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Roles of G-protein-coupled receptor signaling in cancer biology

and gene transcription

Bryan D Spiegelberg and Heidi E Hamm

G-protein-coupled receptors (GPCRASs) are ubiquitous
mediators of signal transduction across mammalian cell
membranes. Among other roles, GPCRs are known to regulate
cellular motility, growth and differentiation, and gene
transcription, three factors central to the biology of cancer.
Because GPCRs are tractable drug targets, mechanisms by
which receptors and their associated proteins impact cellular
transformation and metastasis might lead to novel cancer
therapies. Recent work has elucidated mechanisms explaining
correlations between cancer progression and the expression of
GPCRs, such as a protease-activated receptor (PAR1}, and G-
proteins, such as Gaygya. Of special interest, the discovery of
novel nuclear roles for heterotrimeric G-proteins expands the
direct impact of G-protein signaling on processes fundamental
to the pathology of cancer.
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Introduction

G-protein-coupled receptors: signal transduction and
involvement in human disease

G-protein-coupled receptors (GPCRs) are crucial inter-
mediates in the transmission of extracellular information
into intracellular responses. Activated GPCRs typically
control cellular physiology by releasing the signaling
potential of inactive heterotrimeric G-proteins [1]. These
inactive heterorrimers consist of a4 guanine diphosphate-
bound Gea subunit, which maintains a high affinity for a
Gpv funcrional monomer, Upon activation by a cognate
ligand or signal, a GPCR catalyzes the exchange of GTP
for GDP on the Ge subunit, resulting in a decreased
affinity of Ga for Gy, This alteration causes dissociation
of the subunits [1] or rearrangement of the heterotrimer
[2], allowing Ga and Gy to interact with and to modulate
the activities of a diverse and growing repertoire of
effector molecules [1,3].

Aberrant functioning of GPCR pathways leads to several
important human diseases, inchuding endocrine and
vision disorders [4]. Accordingly, GPCR-mediated signal-
ing holds a position of prominence in clinical pharmacol-
ogy [5,6]. In cancer therapy, however, GPCR-targeted
drugs are used only peripherally. For instance, GPCR-
targeting analgesics, such as the opioid receptor agonist
oxycodone (Oxycontin), are used in pain management,
Here, we review recent advances that have revealed
fundamental links between GPCR-mediated pathways
and cancer biology and gene transcription. Thus, foture
chemotherapy development might be poised o take
advantage of the vast knowledge of GPCRs and their
ligands.

This review highlights recent data linking G-protein-
coupled receptors and their intracellular messaging part-
ners, heterotrimeric G-proteins, to the biology of cancer,
We emphasize the burgeoning field of nuclear hetero-
trimeric G-proteins and discuss potential implications for
a direct regulation of gene transcription by heterotrimeric
G-proteins.

GPCRs in cancer biology

Although GPCRs and heterotrimeric G-proteins have not
garnered the notoriety of p53, Ras, PTEN (Phosphatase
and tensin homologue deleted on chromosome ten) or
other noteworthy oncogenes and tumor suppressors, a
large body of evidence links aberrant G-protein signaling
to cancer development and progression. For example, a
recent examination of publicly available gene expression
data identified a variety of types of GPCRs that are
overexpressed in diverse types of cancer tissues {7].
Causal relationships have been established by the dis-
covery of the transforming abilities of cercain GPCRs [8]
and heterotrimeric G-proteins [9-11],

Bome GPCRs have clear functional links to cancer biol-
ogy. For example, the role of chemokine receptors in
regulating cellular movement dove-tails well with their
prominent position in cancer cell merastasis [12], Simi-
larly, the normal function of growth factor receptors, such
as the Endothelial differensiation genc (EDG) phospholipid
receptors, parallels the involvement of the Lysophospha-
tidic acid {LPA) EDG receptor in aberrant growth and
differentiation in prostate cancer [13],

The links between cancer and somme GPCRs, by contrast,
are somewhat more cryptic. For example, Protcasc-acti-
vated receptor 1 (PAR1}, the receptor for the coagulation
factor thrombin, most notably functions within the
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cardiovascular system [14]. Interestingly, PARI was iden-
tified as a strong transforming factor in an expression
screen in NIH3T?3 fibroblasts [15]. It also has been shown
to be involved in mediating the invasiveness of several
types of cancer, including melanoma [16], breast cancer
[17] and prostate cancer [18,19], As such, the molecular
mechanisms underlying the relationship between PAR1
and cancer biology have been studied intensively [20].
Signaling through PARI-activated Gayy, has been found
o exert a dominant-negaiive effect on tumor progression
and invasiveness [21]). The positive effects of other
heterotrimeric G-proteins activated by PARY, including
Gy, Gog, and Goryz3, can be unmasked ## vizro through
the inhibition of Gay, [21,22]

The role of endogenous thrombin in the mediation of
metastasis through PARI is uneclear,"T'hus, the discovery
of a novel PAR1-activating factor has promoted zdditional
interest in the cancer biology of this receptor. Matrix
metalloprotginase 1 (MMP1), an enzyme that has been
linked to cancer progression through its role in degrading
the extracellular matrix [23], was found to unveil the
tethered ligand of PARI by a mechanism similar to that
of thrombin [24°,25]. Morcover, MMP1 activity, probably
supplied by surrounding fibroblasts and not the tumor
cells themselves, is sufficient to activate the pro-invasive
activity of the receptor [24°]. This finding suggests a
model by which normal cells provide tumor-promoting
signals and has led to the proposal of novel therapeutic
regimes {24°].

