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The presence of numerous G protein-coupled receptor (GPCR) homologs within the herpesvirus genomes
suggests an essential role for these genes in viral replication in the infected host. Such is the case for murine
cytomegalovirus (MCMYV), where deletion of the M33 GPCR or replacement of M33 with a signaling defective
mutant has been shown to severely attenuate replication in vivo. In the present study we utilized a genetically
altered version of M33 (termed R131A) in combination with pharmacological inhibitors to further characterize
the mechanisms by which M33 activates downstream signaling pathways. This R131A mutant of M33 fails to
support salivary gland replication in vivo and, as such, is an important tool that can be used to examine the
signaling activities of M33. We show that M33 stimulates the transcription factor CREB via heterotrimeric
G/11 proteins and not through promiscuous coupling of M33 to the G, pathway. Using inhibitors of signaling
molecules downstream of G, we demonstrate that M33 stimulates CREB transcriptional activity in a
phospholipase C-B and protein kinase C (PKC)-dependent manner. Finally, utilizing wild-type and R131A
versions of M33, we show that M33-mediated activation of other signaling nodes, including the mitogen-
activated protein kinase family member p38« and transcription factor NF-kB, occurs in the absence of G/,
and PKC signaling. The results from the present study indicate that M33 utilizes multiple mechanisms to
modulate intracellular signaling cascades and suggest that signaling through PLC-f3 and PKC plays a central

role in MCMYV pathogenesis in vivo.

Cytomegaloviruses (CMVs) are members of the betaherpes-
virus family and are characterized by strict species specificity, a
slow replication cycle, and the ability to establish a lifelong
persistent infection within the infected host. While present
within ~50 to 90% of the world’s adult population with little
clinical evidence of infection, the human cytomegalovirus
(HCMV) is an important pathogen within immunocompro-
mised hosts (39). For instance, HCMYV is a common cause of
congenital birth defects, including vision and hearing loss, en-
cephalitis, and mental retardation (8). Transplant rejection
and increased morbidity in organ transplant recipients and
human immunodeficiency virus (HIV)/AIDS patients, respec-
tively, have also been linked to HCMV infection (38, 69).
However, the species specificity of HCMV prevents in vivo
analysis of HCMYV infection and thus hampers the identifica-
tion of many important pathogenic factors. Murine CMV
(MCMV) has been used extensively as a model virus for ana-
lyzing HCMV-host interactions due to its similarities to
HCMYV in genetic makeup and disease progression (42). Pri-
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mary MCMV infection induces organ-specific immune re-
sponses from NK cells and T lymphocytes that promote clear-
ance of the virus from liver and spleen by 7 days postinfection
(10, 11, 36, 37). Salivary glands, however, can remain MCMV-
positive for up to 6 weeks after infection and thus serve as sites
of CMV persistence within the host (46). Consequently, the
salivary glands present a major route for horizontal CMV
transmission through prolonged viral shedding within saliva
secretions.

Molecular mimicry, i.e., the expression of viral proteins with
similar structure and/or function as cellular proteins, is a strat-
egy used by CMV and other viruses to alter normal cellular
processes in an effort to evade detection by the host immune
system allowing for efficient replication in many tissues. Inter-
estingly, several members of the Herpesviridae family encode
homologs of cellular G protein-coupled receptors (GPCRs)
(65). Members of this large and diverse GPCR superfamily can
activate intracellular signaling cascades by catalyzing the ex-
change of GDP for GTP on the Ga subunit of heterotrimeric
G protein complexes (59). The activated GTP-bound Ga sub-
unit then alters the enzymatic activity of target effector pro-
teins, which in turn generate downstream second messengers
to stimulate cellular responses. For example, activation of the
G, family of heterotrimeric G proteins stimulates adenylate
cyclase, leading to cyclic AMP production and the activation of
protein kinase A (PKA) (59). Signaling through the G, fam-
ily enhances phospholipase C B (PLC-B) activity, leading to the
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generation of inositol 1,4,5-triphosphate (IP;) and diacylgl-
cerol (DAG) (59). The accumulation of IP; causes release of
intracellular Ca®* that, in concert with DAG, activates PKC
family members. Recent evidence from several groups has
demonstrated that GPCRs can also activate downstream sig-
naling events utilizing a mechanism(s) independent of strictly
G protein coupling (1, 3, 26, 47). It has been demonstrated that
the herpesvirval GPCRs can activate a similar set of these
cellular signaling pathways (65). Moreover, it has been shown
that these virally encoded GPCRs are functionally important in
vivo in animal models of herpesvirus infection (5, 6, 21, 45, 56).

MCMV and HCMV share a large number of conserved
genes arranged within a similar genomic architecture. MCMV
encodes the GPCR homolog M33, which is highly conserved
among MCMYV isolates and exhibits ca. 47% nucleotide se-
quence identity with the HCMV GPCR homolog UL33 (21,
67). However, from a functional perspective M33 possesses
similar signaling activities to another HCMV-encoded GPCR
termed US28 (66, 75). Both M33 and US28 have been shown
to activate heterotrimeric G, proteins, leading to increased
PLC-B activity (16, 66, 70). In addition, these viral receptors
can enhance CREB and NF-kB transcriptional activities (75).
In the case of US28, CREB activation is attenuated in the
presence of both PLC-B and broad-spectrum PKC inhibitors,
suggesting a role for US28 coupling to the G, pathway to
promote CREB activation (48). UL33 also stimulates CREB
activation, however, in contrast to US28, this activity appears
to be mediated via UL33 coupling to the G pathway and not
the G;;, pathway (17). The exact mechanism for M33 activa-
tion of CREB and whether this involves the coupling of M33 to
G, or Gy, proteins remains unknown.

