionally, other EBV-
related diseases have been described, e.g. infectious mononucleosis and post-
transplant lymphoproliferative diseases. 

Epithelial cells and circulating B-cells are sites of latent EBV infection in asymptomatic 
individuals [62]. It is hypothesized that EBV employs B-cell maturation pathways 
to achieve life-long persistence [63]. Consequently,  infection of EBV in epithelial 
cells cannot be achieved in the absence of B lymphocytes [64]. EBV encodes a 
single viral GPCR, BILF1, which is expressed in various EBV-positive cell lines [65]. 
BILF1 remains an orphan receptor to this day and constitutively signals through 
Gαi proteins (Figure 1) [65], [66]. In NIH-3T3 cells, BILF1 expression induces 
transformation in vitro and promotes tumor formation in vivo [67]. The tumor 
promoting capacity of BILF1 is largely mediated via G protein signaling, however, 
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also comprises of  a G protein-independent component as indicated using non-G 
protein coupling mutants [67]. 

2. Herpesvirus-encoded GPCR biology and cancer hallmarks
In this review we link viral GPCR biology to the hallmarks of cancer, which describe 
ten key alterations in cell physiology enabling or supporting malignant growth [68]: 
sustaining proliferative signaling; evading growth suppressors; activating invasion 
and metastasis; enabling replicative immortality; inducing angiogenesis; resisting 
cell death; avoiding immune destruction; deregulating cellular energetics; genome 
instability and mutation; tumor-promoting inflammation

Although cancer hallmarks are listed as separate processes, signal transduction 
stimulating one hallmark may also affect other hallmarks due to integration into 
signaling networks. Identifying a single signal transduction pathway involved 
in a particular aspect of oncogenesis often is an oversimplification as signaling 
pathways are interconnected in networks. Examples of signaling hubs, modulated 
by viral GPCRs, affecting multiple hallmarks are depicted in Figure 2. Furthermore, 
it is important to note that the overall signaling output of a viral receptor strongly 
depends on the specific cellular background, resulting in different composition 
or priming of signaling networks. For example, viral GPCR-mediated signaling 
towards AKT may have different consequences based on the basal activity of the 
AKT kinase or the expression level/activity of the PTEN phosphatase counteracting 
AKT in a cell.

Below, we discuss the role of various viral GPCRs to signal transduction pathways 
contributing to networks controlling the different hallmarks of cancer. We have 
aimed to incorporate all available data, note that for many of the described 
signaling pathways information on the input of viral GPCRs may be absent, 
missing or incomplete. Furthermore, we realize viral GPCRs may be manipulating 
signaling pathways modulating the various cancer hallmarks by interaction with 
other (receptor) proteins, including (human) GPCRs (e.g. the human chemokine 
receptors) or receptor tyrosine kinases (RTKs). We describe modulation of CXCR4 
by viral GPCRs in the context of migratory signaling (cancer hallmark invasion and 
metastasis).  More ‘indirect’ effects of viral GPCRs modulating receptor function in 
cancer cells are not included in this review (for selected reading on these topics 
see e.g Munnik et al, (2015 (doi: 10.3389/fphar.2015.00040)) and Frank et al. Cell 
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Communication and Signaling (2016) 14:31).

2.1. Sustaining proliferative signaling
Sustained proliferative signaling is the most fundamental property of cancer cells. 
Different strategies are exploited to mediate growth independent from external 
growth factors. These include increasing the level of growth signals, tweaking 
the amount of growth factor receptors expressed on the cell surface, or affecting 
the downstream signaling pathways. In healthy tissue, homeostasis of growth-
promoting signals is tightly regulated – ensuring a steady-state. The underlying 
processes controlling tissue integrity and architecture are regulated by endogenous 
(genetic) factors, as well as by paracrine signals. Many of these processes are 
disrupted in cancer cells [69]. 

PI3K/AKT signaling – The PI3K/AKT signaling pathway is involved in regulation 
of cell growth, differentiation, and development. Consequently, it has often been 
found to be deregulated in cancer cells [70]. Signaling through this axis involves 
GSK3 and mTOR kinases, the activity of the latter is regulated by tuberous sclerosis 
complex (TSC). 

ORF74 constitutively promotes proliferative signaling by activation of the TSC2/
mTOR pathway in an AKT-dependent manner. PI3K or mTOR inhibition reduces 

Figure 2. Modulation of cancer hallmarks by GPCR-mediated cellular signaling pathways. Signal transduc-
tion pathways activated by viral GPCR can influence multiple cancer hallmarks and a single hallmark can be 
modulated by multiple signaling routes.
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SVEC cell proliferation induced by ORF74 [71]. Since AKT activity is also increased 
in bystander endothelial cells in ORF74-induced tumors, Sodhi and co-workers 
postulated involvement of paracrine signaling through various cytokines (e.g. 
IL-6  and IL-10), angiogenic factors (e.g.VEGF1), growth factors (e.g. PDGF) 
and chemokines (e.g. CXCL8, CXCL9 and CXCL12)  know to be excreted from 
ORF74 expressing cells [71]. Indeed, stimulation with conditioned medium from 
ORF74-expressing NIH-3T3 cells activates the AKT pathway in SVEC and primary 
endothelial cells, which could be blocked using the mTOR inhibitor Rapamycin 
[71], [72]. Moreover, S6 ribosomal protein phosphorylation, which is involved in 
cell cycle progression, was enhanced upon stimulation of endothelial cells with 
individual secreted factors at concentrations found in conditioned media from cells 
expressing ORF74 [71], [72]. 

