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Abstract

Apoptosis, a programmed cell death mechanism, is a fundamental process during the normal
development and somatic maintenance of all multicellular organisms and thus is highly conserved
and tightly regulated through numerous signaling pathways. Apoptosis is of particular clinical
importance as its dysregulation contributes significantly to numerous human diseases, primarily
through changes in the expression and activation of key apoptotic regulators. Each of the four families
of heterotrimeric G proteins (Gs, Gijo, Gg/11 and Gy/13) has been implicated in numerous cellular
signaling processes, including proliferation, transformation, migration, differentiation, and
apoptosis. Heterotrimeric G protein signaling is an important but not widely studied mechanism
regulating apoptosis. G protein Signaling and Apoptosis broadly cover two large bodies of literature
and share numerous signaling pathways. Examination of the intersection between these two areas is
the focus of this review. Several studies have implicated signaling through each of the four
heterotrimeric G protein families to regulate apoptosis within numerous disease contexts, but the
mechanism(s) are not well defined. Each G protein family has been shown to stimulate and/or inhibit
apoptosis in a context-dependent fashion through regulating numerous downstream effectors
including the Bcl-2 family, NF-xB, PI3 Kinase, MAP Kinases, and small GTPases. These cell-type
specific and G protein coupled receptor dependent effects have led to a complex body of literature
of G protein regulation of apoptosis. Here, we review the literature and summarize apoptotic signaling
through each of the four heterotrimeric G protein families (and the relevant G protein coupled
receptors), and discuss limitations and future directions for research on regulating apoptosis through
G protein coupled mechanisms. Continued investigation in this field is essential for the identification
of important targets for pharmacological intervention in numerous diseases.
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|. OVERVIEW OF CELL DEATH AND APOPTOSIS

The regulation of cell death is highly conserved throughout evolution and is a critical process
in nearly all human diseases. Cell death is also a part of normal development and maintenance
of somatic tissues. Cell death can occur through two distinct mechanisms: apoptosis, an ordered
and programmed process, and necrosis, an accidental and fairly unordered process [1]. Necrosis
is usually a disorderly process characterized by inflammation, release of cytoplasmic content
to the extracellular space, and subsequent widespread tissue damage. Necrosis typically occurs
in response to extreme or extensive cellular or tissue damage. On the other hand, apoptosis
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(summarized in Fig. 1) is a highly conserved programmed cell death mechanism that
morphologically consists of nuclear membrane fragmentation, chromatin compaction and
fragmentation, and cell disintegration through membrane blebbing; these apoptotic bodies are
then quickly ingested and degraded by professional phagocytes and neighboring cells,
preventing inflammation and tissue scarring [2-4]. Apoptosis is of major clinical relevance
because dysregulated apoptosis caused by the suppression, overexpression, or mutation of key
apoptotic regulators contributes significantly to numerous human diseases [5]. Major diseases
involving dysregulated apoptosis include polycystic kidney disease, ischemic heart disease,
stroke, hepatitis B and C, and type 1 diabetes mellitus, among many others. While cell death
has been classically divided into these two mechanisms, this dichotomy is excessively
restrictive and fails to recognize the heterogeneity in mechanisms and morphological responses
in cell death. Appreciation of the complex nature of these processes is evident by the evolution
of new nomenclature such as necroptosis [6], a process comprising cell death mechanisms that
overlap both mechanistically and morphologically with apoptosis and necrosis. As cell death
research progresses, it will be important to recognize the heterogeneity of cell death
mechanisms.

Apoptosis is classically stimulated through two major pathways (see Fig. 1), the intrinsic
pathway (mitochondrial pathway) and the extrinsic pathway (death-receptor pathway), and
each is associated with unique stimuli and independent signal transduction cascades. Both
pathways converge downstream on the activation of Caspase-3 (Fig. 1), the cysteine aspartyl
protease that initiates most of the aforementioned morphological changes associated with
apoptosis. Activated Caspase-3 has a number of substrates, including Caspase Activated
DNAse (CAD), the nuclease responsible for apoptosis-associated DNA fragmentation. The
extrinsic pathway results from stimulation of death receptors, primarily consisting of the tumor
necrosis factor (TNF) receptor superfamily, and is mediated by Caspase-8 [7,8] upstream of
Caspase-3. The TNF receptor superfamily comprises more than 20 proteins with various
functions, including the regulation of proliferation, apoptosis, and differentiation. These
receptors are highly homologous, with cysteine-rich extracellular domains and 80 amino acid
intracellular “death domains” that are critical in the transduction of extracellular signals [9].
The major apoptosis regulating receptors of this family include CD95 (FAS) and TNF-related
apoptosis-inducing ligand (TRAIL) receptor. Binding of ligand to the receptor leads to receptor
trimerization and recruitment of adaptor molecules, including FAS associated Death Domain
(FADD). Binding of FADD recruits Procaspase-8 directly to the activated receptor complex.
Procaspase-8 is activated to Caspase-8 at the receptor through self-cleavage and in turn
activates Procaspase-3 to Caspase-3, leading to downstream apoptosis [10]. The extrinsic
pathway is essential for normal development and modulation of the immune system and has
been shown to be prominently dysregulated in various cancers. Many resistant forms of tumors
show either downregulation or complete suppression of death receptor expression, suggesting
that this may be a major mechanism of cancer cell immortalization [9].

The intrinsic apoptosis pathway (Fig. 1), mediated by the Bcl-2 family of proteins and
Caspase-9, is a general response to cell damage, improper proliferation signals, and growth
factor deprivation. The Bcl-2 family (reviewed in [11,12]), consisting of both pro-apoptotic
and anti-apoptotic proteins, is an important checkpoint of the intrinsic apoptosis pathway. The
relative activity of the pro-apoptotic and anti-apoptotic Bcl-2 family members is a major
determinant of whether apoptosis will be initiated. The major anti-apoptotic proteins of this
family include the constitutively expressed Bcl-2 and the inducible Bcl-xL. The pro-apoptotic
members of the family are typically divided into transmembrane proteins, which include BAX
and BAK, and membrane associated and cytosolic effectors, including BID, BIM, BAD, and
others. Bcl-2 is an important cell survival protein: its over-expression increases the survival of
cells in various adverse circumstances including loss of cell adhesion [13] and even y-
irradiation [14], and it has been implicated in numerous proliferative and degenerative
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disorders, including various lymphomas [15], juvenile parkinsonism [16], Alzheimer’s
dementia [17] and cystic kidney disease [18]. Deletion of Bcl-2 results in numerous disorders,
including polycystic kidney disease with death of renal epithelial progenitors, melanocyte
progenitors, and lymphocyte progenitors [12]. Bcl-2 is a transmembrane protein localized in
the outer mitochondrial, endoplasmic reticulum and perinuclear membranes that under
proliferative and anti-apoptotic (pro-survival) conditions heterodimerizes with pro-apoptotic
BAX or BAK to form a stable, non-conductive complex [19]. Under pro-apoptotic conditions,
Bcl-2 is inactivated and BAX or BAK homodimerize and catalyze mitochondrial outer
membrane permeabilization and the formation of the mitochondrial apoptosis-induced channel.
This leads to the efflux of Cytochrome C, which activates Apaf-1 [11,19]. Apaf-1 catalyzes
the conversion of Procaspase-9 to active Caspase-9, triggering the caspase cascade (reviewed
in [20]), leading eventually to Caspase-3 activation and apoptosis. Bcl-2 function is regulated
by phosphorylation through several kinases and phosphatases; phosphorylation of Bcl-2
prevents dimerization with BAX and targets Bcl-2 for degradation through the proteasome
pathway, and additional mechanisms regulate Bcl-2 transcription and translation [21]. Pro-
apoptotic Bcl-2 family proteins include the BH3-only proteins, such as BAD and BID, which
regulate Bcl-2 functionality through direct interactions. Regulation of the intrinsic pathway by
such factors as the inhibitors of apoptosis (IAP), which associate with and inhibit activated
cytosolic caspases, is an important additional level of control. During pro-apoptotic signaling,
inhibitors of IAPs, including Smac/Diablo and Omi/HtrA2 promote the maintenance of caspase
activity, leading to cell death (reviewed in [22]).

