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Abstract

US28, a constitutively active G-protein-coupled receptor encoded by the human cytomegalovirus,
leads to mechanistically unknown programmed cell death. Here we show that expression of wild
type US28 in human melanoma cells leads to apoptotic cell death via caspase 3 activation along
with reduced cell proliferation. Reduced tumor growth upon US28 expression was observed in a
xenograft mouse model. The signaling mute US28R129A showed a reduced anti-proliferative
effect. On evaluating different G-proteins coupled to US28 for signal transduction, Ga13 was
identified as the main G-protein executing the apoptotic effect. Silencing of Ga.13 but not Ga.q
resulted in a substantial increase in cell survival. Over-expression of Ga13 but not Ga.q and their
GTPase deficient forms Ga13Q226L and GagQ?209L, respectively, confirmed the requirement of
Ga 13 for US28 mediated cell death. Increasing expression of Ga.13 alone induced cell death
underscoring its relay function for US28 mediated decreased cell viability. Further reduced
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expression of Ga.13 in melanoma cell lines isolated from advanced lesions and melanoma tissue
was observed. These findings identified Ga13 as crucial for US28 induced cell death,
substantiating that the effect of US28 on cell fate depends on preferred G-protein binding.
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INTRODUCTION

Viral homologues of chemokine receptors have been identified in a number of human and
animal herpes viruses (1). Recently US28, encoded by human cytomegalovirus (HCMV) has
been shown to induce apoptosis in different cell types including HeLa, Cos7 or 293T cells
(2). US28 signals in a highly constitutive, ligand-independent manner through coupling to
heterotrimeric G-proteins, for which US28 shows promiscuity (3-5). Signaling through
different G-proteins allows US28 to exert functional diversity through many pathways.
Activation of different G-proteins may also account for the observation that in mouse models
US28 shows oncogenic properties (6, 7).

Here we provide evidence that the apoptosis inducing property of US28 is dependent on
availability of Ga 13 for signaling. Expression of US28 resulted in apoptosis through
activation of caspase 3 and PARP. Cell death was only observed in human cell lines but not
murine cells. In elucidating the G-protein responsible for the observed apoptotic inducing
properties of US28 we identified Ga 13 being crucial for these effects. Further, single
transfection with Ga 13, but not Gaq, led to apoptosis in cancer cells. We propose a model
of US28 induced apoptosis based on coupling to Ga.13, which suggests that availability of
particular G-proteins for US28 signaling determines cell fate.

MATERIALS AND METHODS

An expanded Materials and Methods section is available as Online Supplemental Material.

Vectors and DNA constructs

US28 constructs with the N-terminal tag of the HA peptide YPYDVPDYA for wild type
US28 (wtUS28) and US28R129A in the vector backbone of pDEF (5) were subcloned into
pLXRN (Clontech, Mountain View, CA) for retroviral transduction. US28 ORFs as well as
GFP were sub-cloned into the pcDNA3.1 vector. GNA constructs, GNAQ, GNAQQ209L,
GNA13, and GNA13Q226L were kindly provided by Dr. Boris Bastian (UCSF, CA, USA)
and Dr. Joaquin Teixido (CSIC, Madrid, Spain).

Cell culture, transfection, and transduction
Human melanoma cell lines SBcl2, WM793, WM35, WM1366, WM9, WM164, and 451Lu
were cultured in RPMI 1640 (Sigma Aldrich, St. Louis, MO) supplemented with 2% (v/v)
FCS and 2% (w/v) L-Glutamine (PAA, Pasching, Austria). The HEK-293 derived cell line
GP-293 (Clontech) was maintained in DMEM (Sigma) containing 10% (v/v) FCS and 2%
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(w/v) L-glutamine. African green monkey COS-7 cells and mouse fibroblasts NIH3T3 were
cultured in DMEM Nutrient Mixture F-12 HAM (Sigma), supplemented with 4% FCS and
2% L-Glutamine. B16/BL6 mouse melanoma cells were maintained in minimum essential
medium supplemented with 5% (v/v) FBS, 1 mmol/L sodium pyruvate, 2 mmol/L L-
glutamine, and 1% (w/v) nonessential amino acids (all from Invitrogen). Cells were
transfected with pcDNA3.1-GFP, pcDNA3.1-GNA-constructs or pcDNA3.1-HAUS28
constructs and maintained in RPMI medium till further analysis at 48 and 72 hrs.
Retroviruses were produced by two-plasmid co-transfection of GP293 cells with pLXRN-
CMV1- or pQCXIN- constructs and the envelope protein-coding plasmid pVSV-G
(Clontech) using the ProFection Mammalian Transfection System (Promega). SiIRNAs
targeting mRNASs of Gaq and Ga13 were obtained from Santa Cruz Biotechnology Inc.
Control siRNA was purchased from Qiagen, Vienna, Austria. 150pmol siRNA were
transfected into cells seeded in 6-well-plates using Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer’s protocol.