MAPK/ERK signaling – Activation of the MAPK/ERK pathway is instrumental in 
various cellular processes, including cell cycle regulation, survival, and cytokine 
secretion. Therefore, it is not surprising that deregulation of this pathway contributes 
to the progression of cancer [73]. 

ORF74 stimulates proliferation in COS-7 cells which is sustained via activation of 
the inositol phosphate (InsP)/PKC cascade involving Ras in a ligand-independent 
manner [74]. Modulation of MAP/ERK signaling by HCMV-encoded US28 has 
not been associated with enhanced proliferation, survival or cytokine secretion. 
However, CCL5-induced US28 activity resulted in Gα12-mediated ERK activation in 
the context of smooth muscle cell migration [75], illustrating the context-dependency 
of viral GPCR-mediated signaling. 

AP-1 signaling – Activation of transcription factor AP-1 has been linked to 
proliferation in several types of cancer [76].

ORF74 activates AP-1 in PEL cells via two distinct pathways by coupling to Gαi, 
signaling via the PI3K/AKT-Src axis, and by stimulating Gαq, activating ERK1/2 
[77]. Inhibition of Src-family kinases using PP2 or introducing a mutated dominant 
negative Src, impaired ORF74-mediated AP-1 signaling in these cells [77]. In THP-1 
cells, US28 is involved in maintenance of HCMV latency by attenuating c-Fos (AP-
1 subunit) both on the level of expression and phosphorylation, thereby preventing 
major immediate early promoter (MIEP) driven expression of lytic genes [78]. This 
example again underscores the seminal role of cellular context in connection of 
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viral GPCR input with particular cellular responses as output. 

Hippo signaling – The Hippo pathway is involved in the control of tissue 
homeostasis and organ size by regulating tissue-specific stem cells. This pathway 
plays a prominent role in tissue repair and regeneration, while dysregulation of the 
Hippo pathway is associated with cancer development. The activity of this pathway 
is mediated by specific sets of protein kinases, the MST1/2 kinases phosphorylate 
and activate Lats1/2 kinases, which in turn regulate the phosphorylation of YAP/
TAZ transcription factors. Various genes involved in cell survival and proliferation 
are regulated by YAP/TAZ.

ORF74 activates signaling to Lats1/2 via Gαq/11, Gα12/13, and RhoA, promoting 
proliferation and migration in HEK293 and SVEC cells [79]. The importance of 
this pathway in ORF74-mediated oncogenesis was illustrated using YAP inhibitor 
Verteporfin, which impaired ORF74-mediated transformation and survival [80]. 

β-catenin signaling – β-catenin regulates genes involved in embryonic 
development and tissue homeostasis regulated via Wnt. The canonical or Wnt/
β-catenin pathway drives β-catenin translocation to the nucleus in the presence 
of Wnt, acting as a transcription co-activator of TCF/LEF. Aberrant activation of 
β-catenin contributes to tumorigenesis by promoting cell cycle progression.

ORF74 and US28 are two viral GPCRs implicated in the activation of β-catenin. 
ORF74 enhances stability and nuclear translocation of TCF/LEF transactivator 
β-catenin in HUVEC cells [81]. Furthermore, it enhances TCF/LEF-driven 
transcription and mRNA levels of β-catenin target genes cyclin D1, MMP-9 and 
VEFGA. Effects of PI3K inhibition on TCF/LEF signaling suggest involvement of 
AKT-mediated inactivation of GSK-3β and stabilization of β-catenin in ORF74-
driven Wnt signaling. HCMV-encoded US28 also modulates β-catenin signaling. 
This receptor stimulates inactivation of GSK-3β and concomitant activation of 
β-catenin and upregulation of Wnt target genes cMYC, survivin and cyclin D1 at 
mRNA and protein levels in mouse intestinal epithelial cells [58]. Moreover, HCMV 
infection elevates active β-catenin levels and TCF/LEF-mediated transcription in 
an US28-dependent manner in HFF and U373 glioblastoma cells, respectively 
[50]. Expression of US28 in HEK293T and NIH-3T3 cells enhances TCF/LEF-
driven transcription via coupling to Gαq and Gα12/13 proteins and requires activation 
of ROCK [50]. Although ORF74 and US28 both promote the transcriptional 
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activity of β-catenin, signaling events involved appear to be distinct. Activation of 
β-catenin by ORF74 involves PI3K but is independent from COX-2 [81], whereas 
COX-2 inhibition but not PI3K inhibition reduced US28-mediated TCF/LEF-driven 
transcription [50]. 

CREB signaling – Cyclic AMP response element (CRE) is a transcription 
regulatory sequence in the promoters of over hundred human genes. In tumor 
biology, activation of CRE binding protein (CREB), downstream of many growth 
related signaling pathways, is associated with tumor progression and CREB 
downregulation reduces cellular proliferation [82]. 