It is now recognized that there is significant overlap between the intrinsic and extrinsic
pathways. Bcl-2 family members have been shown to participate in extrinsic pathway
mechanisms, and concordant activation of both the intrinsic and extrinsic pathways has also
been observed. As the complexities of these pathways are slowly being unraveled, new
complexities continue to arise in this original paradigm.

Il. OVERVIEW OF G PROTEIN SIGNALING

Among the many important regulators of the apoptotic cascades are the guanine nucleotide
binding proteins (G proteins). G proteins are important cellular signal transduction molecules
that consist of two major groups: the small monomeric GTPases and the heterotrimeric G
proteins. Both classes of G proteins regulate numerous cellular processes including
proliferation, differentiation, junctional assembly, apoptosis, and motility [23]. G proteins are
unified by a common activation mechanism involving conformational changes with GTP/GDP
exchange, and there are many overlapping signal transduction pathways. To some extent, the
functions of monomeric and heterotrimeric G proteins are divergent: monomeric GTPases are
typically downstream of receptor mediated events, while heterotrimeric G proteins primarily
transduce extracellular signals from cell surface receptors. As such, we focus this review on
heterotrimeric G proteins which are readily targeted through their highly specific cell surface
receptors and are thus primary therapeutic targets.

Because the interaction of heterotrimeric G proteins (henceforth referred to as G proteins) with
plasma membrane receptors places them at the earliest step in cellular signal transduction
pathways, there is great potential for modulating down-stream signaling through drugs that
bind to the cell surface receptors. G protein coupled receptors (GPCRs) are a diverse family
of proteins important for cellular responses to hormones, neurotransmitters and sensory stimuli
and are essential for nearly all aspects of cellular function. Furthermore, GPCRs are highly cell
type specific and thus present a selective therapeutic target. G proteins consist of Ga, and
Gpy subunits, and are grouped into four major families. The families are named for the Ga
subunit, and in humans, there are 21 Go subunits encoded by 16 genes, 6 G subunits encoded
by 5 genes and 12 Gy subunits. The four main G protein families are Gg, Gj, Gy, and Gy,
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(reviewed in [24]). Gag is ubiquitously expressed and activates adenylylcyclase and some
calcium channels. The second family of G proteins comprises Gaj, Gag, Ga; (transducin) and
Goy. Gaj is found in all tissues, and Gy is found in largest amounts in the brain and heart. The
Gog family primarily stimulates the activity of polyphosphoinositide-specific phospholipase
C B (PLCB). The Gag family is important in regulation of intracellular calcium through the
generation of IP3 and diacylglycerol and is especially important in cardiac and neuronal signal
transduction. The Gayo/13 protein family (reviewed in [25,26]) consists of the ubiquitously
expressed members Gayo and Gass, and they regulate a variety of cellular responses including
proliferation [27], transformation [28], tight junction assembly [29-31], directed cell migration
[32], regulation of the actin cytoskeleton and stress fiber formation [33]. Gay2/13 activation of
Rho signaling has been directly demonstrated through RhoGEF proteins (p115-RhoGEF, PDZ-
RhoGEF, and others) that also contain RGS domains [25,34]. Ga9/13 are potent oncogenes in
some cell types [35,36], and are up-regulated in breast and prostate cancer cells with high
invasion potential [37,38].

The mechanisms of signal transduction through G proteins have been partially defined by
elegant crystallographic studies of G proteins in different conformations (reviewed in [24]).
Ga subunits are composed of a GTPase domain (shared with monomeric G proteins) and a
helical domain. The GTPase domain binds guanine nucleotides and contains the
conformationally sensitive regions necessary for GTP hydrolysis. In addition, the GTPase
domain contains the interaction sites for the Gpy dimer. The helical domain is unique to
heterotrimeric Go. subunits and its functions are not well-characterized. All Ga subunits (except
transducin) are palmitoylated at the N-terminus and several are also myristoylated. These
modifications are important for interactions with the Gy subunit and the plasma membrane.
Exogenous toxins are also capable of modifying specific Go subunits. Gag is ADP-ribosylated
by cholera toxin, resulting in its constitutive activation. Conversely, Gaj, Gag, and Gay are
ADP-ribosylated by pertussis toxin, which uncouples it from its receptor and prevents GTP/
GDP exchange, leading to inactivation. The Gp subunit is a protein composed of seven WD40
sequence repeats and forms a seven-bladed propeller. The GB N-terminus interacts tightly with
the Gy subunit through a coiled-coil interaction and Gy cannot be dissociated from Gp except
under denaturing conditions. Membrane interactions of Gy are facilitated by isoprenylation
of Gy on its C-terminus.

In the resting state, G protein coupled receptors form a stable complex with GDP-liganded
Gapy (Fig. 2). When agonists bind to GPCRs, there are conformational changes in the
cytoplasmic domains of the receptor that alter Go conformation and lead to GDP release from
Go. Cellular GTP concentration exceeds GDP by several-fold favoring the binding of GTP to
Ga. GTP binding induces conformational changes in Ga, leading to changes in the orientation
of Ga with the receptor and dissociation from Gy subunits. Thus, new interactions of Go. and
Gpy with down-stream effectors are initiated, leading to signal transduction. The duration of
activation varies and is determined by rate of GTP hydrolysis on Ga.

The major issue of signaling specificity from a vast number of receptors through a limited
number of G proteins remains only partially understood. Some specificity resides in the
interactions of receptors with specific G proteins, but there is significant overlap and many
other mechanisms are likely to account for the unique cellular responses initiated by agonist
binding to a GPCR. Evidence now suggests that subcellular localization of signaling molecules
into discrete microdomains, differences in the stoichiometry of receptors and G proteins, post-
translational modifications of G proteins, and interactions with other proteins including
scaffolding or regulatory proteins are all important for establishing signaling specificity. In the
past several years, additional families of proteins that regulate the canonical G protein cycle
have been identified. These include the large family of RGS proteins (Regulators of G protein
Signaling) that interact with GTP-liganded Go subunits and stimulate the intrinsic GTPase
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activity of Ga (GAP function) (reviewed in [39,40]). Another family of regulatory proteins is
the GPR (G protein Regulator) family consisting of proteins that share a conserved motif
(Goloco). These proteins bind to GDP-liganded Ga subunits to form a stable complex and
inhibit GDP release (reviewed in [41]). Finally, non-receptor proteins can also activate G
protein signaling (activators of G protein signaling — AGS) (reviewed in [42]) through non-
classical mechanisms. G proteins have also been found to couple directly to a variety of single
transmembrane domain receptors, including receptor tyrosine kinases, integrins, insulin and
insulin-like growth factor receptors, and others (reviewed in [43]). There is now recognition
for broad cellular roles for G proteins in many cellular processes beyond the initial GPCR/
Ga interface at the plasma membrane and include vesicular trafficking, protein processing
through the Golgi, cytokinesis [44,45], as well as cell growth and other fundamental cellular
properties including apoptosis.

Signaling through G proteins is an important mechanism regulating apoptosis. Numerous
studies have implicated signaling through each of the four G protein families to regulate
apoptosis, but the mechanism(s) are not well defined. Most results in the literature are cell type
and stimulus specific, so clear themes have been slow to emerge. This review will summarize
the available data on the role of each G protein family in pro-apoptotic and anti-apoptotic
pathways, discuss limitations of the available literature and highlight some emerging themes.
With further elucidation of these pathways, modulation of G protein signaling by targeting
specific GPCRs or Ga subunits may prove to be an important and effective therapeutic strategy
in the treatment of numerous human diseases.

