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ABSTRACT

Hormonal stimulation of G protein-coupled receptors which signal to the heterotrimeric
G protein Gs, cAMP, and PKA exhibit cell-type specific effects on ERKs. Stimulation of
the f,-adrenergic receptor (3,AR) with isoproterenol results in rapid activation of cAMP
and PKA. The signaling mechanism by which PKA activates ERKs has not been well
characterized. Recent evidence has shown that ERKs can be activated by cAMP/PKA
via the activation of the small G protein Rapl and the serine/threonine kinase, B-Raf. B-
Raf 1s expressed in a cell-type specific manner and is closely related to Raf-1 and when
active, phosphorylates and activates MEK/ERK. Therefore, B-Raf expression may
provide a pathway for hormones which elevate cAMP/PKA to activate ERKs.
Experiments presented in this thesis suggest that isoproterenol can stimulate ERKs in
Hek293 cells, which express both endogenous 3,AR and B-Raf. Moreover, isoproterenol
stimulates ERKs through a Gsat/cAMP/PKA/Rapl and B-Raf pathway.

In many cell types, cAMP/PKA inhibits the physiological actions of growth
factors to stimulate ERKs and cell proliferation. Stimulation of ERKSs by growth factors
are required for a number of biological processes including, cellular proliferation. A
candidate protein that may function to antagonize Ras-dependent activation of ERKs and
cell proliferation is Rapl. Rapl can be activated by cAMP/PKA however, the role of
Rapl in cAMP-dependent inhibition of ERKs and cell growth has not been examined.
Results presented here demonstrate that Rap1 is required for cAMP’s inhibition of both
ERK activation and cell growth and proliferation in fibroblasts.

The mechanism by which PKA activates Rapl is unclear. Previous studies have
suggested that PKA may utilize the Rap! exchanger, C3G, its adapter protein Crk-L, and
the scaffold protein Cbl to indirectly activate Rapl. However, the ability of PKA to
utilize a C3G/Crk-L/Cbl pathway to activate Rapl has not been directly tested. We show
that cAMP/PKA stimulation of fibroblasts resulted in Rapl activation which requires
membrane recruitment and activation of a C3G/Crk-L/Cbl complex. Interestingly, cAMP
but not EGF stimulated Rap1 activation and the association of C3G, Crk-L, and Cbl,
which could be blocked by inhibitors of PKA or Src family kinases. Furthermore,
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CAMP/PKA’s ability to activate Rapl and inhibit ERKs and cell growth was also blocked
in fibroblasts derived from mice deficient of Src (SYF) but not fibroblasts derived from
mice which were wild type at the Src locus (Src++). Data presented within this thesis
demonstrates for the first time that cAMP activates Rapl in a PKA/Src/C3G/Crk-L/Cbl-
dependent manner to inhibit ERKSs and cell growth in fibroblasts.

In 1978, Erickson and colleagues demonstrated an increase in phospho-serine
within Src’s amino-terminus following cell treatment with cAMP which increased Src
kinase activity. A consensus PKA site at serine 17 of Src was proposed to be the major
site of serine phosphorylation but no physiological role for phosphorylation at serine 17
has been proposed. Therefore, we examined the mechanism of PKA’s activation of Src
and the significance of Src’s activation by PKA in fibroblasts.

Work presented in this thesis reveals that PKA stimulation resulted in Src kinase
activity by phosphorylating Stc on serine 17. A Src mutant which blocks PKA
phosphorylation of Src at serine 17 blocked cAMP’s activation of Src and Rapl, and
inhibition of ERKs and cell growth. A Src mutant containing aspartate at position 17
showed elevated kinase activity, activated Rap1, and inhibited growth factor-mediated
activation of ERKSs and cell growth. This novel pathway of cAMP/PKA/Src/Rapl
mediates inhibition of growth factor activation of ERKs and cell proliferation in
fibroblasts. This is the first example of the regulation of Src signaling by PKA and,
significantly, it identifies an anti-proliferative role for Src in the physiological regulation

of cell growth by cAMP.
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CHAPTER ONE

INTRODUCTION

cAMP’s Regulation of Rapl, ERKSs, and Cell Growth

John M. Schmitt and Philip J. S. Stork

Vollum Institute and the Department of Cell and Developmental Biology
Oregon Health Sciences University