CREB activity is modulated by multiple viral GPCRs, i.e. BILF1, ORF74, UL33 and 
US28. Whether modulation is stimulatory or inhibitory depends on the predominant 
G protein-coupling of these receptors, as CREB can be differentially regulated via 
Gα proteins (Gαi, Gαs and Gαq). Furthermore, modulation of other CREB modulating 
activities (e.g. PKA or PDE activity) may result in cell context-dependent effects. 
ORF74 promotes constitutive activation of CREB in COS-7, HEK293 and PEL 
cells [51], [77], [83]. In HEK293 cells, this activity can be potentiated upon CXCL1 
stimulation or impaired by CXCL10 via modulation of either PLC, PKC and MAP 
kinases p38 and p44/42, but not Gαi [51]. Constitutive ORF74-mediated CREB 
activation in PEL cells, however, is dependent on both Gαi and Gαq. PI3K and Src 
are employed downstream of Gαi, whereas the circuitry leading from Gαq to CREB 
runs via ERK1/2 [77]. On the contrary, in NIH-3T3 cells ORF74 inhibits cAMP 
production in a Gαi-dependent manner [67]. Although Gαi is generally expected to 
inhibit adenylyl cyclase and thereby inhibit CREB, pertussis toxin (PTX)-sensitive 
activation of CREB is thought to be partly mediated by Gβγ as scavenging of Gβγ 
subunits reduced PTX sensitivity [77]. US28-expressing COS-7 and HEK293 cells 
show increased CRE-driven transcription, which can be negatively regulated by 
CX3CL1 stimulation [77], [83]. In HEK293 cells, the activation of CREB by US28 
occurs mechanistically similar to ORF74, being sensitive to inhibition of PLC, 
PKC and MAP kinases p38 and p44/42 [51]. Moreover, ectopic US28 expression 
or HCMV (Towne) infection activate CREB in neuronal precursor cells, a model 
relevant for HCMV infection [84]. In addition to US28, HCMV encodes a second 
GPCR capable of triggering CREB activation [48]. UL33 stimulates CRE-driven 
transcription, comprising of both stimulatory Gαs and inhibitory Gαi signaling, when 
expressed in COS-7 cells. Besides Gαi and Gαs proteins, this also involves small 
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G proteins of the Rho family and p38. Furthermore, UL33 contributes to HCMV-
mediated CREB activation upon infection of U373 glioblastoma cells. US27 failed 
to modulate CREB in COS-7 cells, hitherto the only report regarding US27 affecting 
CREB [85]. Constitutive coupling of BILF1 to Gαi negatively regulates cAMP 
production in HEK293 and NIH-3T3 cells and inhibits CREB activity in HEK293 
and COS-7 cells [65], [66], [86]. When evaluated in cell types relevant to EBV 
pathology, however, BILF1 stimulates CREB activity via activation of Gαi in Burkitt’s 
lymphoma cell line HH514.c16 and lymphoblastoid B-cell line JY [65]. 

2.2. Evading growth suppressors
Cancer is usually characterized by cells which are able to uncontrollably divide. 
Therefore, tumor cells have to become insensitive to growth suppressors during 
cell division [68], [87]. Mutations in the tumorsuppressor p53 and molecular on/
off switch K-RAS, both major players in control of apoptosis and proliferation 
respectively, have most frequently been associated with the development of 
cancer [88]–[90]. These oncogenes are pivotal for the ability of cancer cells to 
ignore growth suppression signals. 

To examine effects of HCMV-encoded GPCRs affecting insensitivity to growth 
suppressors, Tu et al. 2014 evaluated the effect of US27 on the expression of 
tumor suppressor p53 using a PCR array [91]. Expression of US27 correlated 
to downregulation of the transcripts of several p53 target genes. In HEK293 and 
HeLa cells US27 expression diminished protein levels were observed for cell cycle 
regulators p21 and SESN. Hence by this means this viral GPCR may have an 
impact on host cell physiology and influence growth. 

2.3. Activating invasion and metastasis

Metastatic tumor formation is the main cause of high mortality rate of cancer patients. 
In order to metastasize, tumor cells gain migratory and invasive capabilities losing 
their cell-to-cell and cell-to-basement membrane contacts, and make use of matrix 
metalloproteinases (MMPs) to degrade the extracellular matrix (ECM). Metastasis 
is strongly depending on the expression of chemokine receptors on tumor cells and 
production of cognate chemokines at secondary sites [92].  

Invasive phenotype – US28 expression in tissue derived from patients with 
colorectal carcinoma correlates with a metastatic signature [54]. Additionally, 
ectopic US28 expression in colon cancer cells and glioblastoma cells promotes 
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invasiveness [54], [84]. Stimulation with US28 agonist CCL5 strengthened the 
invasive phenotype in glioblastoma cells, whereas US28 silencing in HCMV-
infected glioblastoma cells prohibited CCL5-induced invasion [84]. The molecular 
mechanism underlying US28-promoted invasiveness remains to be elucidated. 

Cell migration – Regulation of FAK by ORF74 is associated with increased 
endothelial cell migration and inhibition of anoikis, contributing to the invasive 
phenotype. Anoikis describes programmed cell death which occurs as a response 
of cells losing contact to the ECM [93]. ORF74 expression in endothelial cells 
induces FAK-dependent phosphorylation of ERK1/2, which regulates membrane 
protrusions and focal adhesion turnover, and activates transcription factors AP-1 
and NF-κB upon integrin engagement [94]. The latter transcription factors regulate 
the expression of a number of genes involved in migration e.g. cytoskeleton 
reorganization. Furthermore, increased activity of Src signaling mediating FAK 
phosphorylation is also observed upon expression of ORF74 in HEK293 cells [95], 
[96]. US28 induces cell migration in response to CCL2, CCL5 or CX3CL1 in US28-
expressing or HCMV-infected smooth muscle cells, endothelial cells or fibroblasts 
[52], [75], [97], [98]. Cell migration mediated by US28 is ligand- and cell type-
specific, which may be explained by the availability of G proteins. To transduce 
migratory signaling, US28 employs Src/FAK/Gbr2 via coupling to Gαq or Gα12/13 
proteins, or RhoA/ROCK via Gα12/13 [52], [98]. CCL5 induces FAK activation via 
Gα12 in US28-expressing fibroblasts, whereas CX3CL1 stimulates US28-mediated 
pro-migratory FAK signaling through Gαq [98].