[ll. REVIEW OF LITERATURE ON G PROTEIN REGULATION OF APOPTOSIS
A. Gag and Apoptosis

Gog has been implicated in numerous pro-apoptotic and anti-apoptotic pathways and this
literature is summarized in Table 1. The most prominent paradigm of Gog signaling involves
the cyclic adenosine monophosphate (CAMP) and protein kinase A (PKA) pathways. In many
cell types, activation of Gog leads to induction of adenylylcyclase, increasing intracellular
CcAMP levels and leading to activation of PKA. Downstream signaling through PKA leads to
the eventual physiological effect of Gog activation. While most studies of apoptosis involving
Gag have implicated this pathway, several involve cCAMP-independent induction of apoptosis
as well.

Studies of Gag in neuronal cells have led to conflicting findings, and these are summarized in
Table 1, Rows 1-3. Gag overexpression in neuronal cells increased sensitivity to apoptotic
stimuli independent of cAMP and PKA activity. Specifically, overexpression of Gag in the
SH-SY5Y neuroblastoma cell line augmented apoptosis induced by serum starvation, hydrogen
peroxide and tunicamycin. However, in this same SH-SY5Y neuroblastoma cell line, the
transgenic expression of a constitutively activated Gag inhibited hydrogen peroxide induced
apoptosis by preventing the transcriptional upregulation of BAK and downregulation of Bcl-
XL [46]. Similar effects were seen upon treatment of non-transfected SH-SY5Y cells with
prostaglandin E2, a Gag agonist, and these effects were mediated by cAMP production and
PKA activation. PKA activation in turn led to the inhibition of the transcription factors AP-1,
Nf-kB, and NFAT [47]. In interpreting these results, the physiological relevance of
overexpression systems must be carefully considered. It is possible that overexpression of
Gag induces non-physiological apoptosis, but activation of endogenous Gag through receptor
(such as prostaglandin E2) mediated mechanisms may indeed be anti-apoptotic. Further studies
will be necessary to resolve these issues.

In cardiomyocytes (Table 1, Rows 4-6), Gog activation by both the f1-adrenergic receptor and
Bo-adrenergic receptor led to a pro-apoptotic state. These effects were modulated by
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downstream activation of adenylylcyclase and PKA. However, activation of the B,-adrenergic
receptor also induced dominant anti-apoptotic effects through Ga,; signaling (discussed
subsequently), suggesting the possibility of reciprocal regulation of apoptosis through different
Go families in cardiomyocytes. Selective inhibition of Ga; with pertussis toxin in myocytes
allowed for the examination of Gas-specific pro-apoptotic signaling [48]. Similarly, transgenic
mice overexpressing Gog in cardiomyocytes using the a-myosin heavy chain promoter showed
a distinct cardiomyopathy characterized by myocytes with chromatin condensation, DNA
laddering and cellular vacuolization characteristic of apoptosis. CAMP levels and PKA activity
were increased. These mice also showed increased cardiomyocyte contractility in response to
B-adrenergic stimulation, suggesting that overexpressing Gas amplifies B-adrenergic signaling
in the heart. This may be a mechanism by which apoptosis is induced [49]. Taken together,
these findings in cardiac myocytes are consistent with Gog stimulated apoptosis, although the
physiologic relevance of overexpressing Gas is not clear. Studying the activation of
endogenous Gag will present a clearer physiological picture.

In pancreatic islet B-cells (Table 3, Rows 7-10), Gags mediates glucagon-like peptide 1 and
incretin hormone signaling, which promote p-cell survival and insulin release. -cell specific
Gog knockout mice showed significantly increased p-cell apoptosis and symptoms of diabetes
mellitus, including severe hyperglycemia and glucose intolerance. The pro-survival effects of
Gog in B-cells may be mediated by downstream cAMP/PKA stimulation of insulin receptor
substrate 2 (IRS2), although this study found primarily IRS2-independent effects [50].
Additional studies have also implicated ghrelin, a hormone produced by the gastric P/D1 cells
and hypothalamic arcuate nucleus that stimulates insulin secretion and glucose metabolism.
Specifically, ghrelin has been shown to activate cAMP/PKA mediated resistance to serum
starvation and interferon-y/tumor necrosis factor-o induced apoptosis in B-cells [51,52]. These
phenotypes were associated with elevated intracellular cCAMP levels, and inhibition of
adenylylcyclase with MDL12330A and KT5720 abrogated these anti-apoptotic effects.
Notably, ghrelin also stimulated B-cell proliferation through these same pathways. Similarly,
the overexpression of constitutively activated Gogs (2 Gas family member) in murine pTC-3
cells, a B-cell line derived from SV40-T transgenic mice, protected these cells from serum
withdrawal induced apoptosis. These effects were mediated by increased cAMP specifically
through the activation of adenylylcyclase | and VIII and presumably downstream PKA
signaling, although the precise mechanisms have not been established [53]. Taken together,
these findings suggest that in pancreatic p-cells, Gag may be necessary to prevent apoptosis
and its activation or overexpression may lead to inhibition of stimulated apoptosis.

In mouse S49 lymphoma cells, a model of T lymphocytes (Table 1, Rows 11-13), activation
of Gog by isoproterenol induced PKA-dependent apoptosis. Isoproterenol is a non-selective
B-adrenergic receptor agonist. Forskolin, an adenylylcyclase activator, also stimulated
apoptosis, suggesting that the effects of Gog activation are indeed predominantly mediated by
cAMP. These pro-apoptotic effects were completely blocked by concomitant overexpression
of Bcl-2 [54], implicating a predominantly intrinsic apoptosis cascade in this pathway. Gaog
may also induce a non-PKA dependent apoptosis in these lymphocytes. Specifically, in another
study, isoproterenol induction of apoptosis was blocked in S49 lymphoma cells with Gag
knocked out, but was not abrogated in PKA knockout S49 cells, suggesting PKA-independent
mechanisms of apoptosis induced by Gag. These effects were mediated by the Src family
kinase, Lck which is directly activated by Gas. Similar pathways of Gog mediated apoptosis
were also established in double positive (CD4*/CD8*) primary murine thymocytes grown in
culture [55]. Collectively, these studies suggest that Gog activation stimulates apoptosis,
although the signaling pathways may be both cCAMP/PKA dependent and independent.

Finally, in human cancers, Gag polymorphisms have been shown to correlate with clinical
outcome of various cancers. For example, the GNAS1 T393C mutation, which increases the
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transcription of Gosg, has been associated with more favorable clinical outcomes in breast
carcinoma [56], renal carcinoma [57], bladder carcinoma [58], colorectal adenocarcinoma
[59], chronic lymphocytic leukemia [60], and intrahepatic cholangiocarcinoma [61], although
the precise mechanisms remain to be established. It is possible that the increase in Gog
expression affects apoptosis. However, many activating Gog mutations have also been found
in various cancers, most of which activate Gag by inhibiting its intrinsic GTPase activity and
extending its active GTP-bound half-life. Such mutations have been found in various renal
carcinomas [62] and Gag activating mutations were found in 30% of juvenile ovarian granulosa
cell tumors [63]. When a constitutively activated Gog was expressed in MCF7 breast carcinoma
cells, tumorigenesis was inhibited, possibly through its pro-apoptotic effects. These effects
were mediated by downstream production of CAMP, activation of PKA and inhibition of
ERK1/2 signaling [64]. Thus, the precise role(s) of Gag in malignancy remain unclear at this
time, and it remains to be determined whether or not Gog regulation of apoptosis is an important
process in these cancers.

The experimental approaches to study Gog regulated apoptosis include Gog activation through
endogenous receptors, overexpression of wild type or constitutively active Gag protein and
Guag knockout in some animals/cell types. Each approach has particular advantages and
limitations, necessitating the use of multiple methods to conclusively define these phenotypes.
Because many early studies relied exclusively on single methods, it is difficult to draw
definitive conclusions. However, some clear patterns of Gog regulation of apoptosis begin to
emerge. In cardiomyocytes, the studies to date have been consistent and reveal a pro-apoptotic
effect of Gog activation through the B-adrenergic receptors. Similarly, in lymphocytes,
activation of Gog also has clear pro-apoptotic effects. On the other hand, in pancreatic p-cells,
expression and activation of Gag appears to be primarily anti-apoptotic. However, in neuronal
cell lines the limited studies have conflicting results and will require additional study. At this
time, it is also not possible to reach any conclusions about the potential role of Gog regulated
apoptosis in human cancers. Using multiple models will help clarify the exact roles of Gag in
these cell types, as will the use of other cell lines, primary cultures, and animal models.