Portland, Oregon 97201

Published, in part, in Trends in Cell Biology (2002); Vol. 12, No. 6, pg. 258-266




INTRODUCTION

Stimulation of cell surface G protein-coupled receptors (GPCRs) triggers a number of
biochemical and physiological cellular effects. A variety of stimuli including lipids,
photons, odorants, calcium ions, neurotransmitters, and hormones can act through GPCRs
giving rise to diverse physiological functions (Ji et al., 1998). Hormonal stimulation of
the intracellular heterotrimeric G protein, Gs, results in increases in intracellular cAMP.
The intracellular second messenger cyclic adenosine monophosphate (cAMP) has
become a central molecule which mediates hormone action on the intracellular pathways
to regulate cellular metabolism (Gottesman and Fleischmann, 1986). Moreover, cCAMP is
a key signaling molecule which integrates hormonal stimulation with cell growth and
proliferation (Gottesman and Fleischmann, 1986; Puck, 1977). Because of the
importance of cAMP in cell proliferation, both cAMP and its target the cAMP-dependent
protein kinase (PKA) have been recognized as important molecules in medicine (Aukrust
et al., 1999; Ciardiello et al., 1996). Examples of therapeutic uses include hormones
(Maruno et al., 1998) and cAMP analogues in anti-cancer treatments (Carlson et al.,
2000; Ciardiello et al., 1996; Tortora et al., 1995) and PKA activators to inhibit restenosis
following coronary angioplasty (Bonisch et al., 1998).

One of the key aspects of cAMP’s cellular growth effects is the cell-type specific
character of its effects. While cAMP inhibits the growth of a large group of cells, it also
cooperates in the proliferative actions of a number of hormones and growth factors. The
mitogen-activated protein (MAP) kinase (also called extracellular signal-regulated
kinases, or ERK) intracellular signaling cascade can be regulated by cAMP/PKA and

ERK:s play a central role in cellular growth and proliferation (see Figure 1.1). Data



presented in this thesis examines the cell-type specific effects of cAMP on ERKs and cell
growth. Several areas of cAMP’s regulation of ERKs are discussed and addressed by this
thesis work. Both the positive and negative biochemical pathways that regulate ERKs
and its relation to cAMP’s cell-type specific actions on cell proliferation are addressed.
Second, the specific intracellular signaling mechanisms that allow for the regulation of
ERKSs by cAMP are also considered. These pathways may provide for the cell-type
specificity of CAMP’s actions. We will describe systems where cAMP’s activation of
ERKSs utilizes a Rap1/B-Raf signaling pathway. We will also examine model systems
where cAMP-dependent inhibition of ERKs and cell growth depends on Rapl’s
inhibition of Raf-1 in fibroblasts. In addition, data demonstrating the requirement for Src
in cAMP’s activation of Rapl and its cell-type specific actions will also be presented.
Taken together, work described in this thesis demonstrates the ability of cAMP signaling
to cross talk with growth factor signaling pathways to regulate ERK activation and cell
growth. This work provides a significant contribution to understanding the molecular

basis for cell growth within the field of cell biology.

c¢AMP and the inhibition of cell growth

Hormones activate intracellular cAMP through stimulation of plasma membrane-
associated adenylyl cyclases. This occurs through G protein-coupled receptors (GPCRs)
that link hormones to the heterotrimeric G protein, Gas (Masters et al., 1988). The
ability of Gais to inhibit cell growth has been demonstrated in Rat-1 fibroblasts and
NIH3T3 cells using a constitutively active mutant of Gos (Chen and Iyengar, 1994).

Most of cAMP’s intracellular actions can be explained via the activation of PKA.



Growth
Hormones Factors Hormones

hERK

:

Proliferation,
Differentiation

Figure 1.1. cAMP’s regulation of ERKs and proliferation.

Stimulation of cells with growth factors results in activation of the extracellular signal-regulated
kinase, ERK. ERK can stimulate either proliferation or differentiation depending on the stimulus
and cell type. Hormonal stimulation of cells can activate Gows and adenylyl cyclases to stimulate
the production of cAMP. cAMP activates the cAMP-dependent protein kinase, PKA. In some
cells, PKA activation stimulates ERKs and cell proliferation (right path). In other cells, PKA
activation inhibits growth factor-dependent activation of ERKs and cell proliferation (left path).