Degradation of extracellular environment – Degradation of the ECM or basement 
membrane is an essential step for tumor cells to metastasize. Expression of 
ORF74 increases MMP-2 activity, an essential factor in endothelial and vascular 
remodeling, as well as ECM degradation [94], [99].These observations emphasize 
the complexity of invasion and metastasis. ORF74 contributes to this on several 
levels: metastatic cells have to ensure their survival during migration and clear the 
surrounding environment to be able to migrate.

Modulation of CXCR4 – Overexpression of chemokine receptor CXCR4 in cancer 
cells facilitates invasion and metastasis [8]. Interestingly, BILF1, UL33, UL78, US27 
and US28 modulate CXCR4 in several ways, indicative of a conserved connection 
between viral receptors and this human chemokine receptor. US27 promotes the 
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expression of CXCR4 upon ectopic expression and in HCMV-infected cells, through 
the constitutive activation of nuclear respiratory factor 1 (NRF-1) and binding of 
NRF-1 to the antioxidant response element (ARE) in the promoter of CXCR4 [47]. 
US27-induced ARE-driven transcription is mediated via activation of Gβγ proteins 
and PI3K, and was not observed for the G protein-uncoupled mutant US27R128A [47]. 
By elevating CXCR4 levels, US27 potentiates CXCL12-induced Ca2+ release and 
CXCR4-mediated migration towards CXCL12 [100]. In contrast, BILF1, US28, UL33 
and UL78 control CXCR4 in a negative manner., US28 lowers CXCR4 cell surface 
expression and impairs CXCL12-mediated signaling by affecting the recruitment 
of Gαi and β-arrestin2 to CXCR4 [101]. US28’s antagonizing effect on CXCR4 
requires G protein coupling and is not the result of receptor heteromerization. 
BILF1, UL33 and UL78, on the other hand, directly interact with CXCR4 [53], 
[102]. BILF1 inhibits CXCL12 binding to CXCR4 and thereby CXCL12-induced 
signaling of CXCR4 [103]. Cross-regulation of CXCR4 is mediated through Gαi 
scavenging by BILF1, as G protein uncoupling of BILF1 or co-expression of Gαi1 
proteins restored CXCR4 signaling in response to CXCL12. Although UL33 and 
UL78 do not affect CXCR4 ligand binding, presence of these viral receptors lowers 
the efficacy and potency of CXCL12-induced inositol phosphate production and 
Ca2+ release mediated by CXCR4 [53]. Moreover, UL33, but not UL78, impaired 
cell migration towards CXCL12. 

2.4. Enabling replicative immortality

Telomeres cannot be copied completely during duplication of chromosomal DNA in 
healthy cells. As a consequence, shortening of telomeres limits proliferation of cells 
to a finite number of cell divisions, eventually resulting in replicative senescence and 
cell death after reaching the so-called Hayflick limit. Cancer cells circumvent this 
limitation acquiring the ability to  maintain telomere length by induced telemorase 
activity, which is absent in normal cells [104]. 

Telomere stabilization – ORF74 expression in HUVEC endothelial cells is 
associated with increased telomere stability and maintenance. Through an unknown 
mechanism, ORF74 seems to induce alternative lengthening of telomeres, as it 
stabilizes the telomere in the absence of telomerase reverse transcriptase (TERT) 
transcripts [23]. 
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2.5. Inducing angiogenesis

When solid tumors become larger, growth and metastasis is only sustained when 
an adequate supply of oxygen and nutrients, and removal of metabolic waste 
products is ascertained. In order to achieve this, neovascularization mediated by a 
cellular process named angiogenesis is essential. Angiogenesis is dependent on 
migrating endothelial cells responding to activating (e.g. VEGF, FGF, TGF, TNF) 
or inhibiting cues (e.g. conformational changes in the basement membrane). In 
cancer, angiogenesis is a chronically activated, unbalanced process, characterized 
by the formation of many sprouting capillaries forming a chaotic network. These 
vessels differ from normal vessels in morphology and functionality, e.g. they form 
bidirectional blood flows [105]. One of the best characterized properties of ORF74 
and US28 is their pro-angiogenic effect. Knockdown of ORF74 in endothelial 
bone marrow cells expressing the complete KSHV genome significantly reduced 
angiogenicity and allograft tumor formation, underlining the angioproliferative 
signaling by ORF74 [106]. 

VEGF signaling – Only a small fraction of ORF74-expressing cells is needed to 
initiate VEGF secretion in bystander cells via paracrine routes [107], [108]. This is 
associated with the activation of mTOR and upregulation of HIF-1α/2α via various 
pathways, including PI3K/AKT, MEK/ERK, and p38 and IKKβ as discussed in 
section 2.1. Signaling via these mediators suggests that these cells are able to 
subvert the hypoxia response pathway by stimulating angiogenesis [71], [108]. The 
significance of VEGF signaling is emphasized by the observation of decreased 
ORF74-induced tumor growth upon VEGF inhibition in SVEC allografts in vivo 
[109]. ORF74 constitutive activity induces VEGF expression in NIH-3T3 cells via 
heme oxygenase-1 (HO-1) in a Gα12/13-dependent manner [110]. This is regulated 
via the RhoA-ROCK pathway as knockdown of RhoA impairs ORF74-mediated 
tumorigenesis [111]. In different cell models, including HEK293T, NIH-3T3 and 
neuronal precursor cells, as well as the glioblastoma cell lines U87, U251 and 
U373, expression of US28 enhances the transcription and/or secretion of VEGF 
[49], [84], [112], [113]. Highlighting the role of US28 upon infection, silencing 
or knockout of US28 reduced VEGF secretion by HCMV infected glioblastoma 
cells [49], [84]. Moreover, the tube forming capacity of supernatants derived from 
HCMV-infected glioblastoma cell partially relies on the expression of US28 [84]. 
Furthermore, this receptor increased the secretion of VEGF in 3D cultures of U251 
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cells [57]. Signaling circuitries leading to US28-mediated VEGF secretion involve 
Gαq, MAPKs p38 and p44/42, NF-κB, HIF-1, STAT3, IL-6 and COX-2, indicating 
that multiple pathways activated by US28 converge at the level of VEGF production 
[49], [112]–[114]. BILF1 also constitutively promotes VEGF secretion in NIH-3T3 
cells for which it relies on G protein-mediated signaling [67].