B. Gaj, and Apoptosis

A large number of studies have examined the role of the Ga; family in regulating apoptosis
(Table 2). Unlike the studies with Gag, the results with Ga; are highly consistent. With few
exceptions, agonists and stimuli can be neatly categorized as pro-apoptotic (Table 2, Rows
1-9) or anti-apoptotic (Table 2, Rows 10-23). Although some members of the Ga;/, family
inhibit adenylylcyclase, lower cAMP levels and might be expected to decrease apoptosis, the
regulation of adenylylcyclase is complex (reviewed in [65]). Therefore, it is not surprising that
the effects of this family of G proteins on regulating apoptosis are also diverse (see Table 2).
Where adenylylcyclase was studied (Table 2, Rows 1,2 and 6), inhibition was associated with
increased apoptosis. There are also several examples where activation of Gog and Gao; have
similar effects on apoptosis, suggesting that adenylylcyclase independent pathways are
important in the regulation of apoptosis by these G proteins.

For example, in T lymphocytes, activation of Gag (discussed above) and Ga; both lead to
increased apoptosis in a highly contextual manner. CD47, also known as Integrin-associated
Protein, induces activation-dependent cell death in Jurkat T cells (a lymphoma derived cell
line), a process essential for immunological tolerance and contraction. The use of pertussis
toxin, a potent inhibitor of Ga;, completely abrogated this phenotype implicating Ga; in this
pathway. The inhibitory effects of pertussis toxin have been shown to be mediated by cAMP
and PKA [66] (Table 2, Rows 1,2). Thus, in lymphocytes, activation and inhibition of
adenylylcyclase through Gog and Ga, respectively can both lead to increased apoptosis in a
context dependent manner. Specifically, immature double positive thymocytes undergo
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apoptosis upon activation of Gag through B-adrenergic receptors, while mature CD3*/CD4*/
CD8" T lymphocytes (modeled by Jurkat cells) undergo apoptosis upon activation of Ga;. This
trend needs to be corroborated in future studies and may prove useful in immunomodulation.

CDA47 has also proved important in the immunological regulation of some cancers. Activation
of CD47 by monoclonal antibodies or thrombospondins, native ligands of CD47, in various
breast cancer cell lines led to a Gaj mediated increase in apoptosis [67] (Table 2, Row 2).
Activation of Goj by mastoparan, a wasp venom peptide, has been recently shown to induce
apoptosis in murine bone marrow derived macrophages. The mechanism involved increased
ceramide levels through the induction of acid sphingomyelinase, an important sphingomyelin
degrading enzyme whose deficiency is associated with Niemann-Pick Disease (Table 2, Row
3). Activation of PI3K and PKB pathways, which causes NF-xB nuclear translocation, was
also associated with this phenotype, and these effects were abrogated by pertussis toxin [68].
Importantly and in contrast, sphingosine-1-phosphate (S1P) has been shown to activate Go;
signaling in T lymphocytes to inhibit C6 ceramide induced apoptosis (discussed later) (Table
2, Row 14).

In SH-SY5Y neuroblastoma cells, overexpression of activated Ga;o led to an augmentation of
hydrogen peroxide induced apoptosis by inducing the expression of pro-apoptotic BAK,
promoting activation of Caspase-3 and Poly ADP-ribose polymerase (PARP). Similar effects
were seen with the activation of endogenous Gaj, with 2-chloro-N(6)-cyclopentyl-adenosine,
an adenosine Al receptor agonist [47] (Table 2, Row 4-5). In melanocytes from Oryzias
latipes, the Japanese Killifish, clonidine, an a2-adrenergic receptor agonist, stimulated
apoptosis through Ga,; by inhibiting cCAMP and PKA signaling, while yohimbine, an a2-
adrenergic receptor antagonist, prevented these effects. Norepinephrine, a natural a2 receptor
agonist, had similar effects which were also abrogated by yohimbine [69] (Table 2, Row 6).
Additionally, anti-proliferative and pro-apoptotic signaling in endometrial and ovarian
adenocarcinomas through leuteinizing hormone-releasing hormone (LHRH), also known as
gonadotropin-releasing hormone (GnRH), is mediated by Go; induced activation of
phosphotyrosine phosphatase [70]. Similarly, in several hormone dependent cancers,
dysregulated GnRH receptor signaling increased apoptosis through direct effects on Ga;
pathways, that were independent of Gay effects [71] (Table 2, Row 7-8). Ga; signaling through
the GnRH receptor is unusual in that both known receptor agonists (GnRH | and GnRH I1) and
antagonists (Ac-D-Nal(2)-D-4-ClIPhe-D-Pal-Ser-1-MePal-D-Isopropyl-Lys-Leu-
IsopropylLys-Pro-D-AlaNH, also known as 135-25) seem to activate Go;j mediated pathways,
while only agonists activate Gog pathways. In these models, activation of Ga; downstream of
the GnRH receptor type | induced JNK and p38 activation in a pertussis toxin dependent manner
and stimulated apoptosis.

While the aforementioned examples represent numerous pro-apoptotic activities of Ga;, the
majority of Go; family signaling has been primarily implicated in anti-apoptotic mechanisms
in various cell lines (Table 2, Row 9-23). Go; signaling through the lysophosphatidic acid
(LPA,; 1-acyl-2-lyso-sn-glycero-3-phosphate) pathway has been shown in numerous systems
to inhibit apoptosis. For example, in intestinal epithelial (IEC-6) cells, LPA was shown to
reduce apoptosis induced by serum withdrawal, campothecin, TNF-a, and y-irradiation through
a G/ pathway (Table 2, Row 9). While LPA is known to activate three families of G proteins,
Gi, Gg, and Gy/13, through receptors EDG2 (LPA;), EDG4 (LPA;), and EDG7 (LPA3)
respectively, the use of pertussis toxin to inhibit Ga; pathways[72] indicates that this effect is
most likely mediated by Gaijo [73]. Inthis system, LPA induced the phosphorylation of ERK1/2
and Akt and increased the expression of Bcl-2 [72]. Similarly, LPA mediated cytoprotective
effects in fibroblast cell lines are abrogated by the addition of pertussis toxin. These pathways
seem to be mediated by downstream MAPK, PI3K and Akt activation and inhibition of
downstream Caspase-9 activation (Table 2, Row 11)[72,74,75]. Additional reports have also
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shown an anti-apoptotic effect of LPA in other cell lines as well (Table 2, Row 11-13). In
human CD4*/CD8*/ CD3!%W Tsup-1 cells, LPA shows protective effects against T-cell
maturation-induced death and immunological contraction by reducing the expression of pro-
apoptotic BAX [75]. Specifically, antibody activation of FAS, CD2, CD3, or CD28 led to an
apoptosis that was suppressed by LPA,; this phenotype was abrogated by antisense suppression
of the LPA receptors. LPA also prevents death from ischemia-reperfusion injury in
cardiomyocytes [76]. Notably, in this study, ischemia alone induced necrotic myocyte death,
but reperfusion induced characteristic apoptosis that was inhibited by IGF and calpain
inhibitors. Thus, it appears that reperfusion specifically induces apoptosis in a Gaj-dependent
manner, perhaps through the generation of reactive oxygen species, calcium influx, or other
inflammatory mediators. The precise downstream G protein signaling mechanisms have not
been determined in these models, [76]. In several cancer derived cell lines, including HelLa
(cervical carcinoma), DLD-1 (colon adenocarcinoma), HOS (prostate carcinoma), and MCF-7
(breast adenocarcinoma), LPA has been shown to inhibit TRAIL-induced apoptosis by
preventing the activation of Caspase-8 and Caspase-3, and this signaling may be important in
immunological evasion by cancers, especially ovarian carcinomas where serum levels of LPA
are significantly higher than baseline [77] (Table 2, Row 13). In this model, LPA induced PI13K
dependent Akt activation, expression of the anti-apoptotic cellular FLICE-inhibitory protein
(cFLIP), and induced phosphorylation of pro-apoptotic BAD, which prevents downstream
Caspase-8 activation. LPA also protected murine hepatocytes (murine AML12 cells) against
Clostridium difficile toxin and TNF-o/D-galactosamine induced apoptosis by activating
ERK1/2, PI3K, and Akt [78].