Although dispensable for viral replication in cell culture,
M33 has been shown to play an essential role in the MCMV
life cycle in vivo, since it is necessary for MCMYV replication in
sites of persistence such as the salivary glands and is important
in the regulation of latency (14, 21). Recent work from the
same group showed that this effect was dependent on M33
signaling activity, since a recombinant MCMYV expressing an
M33 mutant containing a point mutation within a conserved
GPCR signaling motif, M33(R131Q) failed to replicate within
the salivary glands (18). This conserved motif, termed the
DRY motif, is an Asp-Arg-Tyr (DRY) sequence in most cel-
lular GPCRs and an Asn-Arg-Tyr (NRY) sequence in M33.
The DRY motif has been extensively studied on both a bio-
chemical and functional level for many cellular receptors (2,
12, 44). It is postulated that the residues of the DRY motif
provide important structural interactions that are necessary for
the receptor to maintain a defined conformational state, active
versus inactive, in the presence or absence of agonist, respec-
tively (25). Studies show that, depending on the type of GPCR,
replacement of different residues within the DRY motif can
have various effects on G protein signaling from imparting
constitutive or agonist-independent G protein activation to
complete ablation of G protein signaling (25).

In the present study we examine the mechanism(s) by which
M33 promotes signal transduction leading to activation of
CREB, p38 mitogen-activated protein kinase (MAPK), and
NF-kB. The data indicate that M33 utilizes multiple mecha-
nisms to activate downstream signaling pathways and that
these pathways bifurcate at the level of the receptor/G-protein

J. VIROL.

interaction. Taken together, our data suggest that M33-di-
rected activation of p38 and/or NF-«kB is not sufficient to sup-
port viral replication within the salivary gland and that M33
activation of PLC-B, PKC, and CREB may play an important
role in MCMYV replication in vivo.

MATERIALS AND METHODS

Reagents. Anisomycin, BAPTA-AM, isoproterenol, and the PKA inhibitor
H-89 were purchased from Sigma-Aldrich. TransIT-LT1 transfection reagent was
purchased from Mirus Bio Corp. and used according to the manufacturer’s
protocol. The IP; receptor inhibitor 2-aminoethoxydiphenyl borate (2-APB), the
diacylglycerol (DAG) kinase inhibitor II (R59949) and the PKC inhibitors Ro-
32-0432, Bisindoylmaleimide I, and G66976 were purchased from Calbiochem.
The phospholipase C inhibitor U-73122 was purchased from Cayman Chemical.
All inhibitors were used at concentrations similar to those reported in the
literature.

Plasmids. Cloning of M33FLAG(WT) and M33FLAG(R131A) into pcDNA3
(Invitrogen) has been described (66). The luciferase reporter plasmid pFR-Luc
and the CREB fusion transactivator plasmid pFA2-CREB were purchased from
Stratagene. The NF-kB luciferase reporter plasmid 3X-MHC-Luc contains three
NF-«kB binding sites from the major histocompatibility complex I enhancer
driving luciferase expression and was provided by Albert S. Baldwin, Jr. (Uni-
versity of North Carolina School of Medicine, Chapel Hill). The Renilla lucifer-
ase plasmid pRL-CMV was purchased from Promega. pcDNA3 FLAG-p38a was
provided by Roger J. Davis (University of Massachusetts Medical School,
Worcester), and the pCMV FLAG-VASP construct was provided by Michael
Uhler (University of Michigan, Ann Arbor). The RH domain of GRK2 (amino
acids 1 to 190) was cloned from pcDNA3 mycGRK2 (66) and inserted into the
HindIII and Xbal sites of pcDNA3.

Cell lines. Human embryonic kidney cells (HEK293) were purchased from the
ATCC (CRL-1573) and maintained at 37°C in 5% CO, in minimal essential
medium supplemented with 10% FetalClone III (HyClone) and penicillin-strep-
tomycin. NIH 3T3 cells (CRL-1658) were purchased from the American Type
Culture Collection and maintained at 37°C in 5% CO, in Dulbecco modified
essential medium supplemented with 2 mM L-glutamine, 10% FetalClone III
(HyClone), and penicillin-streptomycin. SGC1 cells were kindly supplied by
Marie Piechocki (Wayne State University, Detroit, MI) and maintained at 37°C
in 5% CO, in Dulbecco modified essential medium supplemented with 10% feta
bovine serum (HyClone) and penicillin-streptomycin. To generate stable M33
expressing and control cell lines pTRE2Hyg-M33FLAG(WT) and pTRE2Hyg
were transfected into HEK TET-OFF cells and selected in the presence of 200
pg of hygromycin/ml and 100 ng of doxycycline/ml. After the establishment of
stable lines, the control and M33 cells were routinely cultured in the absence of
doxycycline to allow for maximal expression of the M33 protein.

Retroviral production and transduction. M33FLAG(WT) and M33FLAG(R131A)
cDNAs were blunt cloned into the Hpal site within the MigR1 retroviral vector
and retrovirus was produced as described before (66). MigR1 is a bicistronic
retroviral vector containing a multiple cloning site upsteam of an internal ribo-
some entry site, followed by the cDNA encoding enhanced green fluorescent
protein (57). For transduction of SGC1 cells, 10° cells were plated in 12-well
plates and 24 h later appropriate amounts of MigR1, MigR1-M33FLAG(WT), or
MigR1-M33FLAG(R131A) supernatants were added to the media. At 48 h after
transduction, cells were assayed by fluorescence-activated cell sorting as de-
scribed previously (66).