CXCL8 signaling – In addition to VEGF, both US28 and ORF74 stimulate another 
angiogenic factor; CXCL8 (formerly known as IL-8), which is the endogenous 
ligand of CXCR2. These viral receptors elevate CXCL8 transcription in vitro and in 
xenograft tumors via the activation of NFAT [56]. In SVEC endothelial cells, ORF74 
expression signals via the PI3K-Rac route, involving SWAP70, thereby stimulating 
CXCL8-driven endothelial permeability [115]. Furthermore, ORF74 expression in 
THP-1 cells stimulates CXCL8, CCL2, and growth factor FGF levels, stimulating 
cell migration and proliferation [116].

Angiopoietin signaling – KS lesions are characterized by leaky blood vessels, 
associated with increased levels of angiopoietin 2 (ANGPT2) and angiopoietin 
like-4 (ANGPTL4) [109]. These vascular growth factors promote endothelial cell 
permeability, especially in combination with VEGF. ORF74 is one of the KSHV-
encoded genes inducing the expression of ANGPT2 in lymphatic endothelial 
cells by activating MAPK signaling [117]. Additionally, the ORF74 secretome 
induces ANGPT2 expression in bystander cells [117]. Via stimulation of the 
Rho/ROCK pathway, ORF74 also elevates ANGPTL4 secretion in HMVEC cells 
[109]. Knockdown of ANGPTL4 in SVEC cells reduces ORF74-induced vascular 
permeability and allograft tumor growth. Double knockdown of ANGPTL4 and 
VEGF completely abolishes tumor growth induced by ORF74 in this model [109]. 

2.6. Resisting cell death
The ability of tumors to grow and expand is not only dependent on proliferation, but 
also on the rate of cell death. The most well described mechanism of programmed 
cell death is apoptosis [118].  

US28-expressing LoVo colon cancer cells are less sensitive to cisplatin treatment, 
indicating enhanced cell death resistance via US28 [54]. In contrast, US28 is also 
known to induce apoptosis, for example in COS-7, HeLa, HEK293T and melanoma 
cells [119], [120]. This indicates that regulation of cell death and survival by US28 is 
strongly dependent on the cell type. It is suggested that predominant Gαq signaling 



29

C
ha

pt
er

 II

results in proliferation, whereas predominant Gα13 signaling triggers apoptosis. 
Correspondingly, induction of apoptosis in COS-7 cells might be explained by the 
failure of US28 to signal to AKT in this cell type [121][77].

An additional survival mechanism was described in HEK293T and NIH3T3 cells, 
where ORF74 is able to crosstalk with receptor tyrosine kinase (RTK) insulin-like 
growth factor (IGF)-1 receptor [122]. As IGF-1R has previously been reported to 
contribute to KS survival by mediating anti-apoptotic signals in these cells, the 
ability of ORF74 to undergo crosstalk might be an contributing factor to cell death 
resistance as well [123]. 

NF-κB signaling – ORF74-mediated activation of NF-κB signaling in endothelial 
cells leads to the rescue from apoptosis [124]. To activate NF-kB in Hela cells, 
ORF74 is mostly dependent on coupling to Gα13 and its signaling towards RhoA 
and to a lesser extent Gαq-driven signaling [22]. In endothelial and COS-7 cells, 
however, coupling to Gαi and Gαq also activates this transcription factor [18], [124]. 
Treatment of HUVEC cells with Wortmannin or AktK179M, inhibitors of PI3K and 
AKT respectively, impairs ORF74-mediated rescue from apoptosis in these cells 
[124]. Additionally, activation of NF-κB is also reported to regulate the transcription 
of several factors involved in pro-apoptotic signaling, including Bcl-2 and cyclin 
D1 [125], [126]. Transcription factors regulating genes of the Hippo pathway e.g. 
c-myc and Cdc64 are under control of NF-κB in endothelial cells as well [127]. 
Additionally, the Bcl2 gene is regulated by NF-κB, indicating that KSHV-encoded 
ORF74’s ability to regulate NF-κB is involved in survival signaling. 

AP-1 signaling – As discussed earlier AP-1 is modulated to stimulate proliferation 
via ORF74 activity. This transcriptional regulator combines functionality of Jun and 
Fos proteins [128], [129]. The latter proteins are also described to be modulated by 
HCMV-encoded US27, although no direct involvement of AP-1 is stated. HEK293 
cells are more resistant to etoposide-induced apoptosis upon US27 expression, 
a response impaired upon G protein-uncoupling of US27 [91]. The anti-apoptotic 
properties of this receptor could involve pro-survival factors Bcl-x, Jun and Fos, 
whose expression is elevated by US27 [130].

2.7. Avoiding immune destruction

The immune system plays a vital role in eradicating defective cells, like cancer 
cells. The complex crosstalk between immunity and transformed cells can both 
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result in the inhibition or enhancement of tumor growth. Immune regulation is a 
tightly regulated process, involving cell-mediated effects as well as the action of 
cytokines, pro- and anti-inflammatory chemokines, and interferons. 