G273 proteins in metastasis

The oncogenic potential of GPCRs is the result of a
complex interplay among downstream heterotrimeric
G-proteins, The transforming potential of various classes
of Ga subunits have been discovered through averexpres-
sion of constitutively active mutants. Interestingly, Goyy
13 proteins seem to be the most potent oncogenes,
because they comprise the only family for which over-
expression of wild rype proteins has been found to be
cransforming [9,10], Recent work has linked the enig-
matic Gotyzy3 family to proteins involved in cell migration
and thus to imporiani processes mediating cancer cell
invasion. Although immediate downstream effectors of
Goyz and Goyz are continually emerging [26], intriguing
biological interactions with cell-survival signals such as
mitogen-activated protein kinase (MAPK) cascades and,
especially, monomeric G-proteins (e.g. Ras, Rac and Rho
9]} have placed these proteins in a position of promi-
nence with regard to aberrant cell growth. For example,
overexpression of either wild type or constitutively active
mutanits of Geyp and Geys has revealed potent transform-
ing ability in several /u vitre model systems [10].

In addition to its apparent involvement in the anomalous
growth patterns leading to tumor development, recent
rescarch has demonstrated a striking impact of Goygys

signaling on the cellular invasiveness underlying tumors’
metastatic potential, In a pair of reports, for example,
Kelly er al. [27,28%] showed that Gotygys signaling had no
effect on cell growth in both breast cancer and prostate
cancer models. However, overexpression of a constitu-
tively active mutant of Goy; augmented cellular move-
ment in # witre models [27,28%]. This enhancement was
mirrored in ## pipe models in which inhibition of Gay,
or downstream signaling significantly inhibited the
invasiveness of engineered tumors [27,28°%].

Although signaling through Rho clearly plays a major role
in this aspect of G313, at least some of the effect has been
found to be Rho-independent [28°]. Thus, a contributor
to the impact of G513 on cancer biology might be a novel
direct interaction with cadherins, a family of integral
membrane proteins involved in mediating cell-gell adhe-
sion. Gaygna has been reported to interact with the
cytoplasmic domain of cadherins, altering their interac-
ton with eytoplasmic proteins such as B-catenins [29,30].
Interestingly, binding by Ga; also regulates extracellular
functions of E-cadherin [31]. In particular, Meigs e a/.
discovered that this inside-out regulation negatively
impacts the ability of E-cadherin to mediate cell-cell
adhesion [32], suggesting that the role of G5 in cancer
progression is more direct than previously appreciated.

G-proteins in the nucleus

Given that aberrant gene expression is a major factor in
cancer, interactions between G-proteins and transcription
are of fundamental importance, Indirect effects of G-
protein signaling on gene transcription have been well
established. For instance, both Ga- and GRvy-dependent
mechanisms are major modulators of MAPK signaling
cascades [33], leading to phosphorylation and activation
of tanscription factors and other partner proteins [34].
Recent discoveries of several novel roles for G-proteins
suggest that direct effects augment the classical effects of
G-proteins on gene expression (Figure 1), In this regard,
GPCR signaling is similar 1o other cell surface recepror
paradigms that also participate in direct communication
with the nucleus, For example, a proteolytic fragment of
the receptor tyrosine kinase ErbB4 translocates to the
nucleus and interacts with transcriptional machinery
[35,36]. Similarly, stimulation of the Notch receptor leads
to the translocation of the intracellular domain to the
nucleus, where it serves as a transcriptional activator and
plays emerging roles in oncogenesis and cancer biology.

Direct intranunclear effects of the canonically plasma
membrane-localized heterotrimeric G-proteins should
not be surprising, for several reasons. First, the subeeliular
distribution of G-proteins and their associated factors
appears to be quite dynamic within the living cell. In
several systems, for example, internalization of hetero-
trimeric G-proteins has been found to mirror that of the
receptor  upon  phosphorylation and  desensitization
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Figure 1
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A central role for GPy In regulation of gene exprassion, Signaling through-
Gf~ influences gene expression through several classical pathways
inveolving the enzymes phospholipase CB (PLCPR) and adenylyl cyclase
(AC), and thus the secondary messengers Ca®* and cAMP, as well as
mitogen-activated kinase (MAPK) cascades, Recently, several direct,
Intranuclear connections between G+ and gene transcription have
been desctibed, involving the transcription factors MEF2C and GR as
well as the co-regulators HDAGCS and AEBP1.