Luciferase assays. For CREB reporter assays, HEK293 cells were transfected
at 40 to 50% confluence in 100-mm dishes with 0.2 ug of pFA2-CREB, 0.5 p.g of
pFR-Luc, and 0.5 pg of pRL-CMV as an internal control. For NF-«kB reporter
assays, cells were transfected with 0.5 pg of 3X MHC-Luc and 0.5 pg of pRL-
CMV as an internal control. At 24 h posttransfection, cells were split into
collagen-coated 12-well plates and assayed the following day with the dual-
luciferase reporter assay system (Promega) according to the manufacturer’s
protocol. Luciferase data were normalized to the Renilla luciferase activity and
are presented as relative light units. For PKC depletion experiments, cells were
treated overnight with 0.2 or 1.0 uM PMA prior to initiating the experiment.
Western blots were performed to ensure depletion of PKCs throughout the
duration of the experiment.

Immunoprecipitations and immunoblotting. For immunoprecipitation of
M33FLAG(WT) and M33FLAG(R131A), cell lysates were prepared in 1.0 ml of
NP-40 lysis buffer (50 mM HEPES, 0.5% Nonidet P-40, 250 mM NaCl, 10%
glycerol, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 2.5 pg of aprotinin/
ml, 5.0 pug of leupeptin/ml, 100 uM sodium orthovanadate, and 1 mM sodium
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FIG. 1. M33FLAG(R131A) recombinant virus fails to persist in the salivary glands. (A) Female BALB/c Mice were infected intraperitoneally
with 5 X 10° PFU of K181 BAC-derived parental, AM33, M33FLAG(WT), or M33FLAG(R131A) viruses. Groups of three mice were sacrificed
on day 4 or day 14 postinfection, and their spleens and salivary glands were harvested. Tissues were homogenized, and virus titers were assessed
by plaque assay on NIH 3T3 cells. Virus titers from spleens isolated at 4 days postinfection (left panel) or from salivary glands isolated at 14 days
postinfection (right panel) are depicted graphically. (B) The ability of each of the BAC-derived viruses to replicate in salivary epithelial cells was
also assessed in the salivary gland cell line SGC-1. Multistep growth curves were performed by infecting subconfluent SGC-1 cells at a multiplicity
of infection of 0.1. Samples of tissue culture supernatant were taken at days 1, 3, and 5 postinfection, and virus titers were determined by plaque

assay. The data represent the means of three independent experiments.

fluoride). Lysates were then incubated with 30 pl of anti-Flag M2-agarose beads
(Sigma) and tumbled for 3 h at 4°C. Immunoprecipitated complexes were washed
with NP-40 lysis buffer, solubilized in 3X Laemmli buffer, subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes. For direct immunoblotting (without an immunoprecipitation
step), cell lysates were prepared directly in 3X Laemmli sample buffer (p38) or
NP-40 lysis buffer (FLAG, VASP, PKCs, M44, and B-actin) prior to dilution in
3 sample buffer. Lysates were sonicated briefly, boiled for 5 min, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to
nitrocellulose. Nitrocellulose filters were then probed with the following anti-
bodies; anti-VASP (Santa Cruz Biotechnology), anti-phospho-p38 (Thr180/
Tyr182), anti-total p38 (Cell Signaling Technology), anti-FLAG (OctA-probe;
Santa Cruz Biotechnology), anti-M44 (John Shanley, University of Connecticut),
and anti-B-actin (James Lessard, Cincinnati Children’s Hospital Medical Cen-
ter). For all blots, incubation in appropriate horseradish peroxidase-conjugated
anti-rabbit or anti-mouse immunoglobulin G (IgG) secondary antibodies (Am-
ersham) and enhanced chemiluminescence were used for detection and visual-
ization, respectively.

Inositol phosphate accumulation assays. Measurement of inositol phosphate
accumulation as a readout of PLC-B activity was performed as previously de-
scribed (66). The data are from at least three independent experiments per-
formed in duplicate, and the inositol phosphate accumulation is presented as the
percent conversion of total incorporated [*H]myoinositol.

Measurement of intracellular calcium. At 24 h posttransfection, HEK293 cells
were split into 96-well clear flat-bottom plates. The following day, the cells were
labeled for 1 h with the Fluo-4 NW calcium assay dye according to the manu-

facturer’s protocol (Molecular Probes). Free intracellular calcium was measured
by using a FlexStationII (Molecular Devices). Cells were then lysed in 1% NP-40
for 20 min, and the total intracellular calcium was measured. Data from three
independent experiments performed in quadruplicate are presented as the free
intracellular calcium concentration divided by the total intracellular calcium
concentration.

Virus reconstitution and growth curves. For virus reconstitution, NIH 3T3
cells (2 X 10° cells per six-well plate) were transfected with 1.0 to 3.0 pg of
purified MCMV bacterial artificial chromosome (BAC) DNA (K181 strain)
using TransIT-LT1 transfection reagent according to the manufacturer’s proto-
col. Infectious virus was harvested upon visible plaque formation (approximately
3 to 5 days posttransfection) and used to create virus stocks. Virus titers of stocks
and tissue homogenates were determined by plaque assay on NIH 3T3 cells as
previously described (13). For MCMYV growth curves, viruses were used to infect
cells at a multiplicity of infection of 0.1 (SGCI cells) or 0.01 (NIH 3T3 cells), and
the supernatant was harvested once a day for the following 7 days. Virus titers
were determined as described above.

Mice and recombinant virus infection. Pathogen-free 6- to 7-week-old female
BALB/c mice were purchased from Harlan Sprague-Dawley (Indianapolis, IN).
A total of six mice per virus were infected intraperitoneally with 5 X 10° PFU,
and spleens and salivary glands were harvested at 4 and 14 days postinfection,
respectively. Virus titers were determined from homogenized tissues by plaque
assay as described above and are expressed as PFU/g tissue.