Many viruses, including the family of herpesviruses described here, are able to 
persist for life in their host requiring to stay under the radar of the immune system. 
To this end, viral chemokine receptors directly affect the immune cell response or 
indirectly mediate ligand sequestration and transport by scavenging of chemokines. 
By this means, they affect the chemokine-mediated response in their micro-
environment. These processes will help tumor cells escape immune surveillance 
contributing to tumor development. Scavenging of chemokines by viral GPCRs, 
will also affect chemokine gradients and as a consequence, influence directed 
migration.

Chemokine scavenging – As a constitutively internalizing broad-spectrum 
chemokine receptor, US28 is able to scavenge chemokines from the 
microenvironment of infected cells and thereby contribute to immune evasion by 
limiting recruitment of immune cells to sites of infection [44], [131]–[133]. Illustrating 
the chemokine sequestration capacity of US28 in relation to immune cell surveillance, 
HCMV depends on US28’s capacity to neutralize CCL2 and CCL5 for impairment 
of monocyte chemotaxis in response to infection of fibroblasts [44]. In contrast, 
US28 fails to affect monocyte adhesion to a monolayer of TNF-activated US28-
expressing HUVEC cells, indicating that US28’s ability to scavenge chemokines is 
not sufficient to inhibit leukocyte arrest [134].

Little is known about the role of ORF74 in chemokine sequestration. One study in 
HEK293T cells reported the internalization of ORF74 upon binding of CXCL1 and 
CXCL8, but not CXCL10, in a β-arrestin-dependent manner [6].  

COX-2 signaling – COX-2 is overexpressed in most types of cancer and activation 
of the COX-2/PGE2/EP receptor axis plays a key role in multiple hallmarks of 
cancer, like tumor-promoting inflammation and avoidance of the immune system, 
as reviewed in [135]. Of particular interest, enhanced PGE2 signaling contributes to 
evasion of anti-tumor immunity and, reciprocally, COX-2 knockout in mice restores 
anti-cancer immune control [136].
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COX-2 transcription is regulated via several signaling pathways activated by viral 
GPCRs; binding sites for CREB, NFAT and NF-κB are present in the COX-2 promoter 
(85). Although this may implicate that BILF1, ORF74, UL33 and US28 can regulate 
this cyclo-oxygenase, modulation of COX-2 is hitherto only reported for ORF74 
and US28. ORF74 stimulates PGE2 production through increased transcription 
and protein expression of COX-2 in HeLa and HUVEC cells [21], [56]. Moreover, 
COX-2 expression is elevated in ORF74-induced tumors in a transgenic mouse 
model expressing ORF74 in endothelial cells [56]. This receptor also induces COX-
2 gene expression during lytic KSHV replication in the KS-derived SLK cell line. 
Upon ectopic expression or KSHV infection of endothelial cells, ORF74-mediated 
COX-2 protein expression is cyclosporin A-sensitive/calcineurin-dependent 
illustrating the contribution of NFAT signaling [56]. US28 promotes activation of 
the COX-2 promoter upon transfection of HEK293T, HUVEC and NIH-3T3 cells 
via NFAT- and NF-κB-dependent circuitries [56], [113]. Elevation of COX-2 mRNA 
upon HCMV infection of HFF cells is reduced upon infection using US28-deficient 
HCMV, indicating US28 also mediates COX-2 transcription in context of infection. 
Moreover, COX-2 is an important contributor to US28’s tumor-inducing properties, 
as COX-2 inhibitor celecoxib delays US28-driven tumor growth in xenograft nude 
mice and inhibits the VEGF secretion by US28-expressing NIH-3T3 cells [113]. 

Impairing antigen presentation – The human leukocyte antigen (HLA) system 
is involved in immune response regulation by binding antigenic peptides and 
presenting them to immune cells. Herpesviruses are well known to impair the 
HLA system, contributing to immune evasion. During the lytic cycle of EBV, 
BILF1 contributes to downregulation of a wide range of HLA class I molecules via 
endocytosis and lysosomal degradation, modulating antigen presentation to CD8+ 

T cells [137], [138]. These properties might also be beneficial for cancer cells to 
evade the immune response, or at least decrease the number of immune cells at 
the EBV-infected tumor site.

2.8. Deregulating cellular energetics
In aerobic conditions, cells typically provide in their energy need through cellular 
respiration, consisting of glycolysis in the cytoplasm followed by the Krebs 
cycle in the mitochondria. Under anaerobic conditions, mitochondrial respiration 
is impaired and energy metabolism mainly relies on glycolysis. Cancer cells 
reprogram metabolism towards aerobic glycolysis, a phenomenon known 
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as the Warburg effect, in which cells rely on glycolysis also in the presence of 
oxygen [139]. The evolutionary advantage of this reprogramming to cancer 
cells has long been unclear, but it might generate increased fitness scavenging 
nutrients into biomass [140]. It has been suggested that the metabolic changes 
in cancer cells are not passive responses, but rather regulated by oncogenes – 
metabolites themselves can be oncogenic and alterations in the metabolic profile 
might be an indirect response to proliferative and pro-survival signaling [141]. 