Sphingosine-1-Phosphate (S1P), an analog of LPA, has also been shown to have anti-apoptotic
effects in various models (Table 2, Row 14-15). S1P was shown to have anti-apoptotic effects
in Tsup-1 double positive (CD4*/CD8*/CD3!°W) lymphoblastoma cells [75] by suppressing
cellular expression of BAX when the cells were stimulated with C6 ceramide, a potent
stimulator of apoptosis. Activation of S1P receptors Egd3 and Egd5 protected rat hepatoma
(HTC4) cells from serum starvation induced apoptosis by activating of Gaj and downstream
signaling through ERK1/2. This S1P effect was not only pertussis toxin sensitive but was also
inhibited by C3 exoenzyme, a Rho inhibitor, indicating that Rho dependent pathways may also
be important in S1P-mediated cytoprotection [79,80].

Ga,; has also been shown to inhibit apoptosis independent of LPA and S1P signaling (Table 2,
Row 17-22). In renal tubular epithelium, TNF-a induced apoptosis was prevented by the
activation of NF-kB and PI3K through a pertussis toxin sensitive G protein pathway that was
mediated by C-peptide, a cleavage product of pro-insulin. Additionally, in studying renal
apoptosis associated with such syndromes as diabetes mellitus, insulin and C-peptide protected
proximal tubular epithelial cells against TNF-o induced cytotoxicity by activating NF-xB and
inducing the expression of the pro-survival protein TRAF2 [81]. Notably, this is one of the
first studies to implicate the C-peptide in insulin-independent signaling and may be a model
for diabetic nephropathy associated apoptosis [81] (Table 2, Row 17). Resistance to
staurosporine, a potent inducer of apoptosis, in macrophages infected by Toxoplasma gondii
infection is also mediated by Ga; dependent activation of PI3K, ERK1/2 and Akt [82] (Table
2, Row 18). This study suggests that T. gondii may appropriate cellular Ga,; signaling pathways
to prevent induced death of infected cells, and this may be a potential pharmacological target.
Downstream effects include upregulation of various anti-apoptotic genes, reduced caspase
activation, and downregulated poly ADP-ribose polymerase (PARP) expression [83]. These
anti-apoptotic effects were also abrogated by pertussis toxin [82]. Ga; dependent PI3K
activation has also been implicated in inflammatory pathways in neutrophils and macrophages
[84], and it may be these pathways that are upregulated by T. gondii infection. The adrenal
steroid dehydroepiandrosterone (DHEA), a precursor of androstenedione, estradiol, and
testosterone, has also been shown to protect cells from apoptosis through the upregulation of
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Bcl-2 transcription through the PI3K/Akt Pathway and Ga; [85] (Table 2, Row 19). These
effects were independent of estrogen receptor signaling and were neither stimulated by es-
tradiol nor inhibited by estrogen receptor antagonists. This may be an important model of
atherosclerosis, as DHEA levels have been shown to fall with aging.

Additionally, Gajq, Gojz, Goga, and Gagg activation by nerve growth factor (NGF) protected
rat pheochromocytoma (PC12) cells against apoptosis by inducing BAD phosphorylation and
NF-kB nuclear translocation, again in a pertussis toxin sensitive manner [86] (Table 2, Row
20). In this model, stimulation of a2-adrenergic receptor by UK14304 resulted in a similar
phenotype that was blocked by pertussis toxin. Importantly, the use of Go, as a Gy scavenger
resulted in diminished Akt activation, suggesting that GBy may be the relevant signal
transducers in this system. In rat neonatal and adult cardiomyocytes, activation of Gg; through
the B2-adrenergic receptor protected cells against hypoxia induced apoptosis through the
activation of PI3K and Akt, which may have therapeutic implications in various ischemic heart
diseases [87,88] (Table 2, Row 21-22). In this study, specific activation of the B2 receptor was
achieved using a specific p1-blocker, CGP 20712A. In the same cell type, however, Gog
activation by the p2-adrenergic receptor led to a pro-apoptotic state [48], as discussed above.
The specific conditions under which Gag signaling dominates over Ga; signaling through these
fB-adrenergic receptors and vice verse are still unclear and await further study. Studies have
suggested that initial activation of the Gog cascade leads to receptor phosphorylation, which
then causes a shift in the receptor affinity and initiation of predominantly Ga; mediated
signaling [89]. Specifically examining acute stimulation versus chronic stimulation, as would
be the case with congestive heart failure, could refine our understanding of these pathways.
While the overall effect of B2-adrenergic stimulation was anti-apoptotic, this dual effect
suggests that the decision between survival and apoptosis may be mediated by other
simultaneous signaling mechanisms (second signals). Examination of the controls that
determine pro-apoptotic versus anti-apoptotic states may yield important pharmacologically
targetable pathways in the treatment of acute coronary syndromes and the associated cell death.

Gay is ubiquitously expressed throughout the central nervous system, but many of its functions
remain to be defined. It has been implicated in numerous apoptotic pathways associated with
neurodegenerative disorders (Table 2, Row 23-24). While NGF induces neuro-protection
mediated by Go, as mentioned above, Ga, has been shown to mediate apoptosis in
neurodegenerative disorders such as Alzheimer’s Disease (AD). AD is associated with the
accumulation of the amyloid precursor protein (APP) cleavage product ABsz, which forms the
amyloid plaques characteristic of the disease. In F11 cells, a cell line created from the fusion
of mouse neuroblastoma N18TG-2 cells with embryonic rat dorsal root ganglion neurons, EcD-
induced expression of transfected mutant presenilin-2 (M239V presenilin-2), the y-secretase
implicated in cleavage of APP to AB4,, induces apoptosis through Ga, [90]. These effects were
abrogated by inhibition of Caspase-3 and by pertussis toxin. Similarly, overexpression of
presenilin-2 increases apoptosis induced by serum withdrawal or the addition of f-amyloid in
PC12 cells in a pertussis toxin dependent manner that is most likely mediated by Gag [91].

In summary, most Gaij/, pathways have not been examined for specific effects of the various
subtypes, Gaj1, Gaip, and Gais, Gaga, and Gagg. These investigations are particularly difficult
without the use of dominant negative subunits or subunit specific SIRNA based knockdown as
small molecule inhibitors are relatively non-specific. Future studies investigating the roles of
individual subunits would allow a much finer understanding of the precise signaling pathways
in each of these apoptosis models and give more feasible pharmacological targets. As discussed
above, these studies are heterogeneous and limited by the approaches utilized. Nevertheless,
as with Gag, some general patterns of Gaij, regulation of apoptosis appear to be relatively
consistent in the literature. LPA and similar agonists appear to consistently inhibit apoptosis
in a wide variety of cell types and in response to various apoptotic stimuli. The consistency of
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these findings is particularly noteworthy as most studies with other receptors and ligands often
have largely conflicting and context dependent phenotypes. In some studies, these effects were
shown to be pertussis toxin sensitive, but one cannot exclude co-activation of Gy/13 or Ggq
pathways. There are a wide variety of Ga; activating ligands that are pro-apoptotic. One trend
that is particularly noteworthy is the specificity of response to Ga; activation in T lymphocytes.
The differentiation state of the T lymphocytes is particularly important in determining the
consequences of Ga,; activation. Trends in cardiomyocytes suggest interesting context
dependent activation of Gog or Ga; through the same B-adrenergic receptors lead to either pro-
apoptotic or anti-apoptotic effects respectively. It is highly probable, based on the current
understanding of the switch between Gag and Go; that signaling through the B2 receptor may
be controlled by the strength and duration of receptor activation. Very few studies have been
done with Goy,, but these initial studies do suggest a predominantly pro-apoptotic role in
neurons.