Statistical analysis. GraphPad Prism software was used to perform paired
Student ¢ tests on all luciferase and p38 phosphorylation assays. All experiments
were performed at least three independent times.
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FIG. 2. M33 activates CREB independent of G, coupling. (A) HEK293 cells were transiently transfected with empty vector (mock) or 50, 100,
or 250 ng of M33FLAG(WT) or M33FLAG(R131A), and CREB-driven luciferase transcription was measured and normalized to Renilla
luciferase. The data represent the means *+ the standard errors (SE) of four independent experiments performed in duplicate. (B) The expression
of M33FLAG(WT) and M33-FLAG(R131A) in similarly transfected HEK293 cells was assessed by Western blotting. (C) PKA activity, as assessed
by the phosphorylation status of the PKA substrate VASP, was assessed by Western blotting in HEK293 cells stably transfected with empty vector
(mock) or M33 (M33FLAG). Cells were also transfected with FLAG-VASP. Control cells (mock) unstimulated or stimulated with the B-adrenergic
agonist isoproterenol (1 wM for 5 min) with or without pretreatment with the PKA inhibitor H-89 were included to validate the sensitivity and
specificity of the assay. The phosphorylation status of VASP was assessed by Western blotting with an anti-VASP polyclonal antibody (upper
panel). Expression of M33FLAG was confirmed by Western blotting with an anti-FLAG polyclonal antibody (lower panel). Note that the bands
in the non-M33 transfected cells represent phosphorylated or nonphosphorylated VASP which, like M33, is also FLAG tagged. The immunoblots
shown are representative of at least four independent experiments. (D) HEK293 cells were transiently transfected with empty vector (mock) or
M33FLAG(WT) (250 ng of each), and CREB-driven luciferase transcription normalized to Renilla luciferase was measured in the presence or
absence of the PKA inhibitor H-89 (2.0 or 10 wM for 24 h). The data represent the means = the SE of three independent experiments performed
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RESULTS

M33 signaling is required for MCMYV replication in the
salivary glands of mice. Disrupting M33 function, either
through deletion of M33 or mutation of the M33 “DRY”
signaling motif (R131Q), has no effect on MCMYV replication
in vitro but severely attenuates MCMV growth within the sal-
ivary gland in vivo (18, 21). The M33(R131Q) mutant was
defective in PLC-B, CREB, and NFAT signaling; however, the
effects of this mutation on other M33-stimulated signaling
pathways, including p38 and NF-kB, were not assessed (18).
Earlier work from our lab demonstrated that a similar mutant,
M33(R131A), failed to stimulate GDP to GTP conversion on
Ga,1; subunits and thus failed to activate G, signaling path-
ways (66). Prior to initiating mechanistic studies on the down-
stream signaling pathways activated by M33, we wanted to
assess the phenotype of a MCMYV mutant virus expressing the
M33(R131A) mutant protein in vivo. We used recombinant
DNA techniques to generate a MCMV (K181 strain) mutant
with the entire M33 open reading frame (ORF) (AM33) de-
leted or MCMV mutants expressing either the M33FLAG

(WT) or M33FLAG(R131A) mutant (see Fig. S1 in the sup-
plemental material) (61). Using this strategy, the M33FLAG
(WT) and M33FLAG(R131A) viruses represent “rescues” of
the AM33 virus.

To assess MCMYV replication in vivo, mice were infected
with parental MCMV (K181 strain) or with the AM33,
M33FLAG(WT), or M33FLAG(R131A) recombinant viruses.
Virus titers from spleen and salivary glands were determined
on days 4 and 14 postinfection, respectively, and are expressed
as PFU/g (organ weight). High virus titers are detectable in the
spleen at 4 days postinfection for the AM33, M33FLAG(WT),
and M33FLAG(R131A) viruses and are comparable to those
of the parental virus (Fig. 1, left panel). However, pronounced
differences among virus titers were observed in the salivary
glands at 14 days postinfection; parental and M33FLAG(WT)
viruses replicate to high titers, whereas no recoverable virus
was detected with the AM33 or M33FLAG(R131A) viruses
(Fig. 1, right panel). These data are in support of previous
findings (18, 21) and demonstrate that the M33 R131A muta-
tion also inhibits the ability of M33 to enable MCMYV replica-
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FIG. 3. M33-induced CREB activation occurs through the G,,/PLC-B pathway. (A) HEK293 cells were transiently transfected with empty
vector (mock) or M33FLAG(WT) (250 ng) with or without GRK2 (250 ng) or the Gagy;-binding domain of GRK2 (GRK2/RH) (250 ng), and
CREB-driven luciferase transcription was measured and normalized to Renilla luciferase. The data represent the means * the SE of three
independent experiments performed in duplicate. (B) HEK293 cells were transiently transfected with empty vector (mock) or M33FLAG(WT)
(1.25 pg), and accumulated inositol phosphates were measured. M33-expressing cells were left untreated or treated with the PLC-f inhibitor
U73122 (3 and 10 pM) for 24 h prior to assay. The data represent the means *+ the SE of three independent experiments performed in duplicate.
(C) CREB-driven luciferase activity normalized to Renilla luciferase was measured in HEK293 cells transiently transfected with M33FLAG(WT)
(250 ng) untreated or treated with the PLC-B inhibitor U73122 (3 and 10 pM for 24 h, left panel) or the diacyglycerol kinase inhibitor R59949
(10 and 30 pM for 24 h, right panel). The data represent the means = the SE of five independent experiments performed in duplicate. (D) Cells
transiently transfected with empty vector or M33 (1.25 ug) were assessed for intracellular Ca*" levels using Fluo-4 NW (left panel). CREB-driven
luciferase activity normalized to Renilla luciferase was measured in HEK293 cells transiently transfected with M33FLAG(WT) (250 ng) untreated
or treated with the IP; channel inhibitor 2-APB (20 pM for 24 h) or the calcium chelator BAPTA-AM (30 wM for 24 h, right panel). The data

represent the means = the SE of three independent experiments performed in duplicate. *, P =< 0.05; **, P < 0.005.

tion within the salivary gland in vivo. Because the AM33 and
M33FLAG(R131A) viruses failed to replicate to detectable
levels in the salivary gland in vivo, we next sought to determine
whether the loss of M33 signaling activity led to an inherent
inability of MCMYV to replicate in salivary epithelial cells (19,
58). Multistep growth curves determined in vitro in the
salivary epithelial cell line SGC1 demonstrate that the
AM33, M33FLAG(WT), and M33FLAG(R131A) viruses rep-
licate to levels similar to those of wild-type MCMYV (Fig. 1B).
This result suggests that the in vivo defect exhibited by M33
signaling defective viruses is not due to an inability to replicate
in salivary epithelial cells and could be the result of a failure to
regulate immune responses in this particular tissue.