HIF-1/PKM2 signaling – Through activation of HIF-1, a key player in the 
reprogramming of cancer metabolism [142], ORF74 and US28 are linked to 
metabolic reprogramming of host cells. ORF74 stimulates HIF-1 activity via PI3K, 
AKT and mTOR in NIH-3T3 fibroblast [71], [108]. In addition, this signaling circuitry 
is induced via paracrine mechanisms. Stimulation with supernatant derived from 
ORF74-expressing HMEC1 endothelial cells elevates HIF-1α levels in HUVEC 
cells. This is accompanied by the HIF-1-dependent expression of the metabolic 
protein pyruvate kinase M2 (PKM2) resulting in a strengthened pro-angiogenic 
response as exemplified by increased VEGF excretion [143] Allograft tumors 
formed by ORF74-expressing SVEC also show increased abundance of PKM2. Of 
note, treatment with mTOR inhibitor rapamycin or silencing of PKM2 expression 
reduces tumor growth in this model [143], [144]. US28, on the other hand, employs 
Gαq and CAMKII to activate AKT signaling [114]. Downstream of AKT, US28 
signaling increases the stability of HIF-1, enhances hypoxia-regulated element-
mediated transcription and stimulates the transcription of glycolytic enzyme 
GAPDH and glucose transporter 1 in NIH-3T3 fibroblasts and U251 glioblastoma 
cells [114]. US28 fails to elevate PKM2 levels, however, this receptor evokes a 
change in the oligomerization status of PKM2 from its tetrameric to dimeric form, 
frequently observed in rapidly proliferating cells, which shows less enzymatic 
activity and instead functions as a protein kinase and transcriptional co-activator 
of amongst others HIF1-mediated transcription [145], [146], thereby contributing to 
a positive feed forward loop. Despite reduced pyruvate kinase activity, the PKM2 
dimer is associated with increased glycolytic flux [147], [148]. Accordingly, US28 
expression in U251 cells stimulates the secretion of lactate, the waste product of 
aerobic glycolysis, and elevates total protein mass [114]. Through the modulation 
of PKM2, ORF74 and US28 might also affect other cancer hallmarks as, besides 
HIF1, dimeric PKM2 functions also as co-activator for transcriptional regulators  
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β-catenin [149] and STAT3 [150]. 

2.9. Genome instability and mutations

Genomic stability is essential to mediate cell integrity and ensure a low mutation 
rate [151]. Genomic instability is responsible for the formation of precancerous 
lesions and drives tumor development as a result of a high rate of spontaneous, 
accumulating mutations. 

MicroRNAs are short single-stranded RNAs that regulate gene expression on the 
transcript level. MicroRNA-34 (miR-34) is a highly conserved family of non-coding 
RNA acting downstream of p53. Deregulation of miR-43 has been associated with 
several types of cancer (deng 2018, li 2017). The only viral GPCR currently known 
to contribute to genome instability is ORF74. Expression of ORF74 in NIH-3T3 
cells results in increased miR-34a activity and subsequently the downregulation 
of genome maintenance pathways, thereby promoting genomic instability. Knock-
down of miR-34a in these cells restores the expression of genes involved in genome 
maintenance [152]. 

2.10. Tumor promoting inflammation
Tumors are infiltrated by cells of the innate and adaptive immune system [153]. 
The presence of these cells contributes to the onset and aggravation of cellular 
responses mediating cancer hallmarks. Immune cells supply bioactive molecules 
to the tumor microenvironment, including growth factors, survival factors, pro-
angiogenic factors, and degrading enzymes that are needed for angiogenesis, 
invasion, and metastasis. Inflammatory cells can release reactive oxygen species, 
which increase the chances of mutations in nearby cancer cells as well. As has 
been discussed earlier, part of the signaling routes involved in mediating the 
inflammatory responses is tightly incorporated in the cellular signaling networks 
involved in oncogenic transformation and development. 

NF-κB signaling – Transcription factors of the NF-κB family are regulators of divers 
cellular responses, such as proliferation, survival and angiogenesis [154]. Through 
the regulation of many cytokines and growth factors, NF-κB plays a prominent 
role in inflammation. As was described earlier, NF-κB activation occurs in the 
context of resisting cell death and is under control of different viral GPCRs. Here, 
we focus on the NF-kB-controlled cellular responses mediating an inflammatory 
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microenvironment that stimulates oncogenic development. 

ORF74 couples to Gα13, Gαq [22], Gαi and Gαq depending on the cell type [18], [124]. 
Despite differences in G protein-coupling, the activation of NF-κB is linked to the 
secretion of cytokines, chemokines, and growth factors,  affecting  inflammation 
[20], [28], [155], [156]. Furthermore, IKKε is essential in ORF74-mediated 
transformation in vivo. IKKε links to a low-level persistent NF-κB activation and 
triggers a series of NF-κB-dependent paracrine mechanisms [157]. Furthermore, 
loss of IKKε completely abolished ORF74-induced expression of IL-6 and COX-2, 
among others.

Three HCMV-encoded GPCRs have been evaluated for NF-κB activation. Only 
US28, not UL33 nor US27, stimulates NF-κB-driven transcription in a Gαq-dependent 
manner in COS-7 and HEK293T cells [85], [158]. Furthermore, US28 induces 
activation of NF-κB transcription factors in HCMV AD169-infected fibroblasts [113]. 
The impact of US28-induced NF-κB signaling is emphasized by the decrease of 
US28-mediated activation of STAT3 [112] and transcription of COX-2 and VEGF 
[113] upon NF-κB inhibition. Similar to US28 and ORF74, BILF1 activates NF-κB 
in COS-7 and HEK293 cells [65], [86]. This receptor, however, fails to stimulate the 
activation of NF-κB in Burkitt’s lymphoma cell line HH514.c16 and lymphoblastoid 
B-cell line JY, cell types relevant to EBV infection [65].

IL-6/STAT3 signaling – The cytokine IL-6 and its downstream target STAT3 are 
important mediators of the immune response and inflammation, as they act on 
various signaling pathways involved in these processes. 