Statistical analysis was performed using Student’s t-test. Results were calculated as the
mean £ SD of three different experiments. P values less than 0.05 were considered
significant, less than 0.01 highly significant. Data from /n vivo experiments were subjected
to a one-way-ANOVA analysis with a Bonferroni’s Multiple Comparison Post-test. *
indicates a significant difference with a p-value of < 0.05, ** with a p-value of < 0.01.

RESULTS AND DISCUSSION

Recent studies suggest that US28 induces oncogenic transformation in murine NIH3T3 cells
and plays a prooncogenic role in intestinal tumorigenesis in mice (6, 7), which is opposed to
its apoptosis inducing effect in human cell lines (2). To test for alternate effects of US28,
human 451Lu melanoma cells isolated from an advanced stage and mouse NIH3T3 cells
were transfected with wild type (wt) US28, the signaling mute US28R129A, GFP or pro-
apoptotic BAX. Transfection efficiency of US28 was confirmed 48hrs later (Figure S1A).
72hrs post transfection the MTT assay indicated that US28 expression reduces cell viability
only in 451Lu but not NIH3T3 cells compared to BAX (Figure 1A). Additionally, for
probing the effect of US28 in the mouse melanoma cell line B16/BL6, wtUS28 cDNA was
subcloned into pENTR3C and transferred to RCASBP-M by genetic recombination (8, 9),
which is species compatible. No effect on B16/BL6 survival was observed (Figure S1B).
These data suggest that the cell death inducing properties of US28 are confined to human
rather than mouse cell lines. We then investigated the cell death inducing properties of US28
in human cell lines. There was absence of any detectable apoptosis 48hrs post transfection in
4511 u cells (data not shown). 72hrs post transfection caspase mediated apoptosis by US28
was confirmed by detection of activated caspase 3 and the cleaved caspase substrate PARP
(Figure 1B, right). Induction of apoptosis was reversible in the presence of the pan-caspase
inhibitor z-VAD-fmk (Figure 1B, left). Cell death was also observed in another melanoma
cell line from an early stage, SBcl2 as well as COS-7 (Figure 1C). Like in 451Lu
transfection with the signaling mute US28R129A resulted in increased viability compared to
us28wt (Figure 1A,C). Overall these experiments indicate an apoptotic effect of US28 upon
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expression in human cell lines and particularly two melanoma cell lines representing an
early and advanced stage. In a human melanoma xenograft model employing SCID mice
inoculated with melanoma cell lines 451Lu wtUS28, SBcl2 wtUS28 or GFP transduced cells
tumor growth was observed after 14 days or 7 weeks, respectively, which increased over the
period of 30 days and 15 weeks. Retarded tumor growth was observed for wtUS28
compared to GFP transduced cells for both cell lines with significantly smaller tumors at day
30 and week 15 for 451Lu and SBcl2, respectively, in mice injected with wtUS28
transduced cells (Figure 1D, Figure S2).