Correct generation of each MCMV recombinant was as-
sessed by PCR analysis and EcoRI digestion and was con-
firmed by DNA sequencing (data not shown; but see Fig. S1
and S2 in the supplemental material). To ensure that the
R131A mutation does not effect protein expression or stability,
NIH 3T3 cells were infected with each virus and M33 expres-
sion was analyzed by immunoprecipitation and Western blot-
ting. M33FLAG(WT) and M33FLAG(R131A) are similarly
expressed at 24 h postinfection (although upon longer expo-

sure, the expression of both wild-type and R131A M33 could
be detected as early as 12 h) with expression levels increasing
up to 72 h (see Fig. S3A in the supplemental material). Mul-
tistep growth curves show that AM33, M33FLAG(WT), and
M33FLAG(R131A) display no inherent growth defects in fi-
broblasts in vitro similar to the experiments in SGC1 cells (see
Fig. S3B in the supplemental material).

M33 stimulation of CREB is dependent on the activation of
a G,,,,/PLC-$ signaling pathway. Previous studies on the sig-
naling pathways activated by the MCMV GPCR M33 and by
the HCMV GPCRs US28 and UL33 demonstrated that all
three receptors activate the cyclic AMP response-element
binding (CREB) protein transcription factor (48, 75). CREB
becomes activated when phosphorylated by upstream kinases
such as PKA and PKC and functions in concert with other
transcription factors to stimulate transcription of numerous
genes involved in cell growth and survival (35). Under some
circumstances, CREB has also been shown to play a critical
role in the regulation of viral gene transcription (20, 41, 64).
HCMV-UL33 activates CREB in a G/PKA-dependent man-
ner, while HCMV-US28 appears to activate CREB through a
Gy/11/PKC pathway. It remains unclear whether M33 functions
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similarly to UL33 or US28 in this signaling capacity. To better
define the mechanism by which M33 activates CREB, we first
compared the ability of M33(WT) and M33(R131A) to stim-
ulate CREB-driven luciferase transcription (Fig. 2A). Al-
though M33(WT) displays dose-dependent CREB activation,
M33(R131A) is unable to activate CREB, suggesting that
M33-induced CREB activation is downstream of M33 signal-
ing through heterotrimeric G proteins. These results were not
due to differences in protein expression since similar levels of
M33 and M33-R131A were detected by Western blotting
(Fig. 2B).

To determine whether the M33, a G,,-coupled receptor,
might induce CREB activation through promiscuous activa-
tion of G, proteins, we tested whether M33 could induce
phosphorylation of the PKA substrate vasodilator-stimu-
lated phosphoprotein (VASP) (Fig. 2C) (30, 31). Stimula-
tion of the G, -coupled B,-AR with isoproterenol induces
high levels of phosphorylated VASP, as determined by an
increased molecular mass of the VASP protein compared to
unstimulated cells. This signaling activity is inhibited in the
presence of 10 wM concentrations of the PKA inhibitor
H-89, confirming the specificity of this assay as a readout for
G/PKA activity (24, 55, 78). However, no VASP phosphory-
lation was detected in cells expressing M33, indicating that
M33 did not couple to the G/PKA pathway (Fig. 2C, upper
panel). Western blot analyses confirmed the expression of M33
(Fig. 2C, lower panel). We also measured M33-induced CREB
activity in the presence of the PKA inhibitor H-89 and found
that inhibition of PKA had no effect on M33-induced CREB
activation, further suggesting that the M33 activation of CREB
is not mediated by the G/PKA pathway (Fig. 2D).

Previous work from our lab has demonstrated that M33
directly activates heterotrimeric G, proteins and that GPCR
kinase 2 (GRK2) inhibited this activity (66). In Fig. 3A, coex-
pression of GRK2 or a minigene construct expressing the reg-
ulator of G protein signaling homology (RH) domain of
GRK?2, which has been shown to bind specifically to and inhibit
activated GTP-bound Gey,; proteins, severely attenuated
M33 activation of CREB (15, 63). These data corroborate the
previous findings from our lab showing that the function of the
GRK2/RH domain alone can inhibit M33 signaling and indi-
cate that M33 activates CREB through a G, -specific mech-
anism (66).

We next wanted to examine the effects of downstream com-
ponents of the G,,, pathway, including PLC-, IP,/Ca*", and
DAG on M33-stimulated CREB activity. In the presence of the
PLC-B inhibitor U73122 (9, 77), M33 stimulation of IP; accu-
mulation is significantly inhibited (Fig. 3B). Similar inhibition
of PLC-B causes a significant decrease in M33 CREB activa-
tion (Fig. 3C, left panel). Interestingly, although a major effect
of activation of the PLC-B/IP; pathway is the release of intra-
cellular Ca?*, no changes in intracellular Ca®* levels could be
detected in cells expressing M33 (Fig. 3D, left panel). These
data suggest that although M33 potently activates the G,
pathway and induces IP; in a constitutive, agonist-independent
manner, the increased levels of IP; do not appear to activate
ER calcium channels, leading to a demonstrable change in
intracellular Ca®" levels. To determine whether any low-level
Ca®" release mediated by IP; accumulation could contribute
to M33-induced CREB signaling, intracellular Ca®" activity
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FIG. 4. M33-induced CREB activation is mediated by PKC.
(A) HEK293 cells stably transfected with empty vector (mock) or
M33FLAG were treated with the PKC inhibitor Ro-32-0432 (0.1 or 0.5
M for 24 h) and CREB-driven luciferase activity was measured and
normalized to Renilla luciferase. (B) Expression of M33FLAG was
confirmed by Western blotting with an anti-FLAG polyclonal antibody.
The data represent the means * the SE of three independent exper-
iments performed in duplicate. **, P < 0.005.