C. Gag/11 and Apoptosis

As with the other G protein families, Gog has been implicated in both pro-apoptotic and anti-
apoptotic mechanisms, often through the same signaling pathways and downstream effectors,
in a cell type and stimulus specific manner (see Table 3). In this regard, the muscarinic acid
receptor family has most been widely studied. While the muscarinic acid receptors activate
both Gag/11 and Gaijj pathways, the M1, M3, and M5 signal through Gog/11 while M2 and M4
signal through Gaijo. Studies of these receptors in the context of apoptosis have primarily
involved the isolation of particular receptors and examination of downstream signaling. In the
heart, muscarinic receptor activation of Goq pathways protected cardiomyocytes from
apoptosis [92]. In this study, deletion of the carboxy-terminus of these receptors led to a
decoupling of anti-apoptotic signaling but preserved Gag/11 dependent activation of PLC and
MAPK pathways (Table 3, Row 1). Similarly, in chinese hamster ovary cells transgenically
expressing M3 receptors, carbachol activation of these receptors caused resistance to
etoposide-induced apoptosis through a PLC-independent pathway that was associated with the
upregulation of Bcl-2 expression [93] (Table 3, Row 1). There is some evidence that some of
the anti-apoptotic effects of muscarinic acid receptor activation may be mediated by G protein
independent effects. For example, carbachol activation of overexpressed M3 receptors in
Chinese hamster ovary cells led to the inhibition of apoptosis induced by the topoisomerase
inhibitor etoposide. Another transfected M3 receptor truncation mutant, A565-M3, that
preserved the G protein activation capacity did not have this anti-apoptotic effect, although
Guyg signaling through PLC remained intact [92]. In chinese hamster ovary cells, this effect
was accompanied by activation of ERK1/2 and JNK [94]. In contrast, in chinese hamster ovary
cells overexpressing the small GTPase Racl or constitutively activated Racl, activation of
Guog through M3 receptors induced apoptosis. In cells expressing normal levels of Racl,
activation of Gag only led to PCK mediated inhibition of cell proliferation. While the
physiological relevance of this Racl overexpression system has not been established, itis clear
that various cellular factors can completely shift the M3-Ga, signaling system from pro-
survival to pro-apoptotic [95] (Table 3, Row 2). Further elucidation of these mechanisms may
provide valuable therapeutic targets in disorders such as Alzheimer’s disease, cardiac failure,
and gastroduodenal ulcers, where muscarinic acid receptor signaling is dysregulated.

Guoyg has also been shown to regulate apoptosis through non-muscarinic acid receptor pathways.
In human astrocytoma (1231N1) cells, adenosine-binding to the Gag11 coupled purinergic
receptor P2Y1 induced apoptosis through PKC signaling and activation of ERK1/2 (Table 3,
Row 3). In the same study, however, activation of the muscarinic acid receptors in the
astrocytoma cells by carbachol induced cell proliferation, indicating again that at least in this
system, there is exquisite receptor-specificity to the G protein mediated apoptosis signaling
pathways [96]. This is another example of potential second signals modulating the downstream
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effects of G protein regulation of apoptosis. In HeLa cells, constitutively activated Ga1 and
activation of the M1 receptor stimulated apoptosis by decreasing Akt activation utilizing a
Rho-dependent pathway [97,98] (Table 3, Row 5). Specifically, activation of Gag/11 led to
proteolytic activation of Rho-associated kinase (ROCK), and this was blocked by
overexpression of Bcl-2, suggesting that this is an intrinsic pathway mediated apoptosis [98].
Dominant negative mutants of RhoA inhibited this phenotype. In Cos-7 cells and CHO cells
(Table 3, Row 6), expression of constitutively activated Gag (R183C Gayg) also induced
apoptosis through a PKC pathway that was inhibited by the overexpression of Bcl-2 [99]. The
use of the pancaspase inhibitor z-VVAD-fmk abrogated this phenotype.

Gayg11 regulation of cell survival and apoptosis has been particularly well studied in
cardiomyocytes (Table 3, Row 7-9). Overexpression of Gog protected neonatal rat ventricular
cardiomyocytes from low-glucose induced apoptosis through the activation of PI3K, EGFR,
and Src kinases, and phosphorylation of Akt. These effects were shown to be independent of
Gag-mediated cardiac hypertrophy [100]. However, activation of Gog in non-transfected
neonatal rat ventricular cardiomyocytes with Pasteurella multocida toxin enhanced H,0-
stimulated apoptosis through the activation of PLC and possible downstream inhibition of Akt
[101]. The effects of Pasteurella multocida toxin appear to be the result of direct stimulation
of Goq although the precise mechanism remains to be defined. Other studies in the same model
have shown that overexpression of wild type Gag induces cardiac hypertrophy accompanied
by increased Akt phosphorylation, while overexpression of a constitutively activated mutant
or activation of the overexpressed wild type Gag induces apoptosis [102,103]. This may
contribute to the cell death that is observed in cardiomyopathy associated with eccentric and
concentric hypertrophy. These findings were also demonstrated in mice overexpressing (eight
times normal expression) Gayg in cardiomyocytes, which showed lethal peripartum
cardiomyopathy. The constitutively activated Gagq induced apoptosis in cardiomyocytes was
accompanied by depletion of phosphatidylinositol 4,5-bisphosphate (PIP5) and reduced Akt
phosphorylation. Further, the introduction of myristoylated Akt into these cells expressing
constitutively activated Go significantly reduced apoptosis [104]. Myristoylation of Akt
specifically targets it to the membrane and has been reported to prevent serum deprivation-
induced apoptosis in cultured cardiomyocytes and to reduce apoptosis caused by ischemia-
reperfusion in vivo or hypoxia in vitro [104]. Thus, it is clear that Gog is probably mediating
survival and apoptotic signaling in both the inactive and active conformation and activation
may provide an important switch for cellular fate. Again, strength and duration of signaling
may be important determinants of cellular fate.

In summary, the studies on Goq and apoptosis suffer from the same limitations of studies with
other Go families. Nevertheless, like with other Ga families, some patterns of regulation are
beginning to emerge. In cardiomyocytes, activation of Gag seems to predominantly induce
apoptosis, and even cardiac-specific overexpression of wild type Gog in mice seems to produce
a similar apoptotic phenotype. However, under certain circumstances, Gog may actually
promote cardiomyocyte survival. Thus, further analysis of differences in Gog signaling may
help distinguish the pro-hypertrophy and pro-survival signaling pathways from the
proapoptotic pathways. In other cell types, Gag seems to predominantly stimulate apoptosis,
although there are several examples of Gog -mediated suppression of apoptosis (Table 3).