Indeed, data presented within this thesis and elsewhere, suggests that cAMP mediates its
anti-proliferative effects via stimulation of PKA.

A broad mechanism by which PKA inhibits cell proliferation induced by growth
factors is to block one of multiple points in the cell cycle. For example, PKA has been
shown to inhibit cell proliferation by either decreasing the levels of cyclins (Stuart et al.,
2000; van Oirschot et al., 2001) or increasing cell cycle inhibitor proteins p21°*! (Lee et
al., 2000) or p27"®* (Stuart et al., 2000; van Oirschot et al., 2001).

cAMP inhibits cell proliferation in a broad array of cell types, which are discussed
below. A number of mesenchymally derived cells can be inhibited by stimulation of
cAMP including, smooth muscle cells (Bornfeldt and Krebs, 1999), cardiac myocytes
(Gupta et al., 1996), osteoblasts (Siddhanti et al., 1995; Verheijen and Defize, 1995), and
chondrocytes (Hirota et al., 2000). Work presented in this thesis and elsewhere also
demonstrates the ability of cAMP to inhibit proliferation of fibroblasts (Dubey et al.,
2001; Marienfeld et al., 2001; Schmitt and Stork, 2002).

Several other cell types whose growth is also inhibited by cAMP include, but are
not limited to hepatocytes (Thoresen et al., 1999), colo-rectal cells (Hopfner et al., 2001),
endothelial cells (Kim et al., 2001), astrocytes (Metz and Ziff, 1991), and adrenal cortical
cells (Lepique et al., 2000). Interestingly, adult neuronal cells which have already
undergone mitosis can also be inhibited by cAMP during early stages of differentiation
(Herman et al., 1994; Vogt Weisenhorn et al., 2001).

In addition, cAMP inhibits the proliferation of white blood cells including
macrophages, leukocytes (Tortora et al., 1988), and both T lymphocytes (Naderi et al.,

2000; Tamir and Isakov, 1994; Torgersen et al., 2002) and B lymphocytes



(Venkataraman et al., 1998). Taken together, the above data demonstrates that cAMP
stimulation inhibits cell growth in a broad range of cell types and suggests that cAMP is
an important molecule in regulating cellular phenotypes. The use of cAMP in anti-cancer

therapy may also prove a useful tool under certain scenarios.

Inhibition of ERK may mediate cAMP’s growth inhibitory effects
The growth-inhibitory actions of hormones, cAMP, and PKA have been linked to
inhibition of the ERK kinase cascade in many cell types. Growth factor stimulation of
cell surface receptors activates the small G protein Ras which leads to ERK activation
(Marshall, 1999). Active Ras (GTP loaded) recruits the MAP kinase kinase kinase
(MAPKKK), Raf-1, to the membrane where it is activated (Marais et al., 1995; Mason et
al., 1999). Activated Raf-1 phosphorylates and activates the MAPKK, MEK, which in
turn phosphorylates and activates ERK kinase (Huang et al., 1993; Jelinek et al., 1994;
Macdonald et al., 1993). ERK activation can trigger proliferation and cell growth via a
number of pathways including increasing cyclin D1 expression (Kerkhoff and Rapp,
1998) and stimulating both protein and DNA synthesis (Graves et al., 2000).
Classically, hormones which activate Gos stimulate cAMP/PKA. Interestingly,
ERK activation and transformation by Ras, in NIH3T3 cells, can be blocked by
constitutively activated mutants of Gas (Chen and Iyengar, 1994). This data would
suggest that hormonal stimulation of Gas utilizes the cAMP/PKA pathway to inhibit
ERKs and cell growth (Chen and Iyengar, 1994). Indeed, work presented in this thesis
demonstrates that both the B-adrenergic agonist, isoproterenol, and the hormone

prostaglandin E, inhibit ERKs and cell growth via stimulation of cAMP/PKA (Schmitt



and Stork, 2002). However, GPCRs are not the only receptors that can elevate cAMP
levels to inhibit ERKs. For example, stimulation of cAMP through estrogen receptors in
breast cancer cell lines mediates cAMP’s inhibition of EGF signals to ERKs (Filardo et
al., 2002). This inhibition also requires PKA and may play an anti-proliferative role in
these cells.