was inhibited by using the IP; receptor inhibitor 2-APB (20
uM) or the cell permeable Ca** chelator BAPTA-AM (30
wM) (60, 74, 76, 77). The same concentrations of 2-APB and
BAPTA-AM were used in control experiments and demon-
strated the ability to completely block the accumulation of free
Ca®* after stimulation of the lysophosphatidic acid receptor
(data not shown). Neither 2-APB nor BAPTA-AM blocks
CREB transcriptional activity in M33-expressing cells (Fig. 3D,
right panel).

The second major effect of activation of Gq/PLC-B activa-
tion is the accumulation of DAG. To determine whether DAG
accumulation plays a role in M33 activation of CREB, we
inhibited DAG kinase to prevent DAG turnover, which leads
to a stabilization of intracellular DAG levels. Treatment with
the DAG kinase inhibitor R59949 (40, 73) significantly in-
creases M33 stimulated CREB activity (Fig. 3C, right panel).
Taken together, these results suggest that M33 stimulation of
the G/, pathway mediates CREB activation in a PLC-/
DAG-dependent manner. However, the downstream effects of
PLC-B do not appear to involve the production of IP; or the
release of Ca®" from internal stores since inhibitors of these
molecules had no affect on CREB activity.

M33 activates CREB in a PKC-dependent manner. Since
PKC is a major downstream signal transducer of the
Gy11—~PLC-—DAG pathway, we wanted to determine
whether it plays a prominent role in M33 activation of CREB.
Although PKA is often thought of as the predominant kinase
involved in CREB activation, studies have shown PKC can
similarly phosphorylate and activate CREB (7, 29, 62). As
demonstrated in Fig. 4A, pretreatment with the PKC inhibitor
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FIG. 5. M33-induced CREB activation is defective in PKC-depleted cells. (A) HEK293 cells were treated overnight with the phorbol ester
PMA to deplete endogenous PKCs. HEK293 cells express several isoforms of PKC including PKC-o, PKC-81, PKC-B2, and PKC-¢ and Western
blotting of cells treated with 0.2 or 1.0 .M PMA confirmed that these conditions resulted in >90% depletion of endogenous PKCs. (B) After
depletion of endogenous PKCs, untreated or treated cells were transiently transfected with empty vector (mock) or M33FLAG(WT) (250 ng) and
CREB-driven luciferase activity was measured and normalized to Renilla luciferase. The data represent the mean * the SE of four independent

experiments performed in duplicate. **, P = (0.005.

Ro0-32-0432 at both 0.1 and 0.5 uM caused significant inhibi-
tion of M33-induced CREB activity (32, 78). Analyses of M33
expression in the presence of the PKC inhibitor Ro-32-0432
indicted that the PKC inhibitor had no effect on M33 expres-
sion (Fig. 4B). Note that the level of M33-induced CREB
activity in Fig. 4 is somewhat higher than in earlier figures since
we utilized a cell line stably expressing M33FLAG for this
experiment. We also assessed the effects of two additional PKC
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inhibitors, bisindoylmaleimide I and G66976, on M33 induced
CREB activation and observed a similar inhibition of M33
directed CREB activation (see Fig. S4 in the supplemental
material). To garner additional evidence supporting a role for
PKC in M33-induced CREB signaling, we treated cells over-
night with phorbol myristate acetate (PMA) to deplete the
cells of PKC (23, 49, 52, 72). HEK293 cells express at least four
isoforms of PKC («, B1, B2, and €), which are all downregu-
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FIG. 6. M33 activates the MAPK p38 independent of G,,/PKC signaling. (A) HEK293 cells were cotransfected with M33FLAG(WT) or
M33FLAG(R131A) (0.25, 0.50, and 1.25 ng) and FLAG-p38a (0.50 pg) and p38 phosphorylation was assessed by Western blotting (upper panel).
As a positive control, mock-transfected cells were treated with the stress response activator anisomycin. The results are presented graphically and
represent the means * the SE of four independent experiments (lower panel). (B) Phosphorylated p38 levels in HEK293 cells expressing
M33FLAG(WT) or M33FLAG(R131A) (1.25 pg of each) and FLAG-p38a (0.5 pg) were assessed in the presence or absence of the PKC inhibitor
Ro0-32-0432 (upper panel). The results are presented graphically and represent the means *+ the SE of three independent experiments (lower

panel). *, P =< 0.05.
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(B) HEK293 cells transfected with M33(WT) or M33(R131A) (250 ng of each) were pretreated with the PKC inhibitor Ro-32-0432 (1.0 pM for
24 h) and NF-«kB-driven luciferase activity was measured and normalized to Renilla luciferase. The data represent the means * the SE of three
independent experiments performed in duplicate. RLU, relative light units. *, P = 0.05; #*, P < 0.005.

lated >90% using these conditions (Fig. 5SA). In agreement
with the PKC inhibitor data, this treatment completely abol-
ished the ability of M33 to stimulate CREB (Fig. 5B). Taken
together, these results provide strong evidence regarding the
role of PKC in mediating M33 signaling to downstream tran-
scription factors such as CREB. We do not know at this point
which of the PKC isoforms are involved in this M33-induced
signaling. However, since M33 does not appear to alter Ca*"
levels, the data suggest that the M33 signals through Ca®*-
independent PKC isoforms.