D. Gaj/13 and Apoptosis

As with other cellular signaling pathways, the role of the Ga2/13 family in the regulation of

cell survival and apoptosis is least understood among the four major G protein families. While
Gayo and Gayz have been implicated in many cellular processes, most of the signaling pathways
remain only partially characterized and defined. Remarkably, there have been few studies on
apoptosis regulated by the Gay /13 family in any context. While several studies have implicated
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Gayo in proliferation and neoplastic transformation [105,106], some recent studies have
suggested that Ga» does not stimulate proliferation in the context of tumorigenesis but does
promote cell migration. Expression of Gao was significantly elevated in breast and prostate
cancer, and thrombin stimulation resulted in increased cell invasion but not proliferation [37,
38]. However, the effects of up-regulated Gay, levels on apoptosis were not addressed in these
studies. It is possible that apoptosis may be playing a role in these tumor phenotypes. The few
studies of Gay2/13 regulation of apoptosis have indicated that in various contexts both Gay»
and Ga3 can be primarily promoters of apoptosis (summarized in Table 4). In transiently
transfected COS cells, constitutively activated Gago (Q229L Gayp) and Gayz (Q226L Gay3)
induced apoptosis through activation of MEKK1 and Ask1 (Table 4, Row 1,2). In this system,
wild type Gay» and Gay3 also induced apoptosis compared to control, although the
constitutively activated isoforms showed a much stronger phenotype. Co-transfection of Bcl-2
abrogated apoptosis induced by transfected Gay, and Gay3 proteins, suggesting a Bcl-2
dependent intrinsic apoptosis pathway [107]. In a human adenocarcinoma cell line, a naturally
occurring truncated Ga 3 that is missing its C-terminus stimulated apoptosis through Ask1 and
JNK (Table 4, Row 3). The pro-proliferative and transformative properties of Ga,3 were lost
in this model, however. Crystal structure analysis suggested that this truncated mutant has
impaired GTP binding and hydrolysis capacity. The apoptosis in this model was blocked by
the co-transfection of dominant negative Askl1. Recent evidence suggests that activated

Goy3 may also increase Askl expression by reducing its ubiquitination and subsequent
degradation [108]. Additionally, overexpression of this truncated Ga, 3 stimulated apoptosis
in Rat 1A fibroblasts through JNK signaling (Table 4, Row 4). Overexpression of a Q226L
truncated Ga 3 stimulated apoptosis to similar levels, suggesting that Gay3 may have unique
pro-apoptotic properties that are independent of its activation state [109]. Transfected
constitutively activated Gay3 (Q226L Gay3) also stimulated apoptosis in Cos-7 cells and
chinese hamster ovary (CHO) cells through a RhoA dependent pathway that was inhibited by
the overexpression of Bcl-2 [99]. The use of the pancaspase inhibitor z-VAD-fmk abrogated
this phenotype. However, constitutively activated Ga,3 rescued mouse F9 teratocarcinoma
cells in which apoptosis was induced by the depletion of membrane-organizing extension spike
protein (moesin) using ShRNA or morpholino, suggesting again an added level of complexity
to this picture [110]. In this study, it appears that constitutively activated Ga,3 acts through
Rho, Rac and/or Cdc42 on ezrin and radixin, and this may be a model for embryonic
differentiation.

In Madin-Darby Canine Kidney (MDCK) cells, overexpression of a constitutively activated
Gayo (Q229L Goy) induced apoptosis that was associated with the degradative loss of Bcl-2
and JNK phosphorylation. Overexpression of wild type Gay, had no effect on apoptosis in this
model, and in concordance with the studies in various tumor cell lines, constitutively activated
Gay» did not induce proliferation in confluent monolayers of MDCK cells [111]. However,
there is very little known about the role of Gay, and Gay3 in regulating apoptosis in non-
transfected cells. Recently, we demonstrated for the first time that activation of an endogenous
Guayp-coupled signaling pathway stimulates apoptosis in epithelial cells. Thrombin stimulation
of the Gay/13-coupled protease activated receptors augments serum-starvation induced
apoptosis in MDCK and Human Embryonic Kidney 293 cells that is associated with INK
activation and downstream phosphorylation and degradation of Bcl-2. These effects were
abrogated by the use of Protein Phosphatase 2A inhibitors and siRNA knockdown of the PP2A
catalytic subunit, suggesting that PP2A may be acting as an intermediary in this case [111].
Gay» has been shown to interact with the scaffolding subunit of the serine/threonine
phosphatase PP2A and this interaction stimulates PP2A activity in vitro and in MDCK cells
[112,113]. Thus, PP2A may be a master regulator of Gay, induced apoptosis. Additionally, in
COST7 cells, transfection of constitutively activated Ga1o mutants that were deficient in Rho
signaling also led to the loss of Bcl-2 [114]. These few studies suggest that Gaq, regulates
Bcl-2 expression and mediates a Bcl-2 and JNK dependent apoptosis in various cell lines.
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Additionally, the mitogenic potential of Ga» depends upon the cell-type and may be influenced
by cellular confluency. Additional studies support the notion that thrombin and its protease
activated receptors are important in regulating apoptosis. Recently, it was shown that
intranigral injection of thrombin stimulated apoptosis by increasing JNK activity and
dramatically reducing Bcl-2 expression, leading to nigral dopaminergic neurodegeneration
[115], a pathology of Parkinsonism. Additionally, inhibition of protease activated receptor 1
(PAR1) in a murine model of Parkinson’s Disease by antagonist BMS-200261 reduced
neuronal injury and loss [116]. However, the precise role of G protein activation was not
examined in these studies.

In summary, much work remains to be done in the field of Gayy/13 mediated apoptosis. This
field has been particularly limited by the extensive reliance on overexpression systems, and
the transition to the use of natural agonists will be important in refining our understanding of
the roles of Gay2 and Gay3 in the regulation of apoptosis. However, one interesting emerging
theme is the importance of Bcl-2 signaling in both Ga.» and Gay 3 mediated apoptosis signaling.
Most studies to date have either shown that these G proteins lead to the downregulation of
Bcl-2 expression or that overexpression of Bcl-2 leads to inhibition of apoptosis. Most of the
literature points to predominantly pro-apoptotic roles for both Gay, and Gay3 in various cell
types, although many of these studies are limited by the use of overexpression systems. It is
possible that examination of endogenous pathways will lead to the discovery of novel anti-
apoptotic pathways as well.

GBy and Apoptosis—The Gy subunits have also been implicated in apoptosis regulation.
For example, the overexpression of GB1y, in HaCaT cells was found to enhance UVB-induced
apoptosis by promoting the cellular secretion of heparin-binding EGF-like growth factor (HB-
EGF) and augmenting the activity of p38 and EGFR and inducing Src kinase activation. These
pro-apoptotic effects mediated by GB,y, were inhibited by antibody blockade of HB-EGF and
HB-EGF inhibitor CRM197, sequestration of Gy by the carboxyl terminus of G protein
coupled receptor kinase 2 (GRK2ct), and by 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo
[3,4-d]pyrimidine (PP2), a potent Src inhibitor. This may be an important mechanism of
apoptosis in keratinocytes and may be applicable to various dermatological disorders [117].
Additionally, in modeling Familial Alzheimer’s Disease, the expression of mutant APP, the
protein implicated in the disease, induces activation of Ga,, and subsequent apoptosis mediated
by GPy in a Bcl-2 dependent manner in COS cells. The GBy dependency of this effect was
demonstrated by the overexpression of the carboxy-terminal amino acids 495-689 of the beta-
adrenergic receptor kinase-1, which blocks the specific functions GBy and reduced apoptosis
in this model [118,119]. The specific overexpression of GB,y, in this model also induced
apoptosis. Other models have suggested that some pro-apoptotic and anti-apoptotic effects of
G protein activation are actually mediated by downstream signaling by GBy. Analysis of similar
effects in other systems for Gy specific effects through sequestration may yield further
information and indeed may be a mechanism for added specificity of G protein regulation of
apoptosis.

IV. EMERGING THEMES

In cardiomyocytes, all studies have shown a pro-apoptotic effect of Gog activation through the
B-adrenergic receptors, and activation of Gog through either B1 or B2 receptor has similar
cellular effects. Similarly, in lymphocytes, activation of Gag through the B-adrenergic receptors
also has clear pro-apoptotic effects. LPA and similar agonists appear to consistently inhibit
apoptosis in a wide variety of cell types and in response to various apoptotic stimuli through
Ga,; signaling. The consistency of these findings is particularly noteworthy as most studies with
other receptors and ligands have largely conflicting and context dependent phenotypes. In
cardiomyocytes, activation of Gag seems to predominantly induce apoptosis, and even cardiac
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specific overexpression of wild type Gog in mice seems to produce a similar apoptotic
phenotype. Bcl-2 signaling appears to be particularly important in both Gay, and Gog3
mediated apoptosis signaling. Most studies to date have either shown that these G proteins lead
to the downregulation of Bcl-2 expression or that overexpression of Bcl-2 leads to inhibition
of apoptosis. Most of the literature points to predominantly pro-apoptotic roles for both
Gayp and Gayg in various cell types.