In contrast to work presented within this thesis, cAMP may also inhibit cell
growth without inhibiting ERKs (Kahan et al., 1992; McKenzie and Pouyssegur, 1996).
It should be noted that examining single or selected timepoints of ERK regulation by
cAMP may fail to recognize subtle regulatory effects. For example, in CCL39 fibroblast
cells growth factor stimulation of ERKSs is not inhibited by cAMP but is delayed
(McKenzie and Pouyssegur, 1996). Depending on the cell-type and stimulus cAMP may
inhibit either early or late ERK activation (Cospedal et al., 1999). Interestingly,
stimulation of PC12 with cAMP resulted in an early inhibition of ERKSs but an
enhancement of the late phase of ERK activation by NGF leading to differentiation

(Arslan and Fredholm, 2000).

Mechanisms of cAMP inhibition of ERKs

cAMP inhibits ERKs via PKA and Rapl

Contemporary studies by a number of research groups have examined the ability of
cAMP/PKA to inhibit ERKSs. Molecular and biochemical studies by Krebs (Graves et al.,
1993), Sturgill (Wu et al., 1993), Bos (Burgering et al., 1993), and McCormick (Cook
and McCormick, 1993) suggested that the target of cAMP’s inhibition of ERKs was

downstream of Ras activation. Subsequently, it was demonstrated that in c AMP-treated



fibroblasts Ras was activated normally in response to growth factors, but was unable to
bind and activate Raf-1 which resulted in ERK inhibition (Cook and McCormick, 1993;
Wuet al,, 1993). Therefore, the site of cAMP’s action was mapped downstream of Ras
and at the level of Raf-1 signaling. The requirement for PKA in cAMP’s effects was
later confirmed using a genetic approach in cells expressing mutant PKA (Sevetson et al.,
1993) however, the exact mechanism of PKA’s inhibition has remained elusive.

The mechanism of inhibition of Raf-1 by PKA is still a focus of recent studies as
well as work presented in this thesis (Piiper et al., 2000; Ramstad et al., 2000; Schmitt
and Stork, 2001). PKA can phosphorylate Raf-1 at a number of sites and evidence that
PKA phosphorylation directly inhibits Raf-1 activity has been shown (Hafner et al., 1994;
Mischak et al., 1996). The ability of PKA to phosphorylate serine 43 of Raf-1 has been
proposed to uncouple Raf-1 from Ras which can be achieved in vitro (Wu et al., 1993).
Moreover, phosphorylation of serine 43 has been proposed to account for PKA’s
inhibition of Raf-1 activation in fibroblasts (Wu et al., 1993) and T cells (Ramstad et al.,
2000). However, mutagenesis of this site failed to block PKA from inhibiting ERKs in
both NIH3T3 and Hek293 cells in vivo (Sidovar et al., 2000). Additional mechanisms for
PKA’s ability to uncouple Raf-1 from Ras must exist.

One possible mechanism involves the Ras family member Rapl. The small G
protein Rapl is also a target of PKA activation, and has become a focus of attention over
the last several years (Altschuler et al., 1995). Rapl is thought to be ubiquitously
expressed and exists as one of two isoforms, Rapla and Rap1b which mediate similar
physiological functions (Pizon et al., 1990; Pizon et al., 1994). Rapl was first identified

as an antagonist of Ras-induced ERK activation and cell transformation in NIH3T3 cells



(Cook et al., 1993; Kitayama et al., 1990). Interestingly, although Rap1 can block signals
from constitutively activated Ras, it cannot block signals from constitutively active Raf-1
(Sakoda et al., 1992). Similar to cAMP, Rap1’s inhibitory action targets upstream of
Raf-1 and downstream of Ras signaling (Burgering et al., 1993). Data presented in this
thesis, suggests that Rap1 antagonizes Ras activation of Raf-1 and ERKSs by binding to
and sequestering Raf-1 away from Ras (Schmitt and Stork, 2001). Rap1’s ability to bind
and inhibit Raf-1 requires Rapl1 activation by cAMP/PKA.

Studies presented here and elsewhere demonstrate that the role of Rapl in ERK
regulation can be examined by inhibiting Rap! activation through expression of either the
interfering mutant RapN17 (Chen et al., 1999; Dugan et al., 1999; Schmitt and Stork,
2000) or the Rap] inhibitor, RaplGAP1 (Mochizuki et al., 1999; Schmitt and Stork,
2001). Indeed, we have shown that in NIH3T3 cells, inhibition of endogenous Rapl
blocked cAMP/PKA’s inhibitory effects on both ERKs and cell growth (see Figure 1.2A)
(Schmitt and Stork, 2001). While Rap1 has been well characterized as an antagonist of

ERKSs and cell growth in cell lines, this has not been demonstrated in animal models.