Both HCMV infection and ectopic US28 expression promote the production of IL-
6, as illustrated in NIH-3T3 cells and HCMV(Titan)-infected U373 glioblastoma 
cells [112]. Through the secretion of IL-6, US28 induces activation of IL-6/JAK1/
STAT3 axis in US28-expressing cells as well as bystander cells [55], [112]. STAT3 
activation by US28 is shown upon ectopic US28 expression in HEK293T and NIH-
3T3 cells and HCMV infection of neuronal precursor cells or U373 glioblastoma 
cells. Interference with the IL-6/STAT3 signaling axis inhibits US28-promoted 
DNA synthesis, foci formation and VEGF secretion, highlighting the importance of 
this route [112]. Although STAT3 activation has not been associated to US27 and 
ORF74-mediated signaling, these receptors do induce the production of IL-6 family 
cytokines via other mechanisms. Expression of US27 in HEK293 cells stimulates 
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transcription of oncostatin M  [130]. ORF74 elevates IL-6 secretion from HUVEC, 
SLK and KSIMM endothelial cells in a yet uncharacterized manner [20], [159].

NFAT signaling - Transcription factors of the NFAT family are known regulators of 
pro-inflammatory genes. Unlike NF-κB, however, the link between NFAT activation 
and inflammation-associated malignancies is less clear [160].

Activation of NFAT-driven transcription is shown for BILF1, ORF74 and US28.  
Stimulation of ORF74 (CXCL1 or CXCL10) and US28 (CX3CL1) modulate 
constitutive NFAT activation in HEK293 cells [51]. Moreover, NFAT activation is 
critical for ORF74- and US28-induced tumor formation; SVEC cells expressing 
ORF74 or US28 formed tumors in a xenograft mouse model, a cellular process 
sensitive to the calcineurin inhibitor cyclosporin A [56]. The mode of NFAT activation 
by the viral GPCRs is as yet not fully understood, different studies on activation of 
NFAT by ORF74 and US28 in HEK293(T) cells report contradicting results. ORF74 
and US28 are proposed to activate NFAT through activation of Gαi, PLC, PKC, 
the MAP kinases p38 and p44/42, and calcineurin, suggesting involvement of Gαi 
and Gαq proteins [51]. In another study, calcium release from the ER is indicated 
as receptor-mediated activation of NFAT via a non-canonical pathway as the 
activation is insensitive to both PLC inhibitor edelfosine and IP3 receptor inhibitor 
2-APB [56]. Instead, ORF74 and US28 directly interact with sarcoplasmic reticulum 
calcium ATPase 2 (SERCA2), thereby inhibiting the ATPase activity of this negative 
regulator of NFAT. In HUVEC cells as well, ORF74 and US28 increase cytosolic 
calcium levels and promote calcineurin-dependent transcription with concomitant 
increase in protein levels of NFAT target genes, among which COX-2 [56]. Like 
in HEK293 cells, expression of ORF74 in PEL cell line BC3.14 stimulates NFAT 
by coupling to Gαi and Gαq, which is independent from PI3K [77]. In HUT 78 T 
lymphocytes, on the other hand, NFAT activation by ORF74 is independent of 
calcineurin and mediated by blocking GSK-3-mediated nuclear export of NFAT via 
PI3K/AKT signaling [161]. Discrepancies also exist regarding the activation of NFAT 
by BILF1. Whereas one study reported NFAT activation upon BILF1 expression 
in HEK293 cells [86], others were unable to corroborate this finding in the same 
cellular background [56].

3. Conclusion
Research in the last decades into the mechanisms of onset and development 
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of cancer have indicated the interference of the signaling networks in affected 
cells to be of crucial importance in understanding the disease and determining 
therapeutic strategies. Characterization of the hallmarks of cancer has provided 
a set of cellular responses that explains behavior of tumor cells and predicts 
outcome of the disease. Understanding the underlying molecular mechanisms that 
mediate the development of cancerous phenotypes will help to define targets for 
therapeutic strategies. As affected networks provide possibilities to generate ‘back-
up responses’ in case one component of the oncogenic network is therapeutically 
targeted, resistant phenotype are always a serious barrier of therapeutic success. 
To understand the integrated signaling network characterization of individual 
components is of crucial importance. Here we have described the role of exogenous, 
virally encoded GPCRs as mediators of network disturbances in the context of 
the cancer hallmarks. Understanding the mechanism of viral GPCR-mediated 
disruption of the cellular signaling network involved in cancer development, may 
lead to specific new therapeutic strategies targeting these receptor proteins along 
with their downstream effectors.   

The viral GPCRs provide human herpesviruses means to alter host cells to their 
benefit. Cellular changes induced by GPCRs encoded by cancer-associated 
KSHV, HCMV and EBV overlap with alterations in cell physiology contributing to 
malignant growth. ORF74, US28 and BILF1 have been extensively characterized 
as their expression in animal models promotes tumor formation via the constitutive 
activation of paracrine angio-proliferative and pro-inflammatory signaling. In 
addition to US28, HCMV encodes three more GPCRs, UL33, UL78 and US27, that 
have as yet received less attention and therefore their oncogenic potential still is 
unclear. Based on similarities, such as shared constitutive activity, between these 
receptors and the well characterized viral GPCRs, modulation of tumorigenesis 
by at least two of these HCMV-encoded receptors is anticipated. The signaling of 
the viral GPCRs strongly depends on cellular context (which network components 
are most prominent in these cells and how do these relate to an oncogenic 
phenotype as described in the cancer hallmarks). Therefore interpreting the 
contribution of individual viral GPCRs to a particular cancer hallmark sometimes 
can be complicated. It is important to continue the study on modulation of cancer 
development by these receptors in well-defined, relevant cell models, preferably in 
the context of viral infection.
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