M33 activates p38 and NF-«kB in a G- and PKC-inde-
pendent manner. Since a series of genetic and pharmacological
approaches indicated that M33 activation of CREB involves a
Gg/11—~PLC-B—PKC pathway, we next sought to determine
whether this signaling axis was similarly responsible for other
M33 signaling activities (75). The p38 MAPK has been re-
ported to be involved in signaling via a number of viral GPCRs,
including M33, US28, and the Kaposi’s sarcoma-associated
herpesvirus (KSHV) GPCR ORF74 (4, 48, 50, 75). The active
form of p38 can be detected using phospho-specific antibodies
recognizing Ser and Thr residues of p38 that are targets for
phosphorylation by upstream kinases. To explore the mecha-
nism by which M33 may stimulate p38 activity, we measured
the phosphorylation state of p38a in the presence of increasing
amounts of M33(WT) or the G, signaling-deficient mutant
M33(R131A) (Fig. 6A). Both M33(WT) and M33(R131A) sig-

nificantly induce p38 phosphorylation in a dose-dependent
manner, suggesting that activation of G, signaling is not
necessary for this effect. When assayed in the presence of 1.0
nM concentrations of the PKC inhibitor Ro-32-0432, a con-
centration at which M33-induced CREB activation was signif-
icantly inhibited, p38 phosphorylation was not blocked in ei-
ther M33(WT)- or M33(R131A)-expressing cells (Fig. 6B).
These data indicate that M33 induces p38 phosphorylation in
a Gy;,/PKC-independent manner.

Studies have also shown that many of the viral GPCRs,
including US28 and M33, can stimulate NF-kB transcriptional
activity (16, 75). NF-kB can initiate innate antiviral immune
responses by regulating the expression of a number of proin-
flammatory genes. However, KSHV and HCMV, among other
viruses, have been shown to exploit NF-kB signaling to en-
hance viral pathogenesis. In the case of KSHV, activation of
NF-kB prevents lytic reactivation to allow for the virus to
remain latent in specific cell types, while HCMV-induced
NF-«B stimulation plays a central role in the transendothelial
migration of infected monocytes (27, 68). In Fig. 7A, we as-
sessed NF-kB transcriptional activity in response to M33 Gy,
signaling by using a luciferase reporter assay. Similar to p38,
both M33(WT) and M33(R131A) activate NF-kB in a dose-
dependent manner, suggesting NF-kB activation does not re-
quire G, signaling. In addition, NF-«B signaling is indepen-
dent of PKC activation as both M33(WT) and M33(R131A)-
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stimulated NF-«kB levels are not inhibited in the presence of
0.1 or 1.0 uM concentrations of the PKC inhibitor Ro-32-0432
(Fig. 7B). Interestingly, similar studies with the rat CMV
GPCR R33 indicated that R33 induces NF-«kB in a G protein-
dependent manner since a DRY motif mutant R33(R131A)
failed to induce both G protein signaling and NF-«B (28).
Taken together, these data suggest that the rodent CMV
GPCR homologs of HCMV-UL33, namely, M33 and R33,
appear to have evolved divergent mechanisms by which to
activate NF-«B.

M33 activates PLC-B/IP; signaling in salivary epithelial
cells. While the HEK293 cells provide an amenable system for
studying the mechanism of M33-induced signaling, we sought
to determine whether M33 signaled in a similar manner in a
cell type that is relevant to the function of M33 in vivo. To this
end, we assessed the ability of M33 to signal through the
Gq/PLC-B pathway in the murine salivary epithelial cell line
SGC1 (58). We utilized retrovirus transduction to introduce
M33FLAG(WT) and M33FLAG(R131A) into the SGCI1 cells
and analyzed transduction efficiency by flow cytometry using
the green fluorescent protein, which is coexpressed from the
retrovirus (data not shown). SGCI cells expressing M33FLAG
(WT) exhibit a robust increase in PLC- signaling activity, as
assessed by measuring the production of total inositol phos-
phates (Fig. 8A). Cells transduced with an empty retrovirus, or
cells transduced with M33FLAG(R131A) exhibited no in-
crease in PLC-B signaling activity, confirming that the in-
creased signaling is to due to the presence of the constitutively
active M33 protein. M33 expression was confirmed by Western
blotting as shown in Fig. 8B. These experiments provide key
evidence demonstrating that the constitutive signaling of M33
through the Gq/PLC-B pathway occurs within a biologically
relevant cell type necessary for viral persistence within the
host. Moreover, these data suggest that M33 is likely signaling
through these same pathways within the salivary gland in vivo.

DISCUSSION

The results from the present study demonstrate that the
MCMYV-encoded GPCR M33 triggers the activation of in-
tracellular signaling cascades via divergent mechanisms
(Fig. 9). M33 activation of CREB is downstream of a clas-
sical G/;;—~PLC-B—PKC pathway, whereas p38 and NF-«xB
activity occur in a G protein/PKC-independent manner.
Since the replication of the G protein signaling mutant
M33(R131A) was determined to be severely blunted in vivo,
we can not only begin to separate M33 signaling activities
based on the requirement for G proteins but also determine
the impact of these signaling activities on MCMYV replication
within important sites of MCMV persistence such as the sali-
vary glands. Taken together, our data suggest that the G pro-
tein-independent signaling activity of M33 (i.e., phosphoryla-
tion of p38 and activation of NF-«kB) is insufficient to support
MCMYV replication within sites of viral persistence while the G
protein-dependent G,,;;—~PLC-B—PKC pathway appears to
be critical for M33 function in vivo.