PKA activates Rap1 via Src

Rapl is activated by hormones which signal to cAMP and PKA (Altschuler et al., 1995;
Schmitt and Stork, 2002) and can inhibit Ras-dependent signals therefore, Rapl is a
potential target of cAMP’s inhibition of Ras/Raf-1-dependent signals to ERKs (see
Figure 1.2A). PKA activation of Rapl has been demonstrated in a number of cell types
including, neurons (Vossler et al., 1997), glia (Dugan et al., 1999), fibroblasts (Altschuler

et al., 1995; Schmitt and Stork, 2001), neutrophils (Quilliam et al., 1991), and platelets



(Quilliam et al., 1991). Both Rapla and Raplb are targets of PKA phosphorylation
(serines 179 and 180 in Raplb) (Quilliam et al., 1991; Siess et al., 1990). However, early
studies revealed that these sites were dispensable for Rap1 activation by cAMP
(Altschuler and Lapetina, 1993). Additional studies have also suggested either negative
or positive roles for PKA phosphorylation of Rapl on Rapl activity itself (Hu et al.,
1999; Tsygankova et al., 2001). From these and other studies, it is clear that direct
phosphorylation of Rapl can not account for PKA’s activation of Rapl, and that PKA’s
activation of Rapl must be indirect.

Potential indirect mechanisms by which PKA could activate Rap1 include
activation of specific exchangers or inhibition of specific inhibitors. Inhibition of Rapl,
like other G proteins, is achieved via specific GTPase activating proteins (GAPs). The
Rapl-specific GAP, RaplGAP1, is a substrate of PKA, however PKA does not appear to
effect RapIGAPI’s ability to inhibit Rap1 activity (Polakis et al., 1992). PKA may also
regulate upstream exchangers/activators of Rapl. The first Rapl-specific exchanger
identified was C3G, or Crk SH3 guanine nucleotide exchanger (Gotoh et al., 1995). The
possibility that PKA could activate C3G exchange activity is suggested by studies
presented in this thesis in which PKA’s activation of Rapl was blocked by the expression
of an interfering mutant of C3G, in Hek293 cells (Schmitt and Stork, 2000). Subsequent
work has confirmed a requirement for C3G in PKA’s activation of Rap1 in NIH3T3 cells
and embryonic fibroblasts (Schmitt and Stork, 2002).

cAMP/PKA stimulation recruited C3G to the membrane fraction of cells in a
complex with the adaptor Crk-L and the scaffold protein Cbl. C3G/Crk-L is recruited to

Cbl following the phosphorylation of a specific tyrosine residue on Cbl that serves as a
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docking site for the SH2 domain of Crk-L (Schmitt and Stork, 2002; Thien and Langdon,
2001). This tyrosine phosphorylation of Cbl requires both PKA and the Src tyrosine
kinase (Schmitt and Stork, 2000). Interestingly, PKA activates Src via a direct
phosphorylation at serine 17 (Gottesman and Fleischmann, 1986; Roth et al., 1983).
Work presented here demonstrates that PKA phosphorylation of Src induces the
formation of the Cbl/Crk-L/C3G complex which is required for PKA’s activation of
Rapl. Furthermore, Src is required for PKA’s inhibition of ERKs and cell growth in both
NIH3T?3 cells and mouse embryonic fibroblasts (Schmitt and Stork, 2002). The
requirement of Src for PKA to inhibit ERKSs identifies a unique anti-proliferative function
for Src one that is distinct from the well studied proliferative actions of this proto-
oncogene. It will be important to define how PKA phosphorylation of Src dictates Src’s

activation of Rapl.

cAMP utilizes additional mechanisms to inhibit ERKs
PKA’s activation of Rapl supplies a potential mechanism for cAMP/PKA to disrupt
Ras/Raf-1 signaling in multiple cell types. However, other mechanisms by which
cAMP/PKA inhibit ERKSs have been proposed (see Figure 1.3). These mechanisms may
include non-adherent cell growth, additional kinase targets of cAMP, and MAP kinase
phosphatases.