{37,38]. Second, there is a precedent for the localization of
populations of heterotrimeric G-proteins within the
nuclens as well as other intracellular organelles [39].
Recent data have suggested a dynamic trafficking of
one G-protein isoform, GB35, between the plasma mem-
brane and the nucleus [40]. G35 had been cbscrved
within the nucleus of several cell types [41], but the
discovery that the protein R7BP associates with the
Gps binding partner RGS7 [427,43] enabled the identi-
fication of a mechanism for nuclear impore. R7BP is
reversibly palmitoylated, a modification that defines its
subeellular distribution and enables a shuttling between
the nucleus and the plasma membrane [40]).

The idea that G-protein signaling may directly affect
gene transcription came with a series of discoveries that
G-proteins can interact with and affcct the activicy of
proteins directly involved with transcription. First, Park
et af. [44] discovered through a yeast two-hybrid screen
that the transcriptional co-repressor Adipocyte enhancer-
binding protein (AEBP) binds directly to Gqs. This
interaction results # vépp in an inhibition of the transcrip-
tional co-repression activity of AEBP [44]. Moreover,
levels of Gwys protein correlate inversely with AEBP
activity following the application of adipogenic stimula-
rion, sugpesting a funcrional link hetween particular iso-
forms of Gy and AEBP i» sizn [44].

Secand, Kino & ¢/, [45""] showed convincingly that cano-
nically plasma membrane-bound GRvy exists at least in
part in the nucleus, and that nuclear import is enhanced
through a novel interaction with a nuclear hormone
recepror, the ghicocorticoid receptor (GR), Through a
yeast iwo-hybrid screen, the authors discovered thar GR
interacis directly with both a GB isoform and a structural
homolog, recepror for activated C-kinase 1 (RACKI).
G~y activation, through overexpression or stimulation

of a GPCR, results in a significant inhibition of the
transcriptional activity of GR, mirrored by an accumula-
tion of GP+y at GR elements [45°"]. These results further
the findings of Park er 4/, [44] by suggesting that the
modulation of transcription by heterotrimeric G-proteins,
GPBy in particular, is not confined to a particular transcrip-
tion factor or biological system.

Although not involving heterotrimeric  G-proteins
directly, a third report has further solidified the role of
GPCR signaling in the regulation of transcription.
B-arrestinl (Barrl), which is typically considered as a
cytosolic protein mediating both the desensitization of
receptor signals and the coupling of activated receptors to
certain downstream pathways [46], has been shown to
cycle between the nucleus and the cytoplasm [47,48"].
Kang ef /. [48""] demonstrated that nuclear entry can be
influenced strongly by the activation of specific GPCRs,
in particular the Gjp,-coupled 8-opicid recepror, More-
over, this research demonstrated a potential mechanism
by which intranuclear Barrl influences transcription: the
regulation of histone acetylation at particular promoter
sites. Intranuclear Barrl interacts with the histone acet-
ylase p300 and recruits it to specific regions within the
chromosome, resulting in enhanced transcription of target
genes, including p27 and c-fos [48%°]. Nuclear import of
Barrl and rtranscriptional regulation occur rapidly in
response o d-opioid receptor agonist challenge, further
suggesting that GPCRs can communicate directly with
the nucleus and transcription factors [48°°].

Finally, through a yeast two-hybrid screen, we identified
another novel G-protein-interacting molecule that sug-
gests a role for G-proteins in the nucleus [49]. We found
that GPvy interacts directly and in a signal-responsive
manncr with two class Il histone deacetylases, HDAC4
and HDDACS {49]. Through this direet interaction, GRy
activation causes an augmenidation of transcription
mediated by the HDACS5-responsive transcription factor
MEFZC [49]. Thus, we concluded that GB«y is an inhi-
bitor of the transcriptional co-repression activity of cerrain
HDACS.

In addressing the mechanism by which Gfvy impacts the
biological activity of HDACS, we discovered that GPy
direcily interacts with both the N and the C termini of the
enzyme (BD Spiegelberg and HE Hamm, unpublished).
The known transcription factor binding site resides in the
large N-terminal domain of the enzyme [50]; therefore,
we predicted that Gy binding to this region would
interferc competitively with its ability to bind to MEF2C.
In investigating this point, however, we found that
instead of inhibiting HDAC5-METF2C complex forma-
tion, GRvy acwally binds directly to MEF2C as well,
thereby suggesting that the GRy-HDACGCS interaction
exists as part of a much larger complex and that the
inhibition of the biological activity of HDACS takes
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the form of an allesteric diminution of catalysis (BD
Spiegelberg and HE Hamm, unpublished).

Conclusions

GPCRs represent a rich source of validated drug targets
in several therapeutic regiments [5,6]. As more data
linking these systems to the development and progres-
sion of cancer emerge, GPCRs and their associated
faciors will become increasingly attractive as targets for
novel strategies targeting rumors and metastasis, Particu-
larly exciting in this regard is the rapidly growing field
linking G-proteins directly to normal and aberrant gene
transcription.
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