For viral GPCRs, the published work from Case et al. first
addressed the role of the DRY motif in terms of its affect on
viral pathogenesis, namely, the impact on viral replication
within an important immunological and epidemiological niche
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FIG. 8. M33 activates the G;,/PLC-B pathway in salivary epi-
thelial cells. (A) SGCI salivary epithelial cells were transduced with
the retroviruses MIGR1, MIGR1-M33FLAG(WT), or MIGR1-
M33FLAG(R131A). PLC-B activity was then measured in each cell
line and is expressed as the percent conversion of input myoinositol
into inositol phosphates. The data represent the means =+ the SE of
five independent experiments performed in duplicate. (B) Expres-
sion of M33FLAG and M33FLAG(R131A) in the transduced SGC1
cells was confirmed by Western blotting with an anti-FLAG poly-
clonal antibody (upper panel).

(18). While the M33(R131Q) mutant used in that study failed
to initiate G, signaling and NFAT transcription, the possi-
bility that the M33(R131Q) mutant would retain the ability to
activate G protein-independent signaling pathways was not
pursued. Our study is the first to demonstrate the modulation
of intracellular signal transduction pathways from a viral
GPCR in the absence of G protein signaling. Studies on a
DRY mutant of the cellular angiotensin II type 1A GPCR,
which fails to activate G proteins, demonstrated spatially and
temporally distinct MAPK responses compared to signaling
from wild-type receptors, suggesting potential differences in
physiological responses may exist in vivo (1). Although not
sufficient for MCMYV replication in salivary glands, G protein-
independent M33 signaling through p38 and/or NF-kB may
play a supporting role in salivary gland replication or perhaps
even a more central role in other aspects of M33 function.
Identification of M33 mutants that retain G protein coupling

AINN 3LVLS NN3d Ag 9T0Z ‘9T Jequiardas uo /Bio wse’IAlj/:dny woly papeojumo(


http://jvi.asm.org/

8150 SHERRILL ET AL.

G-protein Dependent

GTP

u73122
— || GRK2/RH

IP, + DAG

—|l }

Ca%* PKC

l Ro-32-0432
BAPTA-AM

J. VIROL.

G-protein Independent

cytoplasm
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in the absence of Gy, signaling through an as-yet-defined mechanism(s).

and yet fail to initiate p38 and/or NF-«B signaling will help to
define the roles of these pathways during viral infection in vivo.

The G protein-independent mechanism by which M33 ini-
tiates p38 and NF-«B signaling remains unknown. A potential
mechanism for M33-induced p38 phosphorylation could be the
involvement of B-arrestin proteins, which bind to phosphory-
lated receptors during the desensitization process. Desensi-
tized receptors have been shown to trigger second waves of G
protein-independent signals through the scaffoldlike proper-
ties of B-arrestin, which allows for the formation of multicom-
ponent signaling complexes (22, 51). Moreover, B-arrestin-
dependent p38 activation has been shown for both cellular
GPCRs and the HCMV GPCR US28 (10, 50, 71). In the case
of US28, a truncation mutant lacking the B-arrestin binding
domain in the carboxy terminus was defective in its ability to
induce maximal levels of p38 phosphorylation compared to
wild-type US28 (50). M33 has been shown to be phosphory-
lated by GRK2 and could thus be subject to B-arrestin-medi-
ated desensitization as a mechanism to stimulate p38 sig-
naling (66).

Based on our data, it appears that viral receptors such as
M33, which constitutively activate PLC-$3, do not necessarily
alter the steady-state levels of intracellular Ca®*. Thus, the
effects of PLC- appear to be primarily mediated by DAG and

the Ca®"-independent PKC isoforms but not by IP; and Ca*".
It is possible that chronically high levels of IP; effectively de-
sensitize the Ca®* channels or that Ca>* homeostasis is re-
stored via alternative mechanisms. Currently, the direct impact
of M33-stimulated PKC or CREB activation on MCMYV patho-
genesis in the salivary glands remains undetermined. MCMV
infection of the submaxillary salivary gland occurs primarily
within the acinar epithelial cells (33). These specialized cells
form the apical lining of the salivary gland and constitute the
major source of saliva secretion (54). Since CREB has also
been shown to stimulate saliva secretion, M33 activation of
G,/11 and CREB within the salivary gland could potentiate the
spread of MCMV to other cells within the salivary gland or
even MCMYV transmission from host to host (79). Enhanced
PKC activity toward CREB (or other transcription factors)
could also stimulate the expression of MCMYV genes or cellular
genes essential for viral growth in the salivary glands. Use of
isoform-specific PKC inhibitors has revealed that novel PKC
isoforms are necessary for MCMV IE1 and E1 protein expres-
sion and the establishment of MCMYV infection in vitro (43). It
remains possible that M33 could augment the effects of other
MCMYV gene products such as M50 and M53, which have been
shown to enhance PKC phosphorylation and destabilize nu-
clear lamins, allowing for nuclear egress of nascent MCMV
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capsids (53). Finally, PKC could be more broadly involved in
the modulation of organ-specific immune response such as the
induction of T-cell tolerance that has been observed in
MCM V-infected salivary glands (34).

Using MCMYV as a model for CMV GPCRs, we have defined
the molecular pathway between G, coupling and CREB
activation by the MCMV GPCR M33 and suggest that this
pathway appears to be critical for MCMYV replication in the
salivary gland. Utilizing pharmacological or genetic inhibitors
of PLC-B, PKC, or CREB may prove to prevent MCMYV per-
sistence within the salivary gland. The similarities observed
between M33 and US28 signaling could suggest a comparable
requirement for US28-dependent G protein signaling through
PLC-B/PKC and CREB for efficient replication of HCMV in
vivo. Perhaps inhibition of US28 signaling pathways could pro-
vide future therapeutic alternatives for treating persistent
HCMYV infection.
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