Cell death induced by US28 might depend on proper signaling as demonstrated for
US28R129A (3-5). US28 has evolved to interact with different ligands and is also suspected
to be associated with multiple Ga-proteins, like Gag/11, Gai, Gas, or Ga12/13 (3-5, 10)
(Figure S3). It has been proposed that the apoptotic effect of US28 in 293T, Cos-7 and HeLa
cells is mediated via Ga.g/11 in a PKC dependent manner (2). In order to elucidate which of
the G-proteins is involved, we embarked on selectively inhibiting pathways known to be
activated by US28 (2, 11). Neither an inhibitor of adenylate cyclase nor genistein was able to
reverse the effect of US28 on 451Lu cells thus indirectly excluding the role of several
pathways, in particular the Gas activation pathway (Figure 2A). The relevance of Gaq for
tumor growth is underscored by a high number of Ga.q mutations in uveal melanomas (12).
To further determine whether Ga.q is in fact involved in US28 mediated apoptosis (2),
GNAQ and GNA13 were individually silenced (Figure S4A). MTT-absorbance values of
cells treated with scrambled and GNA13 siRNA, followed by mock and GFP transfection
showed no difference after 72 hrs (Figure 2B), indicating that the silencing of GNA13 itself
is not responsible for the change in proliferation. Gene silencing of GNAQ did not
substantially alter the apoptotic effect of US28, silencing of GNA13, however, led to a
highly significant increase in viability for the wild type construct, but not for the signaling
mute R129A in case of both G-proteins with a minor increase in cell death if GNA13 was
silenced (Figure 2C). The effect of BAX on 451Lu survival was unchanged despite using
scrambled or Ga.13 siRNA silencing, suggesting that the apoptosis inducing effect of US28
via Ga13 is specific (Figure 2D, left). Furthermore, 451Lu cells were transfected with wild
type GNAL3, a constitutively active form of GNA13 (GNA13Q226L), wild type GNAQ and
its constitutively active mute GNAQQ209L (13, 14). Ga13Q226L but not Ga.qQ209L
decreased survival confirming our previous finding, suggesting that active Ga13 induces
apoptosis while active Ga.q lacks any such effect (Figure 2E). Overall the silencing and
overexpression studies of selected Ga.-proteins clarified the important role of Ga 13 for the
apoptosis inducing and anti-proliferative effects of US28.

Increased susceptibility towards the apoptosis inducing effect of US28 was observed in
SBcl2 compared to 451Lu melanoma cells (Figure S4B). We questioned, whether
endogenous levels of Ga.13 could be predictive for differences in susceptibility, and in fact,
a decrease of Ga13 in a panel of melanoma cell lines was found with highest expression in
cells from early lesions (e.g. SBcl2, WM793, WM35) and lowest from advanced (e.g.
WM164, 4511 u) (Figure 2F, upper panel). Whether this finding is, in principal,
transmissible to tissue from melanocytic lesions was determined by immunohistochemistry.
Similar to /n vitro, some positive staining for Ga 13 was only found in melanoma nests at the
papillary dermis close to the basal membrane from early lesions, whereas melanoma cells in
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the dermis from advanced lesions and metastases remained almost unstained (Figure 2F,
lower panel; Figure S4C). Overall this suggests that expression of Ga.13 in a given cellular
context might determine whether US28 exerts its apoptosis inducing effect. The importance
of Ga.13 as being crucial for tumor growth and dissemination has recently been shown by
Muppidi et al. (15). By generating transgenic mice lacking Ga 13 the development of
germinal center B-cell-derived lymphomas was observed. Deficient Ga13 germinal center
B-cells were devoid of suppressing phosphorylation of Akt and migration. This suggests that
the expression of Ga.13 might be tumor suppressive and additionally prevents the spread of
tumor cells supporting the findings from this study.