Activation of ERKs by growth factors is blunted in non-adherent cells, and a role
for PKA in this block has been demonstrated (Howe and Juliano, 2000). While the
mechanism of PKA activation following loss of adherence is not well established, the

inhibition by PKA was associated with an inhibitory phosphorylation of the p21-
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associated kinase (PAK) (Howe and Juliano, 2000). PAK is a candidate Raf-1 kinase
whose phosphorylation of Raf-1 is required for Raf-1 to be fully activated by Ras (Sun et
al., 2000).

Additional kinase targets have been proposed. Recent studies have identified
AKT (PKB) as a potent negative regulator of the two major MAPKKK’s, Raf-1 (Scheid
and Woodgett, 2000) and B-Raf (Guan et al., 2000). Rapl has been proposed to activate
AKT through the activation of PI3-K (Tsygankova et al., 2001). In addition, direct
phosphorylation of AKT by PKA has been suggested (Sable et al., 1997). It is possible
that either mechanism of activation of AKT by cAMP may limit activation of Raf-1 and
ERKs.

The family of dual specificity phosphatases, MKPs, can also regulate ERKSs.
MKP-1 and MKP-2 are immediate early genes whose activity is regulated by
transcription (Misra-Press et al., 1995). cAMP is a potent inducer of MKP transcription
(Misra-Press et al., 1995) and this induction by cAMP limits ERKs’ activation (Plevin et
al., 1997). This is one of several mechanisms which may account for the delayed
inhibition of ERKSs following cAMP treatment that occurs in a time frame compatible
with transcriptional regulation. Taken together, these studies would suggest that
additional mechanisms exist for cAMP to inhibit ERKs however, these studies have not

examined the physiological role of these pathways which will be important to determine.
cAMP’s inhibition of cell growth can be independent of ERK inhibition

In many cell types the role of ERKSs has not yet been examined. However, studies have

identified cell types where inhibition of ERK signaling is not involved in PKA’s anti-
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proliferative effects. As mentioned previously, the examination of single or selected
timepoints of ERK regulation by cAMP may fail to recognize subtle regulatory effects as
can be seen in CCL309 fibroblast cells where growth factor stimulation of ERKs is not
inhibited by cAMP but is delayed (McKenzie and Pouyssegur, 1996). Additional studies
with ACTH, a pituitary hormone that signals via cAMP/PKA, inhibits FGF2 proliferation
in mouse Y1 adrenocortical cells without inhibiting ERKs (Lepique et al., 2000). While
the exact mechanism of inhibition was not determined, it was suggested that cAMP may
be inhibiting cell growth by blocking the expression of key cell cycle transription factors
and AKT activation.

The role of cAMP’s inhibition of ERKs in T cells is unclear. Limited reports
have suggested that PKA inhibited the activation of both T lymphocytes (Ramstad et al.,
2000) and B cells (Myklebust et al., 1999) via inhibition of ERKs. However other
pathways have also been proposed, including cAMP inhibition of JAK-STAT-mediated
immune responses (Ivashkiv et al., 1996; Sengupta et al., 1996). In addition, cAMP can
also block T lymphocyte proliferation by inhibiting the transcription of the IL-2 cytokine
(Rao et al., 1997), through the action of PKA to disrupt the function of NFAT, NF-kB,
and Elk-1 transcription factors (Chow and Davis, 2000; Whitehurst and Geppert, 1996;
Zhong et al., 1997). Clearly, studies examining PKA’s inhibition of ERKs in
lymphocytes is in its infancy and additional studies will need to be carried out to address

the role of PKA as well as Rap1 both in vitro and in vivo model systems.
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Figure 1.3. Mechanisms of cAMP/PKA inhibition of ERK activation. (1) cAMP can
activate Rapl, to antagonize Ras signaling to Raf-1. ¢cAMP activation of PKA activates
Rapl via a Src-dependent pathway. (2) PKA may also inhibit Raf-1 via phosphorylations
on Raf-1. PKA phosphorylation of serine 43 can inhibit Raf-1’s ability to bind to GTP-
loaded Ras. (3) cAMP/PKA may also inhibit Raf-1 by activating the serine/threonine
kinase AKT. AKT phosphorylation of Raf-1 at serine 259 blocks Raf-1 activation. (4)
PKA can also interfere with the activation of Raf-1 by the serine/threonine kinase PAK.
Following recruitment to Ras, Raf-1 requires phosphorylation at serine 338 by a putative
PAK kinase to be fully activated. PKA may inhibit PAK activity by direct phosphorylation,
thereby inhibiting Raf-1 activation by Ras.
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cAMP and cell proliferation/differentiation