V. FUTURE DIRECTIONS

In looking for new directions in this field, it is first useful to consider the limitations in both
the fields of G protein signaling and apoptosis independently. Because any given cell type
expresses multiple GPCRs that may couple to multiple Ga subunits and a particular ligand
agonist may activate multiple Ga subunits, studying G protein signaling has been particularly
challenging. This has certainly been true in the investigation of apoptosis, where downstream
targets of each G protein have been used as very imprecise indicators of G protein activation.
The field has relied on the use of overexpression models and constitutively activated mutant
G proteins for the study of particular G protein mediated pathways, but these models may not
reflect the in vivo physiology and this may be generating some of the inconsistency in the field.
Clearly, overexpressing a Ga subunit may lead to engagement of pathways that would not be
activated through physiologic mechanisms. Likewise, constitutively activated subunits are
useful for identifying potential phenotypes in apoptosis but also need to be substantiated in
more physiologic models. Direct measurement of G protein activity coupled with selective
small molecular or siRNA inhibition of those subunits will be essential as the field progresses.
Traditional and novel stratagies for determining Ga activity are useful adjuncts for identifying
potential roles for specific Ga subunits in regulating apoptosis. Ultimately, however, the goal
is to modulate an apoptotic pathway in a specific cell type that has become dysregulated as
part of a disease process. The hope is that by selectively engaging a subset of Go subunits
coupled to specific receptor, it will be possible to alter signaling only in the effected cell type.
To achieve these goals, it is necessary to understand the normal regulation of apoptosis through
G proteins and their receptors in each cell type.

The cell death field has been hindered by the heterogeneous morphological and molecular
phenotypes that have been collectively and rather loosely termed apoptosis. Indeed the field
has been inundated with numerous techniques for the measurement of cell death, including
ATP quantification, DNA laddering, phosphatidylserine segregation (Annexin 5), propidium
iodide cell labeling, and timelapse morphological studies, among others. Many cell death
phenotypes will show some but not all of these phenotypes, indicating that there is a high degree
of heterogeneity in what is defined as apoptosis. Further, even with the same cell line, different
stimuli elicit very heterogeneous cell death progressions. Even caspase activation, an
established hallmark of apoptosis, has been called into question as a consistent marker of
apoptosis, as in the case with CD47-induced apoptosis [67]. Heterogeneity of apoptosis-
inducing stimuli, morphological and molecular responses, and analysis methodologies, have
made interpreting the literature a challenge.

Although GPCR mediated signaling is crucial in every major cellular signaling cascade and
much work has been done to uncover the cellular functions and ligand activators of each GPCR,
the precise G protein functions downstream of these receptors are very poorly defined to date.
This is primarily because receptors couple to multiple G proteins and studying these specific
effects has been consequently difficult. Additionally, many GPCRs also signal through non-
G protein mediated pathways such as the G protein independent activation of PI3K by the
Gag coupled muscarinic acid receptors. This is certainly the case in the apoptosis field, where
many GPCR ligands have been found to modulate apoptosis signaling. More precise
identification of the particular G protein subunits (especially Ga, but also GBy) involved in
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each cell death pathway will allow for better pharmacological targeting of these pathways.
Perhaps knockdown is the method which will definitively establish the role of a particular
Go and Gy subunit within a particular apoptosis pathway and in a particular cell type. Small
molecule and peptide inhibitors, especially for the Gay, family, have not surfaced, and the
added lack of specificity of small molecules suggests that silencing may be the best strategy.
While the direct inhibition of G proteins as a therapeutic strategy is challenging because of
their ubiquitous expression and diverse functionalities, it may be a route to pursue if specific
small molecules are found. High sequence homology between the Go subunits, especially
within a particular family, has made this development particularly challenging, but with high-
throughput cellular assays that are now well established, a screening protocol for subunit
specific drugs would be immensely helpful in furthering research in the field and identifying
potential pharmacological agents.

With the elucidation of these G protein mediated apoptosis pathways, the targeting of
downstream signal transducers may be another potential pharmacological strategy. Because
these G protein mediated apoptosis pathways show stimulus-specific and cell-type specific
effects, such a strategy may improve the targetability and specificity of therapy. However, the
downstream targets in these pathways are also abundant and ubiquitous molecules, so such
strategies must be approached with caution.

Perhaps the most promising strategy is the targeting of GPCRs, which are indeed to a large
extent differentially expressed in various cell types and thus more easily modulated
therapeutically. In this regard, the identification of the particular GPCR-Ga pairs that are
involved in these apoptosis pathways is also of great importance. Most of the current studies
have focused on identifying either the Ga subunit or the GPCR involved in a particular
apoptosis pathway, but identifying precisely which GPCRs have either a pro-apoptotic or anti-
apoptotic effect and which Ga subunit mediate those effects will have much more therapeutic
potential. In particular, this may lead to the identification of small molecular GPCR agonists
or antagonists that are specific to the activation of desired Ga subunits coupled to that receptor
for maximal control of targeting. Such compounds have been found, for example, for the
separation of Goj and Gog signaling through the GnRH receptor and screening small molecules
will likely lead to the identification of other such compounds. Developing a greater
understanding of these precise GPCR-Ga pairs will be essential in developing finely tuned
therapeutic strategies for the many diseases in which aberrant apoptosis is a major contributing
factor.

G protein mediated apoptosis has already proved to be important in the etiology of numerous
diseases, including neurodegeneration, cardiomyopathies, renal diseases, and others. The work
in this field up to this point has demonstrated a clear importance for G proteins in the regulation
of apoptosis. Clearly defining the physiologically relevant G protein mediated pathways with
the identification of responsible GPCRs will yield novel therapies of great clinical significance.

NOTE: ADDED IN PROOF

While this article was in review, two pertinent papers appeared in the literature. Choi, et al.
show that the expression of constitutively activated Gag in the A549 and H1299 human lung
cancer cell lines augments cisplatin induced apoptosis through the modulation of Bcl-2 family
proteins, specifically the up regulation of BAX and BAK and the down regulation of Bcl-2 and
Bcel-xL [120]. Conversely, Seo, et al. show that Ga; inhibits apoptosis induced by H,0 in the
same H1299 human lung cancer cell line through the up regulation of Bcl-2 through the NF-
kB pathway [121]. This is an interesting example of the opposing nature of Gag and Ga;
signaling in the regulation of apoptosis and something we do not see consistently in other
systems.
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Procaspase-3 —» Caspase-3

APOPTOSIS

Fig. (1). Apoptosis Signaling Pathways

The Intrinsic pathway is triggered by various stresses including hypoxia/ischemia, growth
factor deprivation, and cell damage. These stimuli cause a disruption in the ratio of pro-
apoptotic (BAX, BAK) to anti-apoptotic (Bcl-2, Bcl-xL) Bcl-2 family proteins at the
mitochondria. Relative increase in the levels of the pro-apoptotic proteins allows for their
homodimerization, and subsequent Cytochrome C efflux into the cytoplasm activates Apaf-1.
Apaf-1 triggers Caspase-9 aggregation and activation and the subsequent caspase cascade. The
extrinsic pathway is triggered by ligand binding to the death receptors, which causes receptor
trimerization and activation. Activated receptors recruit adapter proteins, such as FADD,
leading ultimately to the activation of Caspase-8 and the subsequent caspase cascade. Both
pathways converge on Caspase-3, leading to apoptosis.
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SIGNALING

Fig. (2). The G Protein Cycle

Heterotrimeric G proteins comprise three subunits, a, B, and y, which associate in the inactive
Go-GDP bound state. The seven transmembrane domain G protein coupled receptor (GPCR),
denoted by R, is activated by ligand binding, L. The activated receptor, denoted by R*,
associates with Ga and catalyzes the dissociation of GDP. The subsequent binding of GTP
causes Go to dissociate from Gpy, exposing interaction sites on Go and Gy through which
these proteins can activate downstream effectors and transduce signals. Subsequent hydrolysis
of GTP to GDP by the intrinsic GTPase activity of Ga causes inactivation and reassociation
of the Gofiy complex.
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