Dissecting US28 activation pathways led to the understanding that expression of
constitutively active forms of different G-proteins, like Gaq, Ga16, Gas or Ga 1l are
capable of exerting pro-survival and proliferative signals (16-17). With regard to the
apoptotic properties of US28 diverse observations have been made in human or murine cells.
In addition to the apoptotic effect of US28 in 293T, COS-7 and HeLa cells, Pleskoff et al.
reported that attempts to develop stable US28 expressing cell lines for human HEK293T,
THP1, U937, HL60, K562, and U373-MG cells failed. In contrary they found that murine
NIH3T3 and SVEC cells expressing US28 could be maintained in culture showing a
proliferative advantage with increased cyclin-D1 levels (2). Besides an increased growth rate
US28 expression led to a transformed phenotype, induction of angiogenesis and
tumorigenicity in a NIH3T3 mouse model (6). In both studies the authors claim that US28
mediated Ga.q activation might be responsible for the observed effects based on the
upregulation of VEGF (6) and the use of genistein and a PI3K inhibitor (2). Further,
constitutively active forms of Gaq and Ga 16 in US28 expressing cells are both capable of
inducing IP3 accumulation (16) and Ga 11 is sufficient to induce NFkB activation in COS-7
cells (17). Based on these studies we only can speculate on the mechanisms leading to the
different effects of US28 in human versus murine cells but availability or predominance of
Gaq or Ga1l6 might be one reason. Members of the Ga12/13 subfamily are known for their
involvement in motility and migration. Their role in SMC migration due to activation by
US28 has been demonstrated (18). Apart from the effects on motility and migration two
studies also described their role in inducing apoptosis. Transfection of COS-7 cells with
constitutively active Ga 13 led to profound apoptosis involving the INK pathway via ASK1
(19). In HEK293 cells Ga 12 stimulated JNK1 increased IxB expression, which possibly
contributes to Ga12-mediated apoptosis (20). However, more in depth investigations have to
be performed to delineate the exact mechanisms of apoptosis induction of US28 via Ga.13.
We propose a model whereupon US28 mediated effects may depend on availability and
preferred activation of G-proteins. Specifically, predominance of Gaq may lead to
proliferation, whereas higher levels of Ga.13 to apoptosis, respectively (Figure 2G). This
model might also explain why a low expression of Ga13 in tumor tissue might favor a pro-
tumorigenic effect of US28.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Proliferation assays at 72 hrs post-transfection with BAX, wtUS28 or the signaling mute

R129A for the human melanoma cell 451Lu and NIH3T3 cells. Percent reduced cell
viability to control GFP. (4) (left) Pan-caspase inhibition assay indicating a caspase
dependent induction of apoptosis for wtUS28 similar to BAX. (right) Lysates of 451Lu cells
transfected with GFP, BAX or US28 were immunoblotted for control p-actin, HA antibody
for US28 expression, caspase 3 activation, BAX expression and PARP cleavage. (¢)
Proliferation assays for COS-7 and the human melanoma cell line SBcl2 after transfection
with wtUS28 or US28R129A. (@) Reduced tumor growth of 451Lu and SBcl2 melanoma
cells transduced with wtUS28 (US28) compared to GFP. 2x10° SBcl2 or 451Lu cells were
injected s.c. in SCID CB-17 mice. Tumor volumes for 451Lu at 30 days post injection (left)
and 15 weeks post injection for SBcl2 (right). Error bars indicate S.D. of triplicates.
*p<0.05, **p<0.01.
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(a) MTT assay of 451Lu cells at 72hrs post transfection with US28 and exposed either to
vehicle control (DMSO), an adenylate cyclase inhibitor (30uM) or genistein (30uM). (b)
Comparative MTT absorbance values of control, mock transfected and GFP transfected cells
at 72 hrs post transfection. The cells were subjected to siRNA silencing prior to transfection.
(¢) MTT assay showing comparative effects on cell viability of scrambled (sc)-siRNA,
GNAQ-siRNA and GNA13-siRNA in both US28-WT and US28-R129A 451Lu transfected
cells. Error bars indicate S.D. of triplicates. **p<0.01. (¢) MTT assay of 451Lu cells
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transfected with BAX, wtUS28 (WT) and US28R129A. GNAL13 silencing only affects US28
induced apoptosis but not of BAX. Error bars indicate S.D. of triplicates. **p<0.01. (¢) MTT
assay of 451Lu at 72 hrs post-transfection with the following constructs: BAX, Ga.13
(GNAL13), Ga13Q226L (GNA13-QL), Gag (GNAQ) and GaqQ209L (GNAQ-QL). (5
Immunoblot of 1x108 melanoma cells derived from different stages for endogenous levels of
Ga13 (upper panel). Immunohistochemical analysis of a primary melanoma for Ga.13
positivity compared to control 1gG (lower panel). (g) A model of US28 determining cell fate
relying on G-protein signaling as exemplified for Gaq and Ga13. Predominance of Gaq
might result in survival and proliferation, whereas high levels of Ga.13 lead to cell death.
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