Hormones coupled to cAMP have also been shown to stimulate ERKs and cell growth
(Ariga et al., 2000; Iacovelli et al., 2001). To understand cAMP’s cell-type specific
effects it is important to determine whether the signaling mechanisms mediating cAMP’s
anti-proliferative effects are similar to those mediating cAMP’s proliferative effects. We
will also describe a diverse group of cells for which cAMP activates ERKs and cell

growth. The ERK-dependence of cAMP’s activation of differentiation will also be

discussed.

cAMP activates ERKs and cell proliferation

CAMP not only inhibits cell growth but stimulates cell growth as well. Many of the cell
types in which cAMP stimulates proliferation belong to the endocrine system of tissues.
In these cells, proliferation is induced by hormones and GPCRs coupled to Gois and
cAMP production. For prostate cells, cAMP’s effects can be synergistic with growth
factors (Chen et al., 1999) and cytokines (Deeble et al., 2001). Additional examples
include, TSH stimulation in thyroid cells (Ariga et al., 2000; Kimura et al., 2001), GHRH
in somatotrophs (Mayo et al., 2000), VIP and PACAP in lacto-somatotrophs (Le Pechon-
Vallee et al., 2000), FSH in Sertoli cells (Crepieux et al., 2001), and VIP and CRF in
keratinocytes (Mitsuma et al., 2001). In many cases, ERK signaling is required for
cAMP’s proliferative effects including, brown fat (Lindquist and Rehnmark, 1998),
preadipocytes (Yarwood et al., 1996), pituitary (Le Pechon-Vallee et al., 2000), Sertoli
cells (Crepieux et al., 2001), and kidney (Yamaguchi et al., 2000). Interestingly,

polycystic epithelium is also stimulated by cAMP. A role for ERKSs in this action of
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cAMP has also been proposed (Hanaoka and Guggino, 2000; Sutters et al., 2001;
Yamaguchi et al., 2000). Clearly cAMP and ERKSs play an important role in stimulating
cell proliferation. It is interesting to speculate that Rap1 may also play a role in
mediating cAMP’s proliferative effects in certain cell types, although an oncogenic role

for Rapl has not been reported.

cAMP-dependent cell differentiation can be triggered by PKA and ERK

cAMP activation of ERKs has been associated with both proliferation and differentiation,
and the ERK cascade can mediate both proliferation and differentiation within the same
cell (Vossler et al., 1997). This phenomenon has been demonstrated in the neuronal-like
cell line, PC12, where transient activation of ERKs by EGF triggers proliferation, while
sustained activation of ERKs by NGF and FGF trigger differentiation (York et al., 1998).
In PC12 cells, differentiation by cAMP requires sustained ERK activation (Okumura et
al., 1994; Vossler et al., 1997).

The ERK-dependence of cAMP-induced cellular differentiation has been well
studied in neuronal cells lines. For example, cCAMP stimulation can differentiate
pluripotent embryonic carcinoma cells along a neuronal lineage (Sharma et al., 1990) as
well as induce differentiation of immortalized neurons (Cibelli et al., 2001). Interestingly,
cAMP can also potentiate NGF’s stimulation of ERKs and PC12 differentiation (Calleja
et al., 1997). Neuronal differentiation is evident by the cellular phenotypes of increased
neuronal activity, depolarization induce changes in gene expression, and increased
synaptic plasticity (Martin et al., 1997). Interestingly, some of these differentiated

phenotypes of neurons have been shown to require both PKA and ERK activities (Grewal
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et al., 2000b; Vincent et al., 1998; Waltereit et al., 2001; Winder et al., 1999).
Differentiation of endocrine-responsive prostatic tumor cells by cAMP also requires
ERKSs (Deeble et al., 2001). A number of other cell types can also be differentiated by
cAMP stimulation through PKA and ERK including, cardiac myocytes, where
isoproterenol induces cellular hypertrophy (Zou et al., 1999). VIP stimulation of retinal
pigment epithelial cells also results in melanogenesis and regulates fluid transport
capacity (Koh, 2000). Interestingly, the role for Src in the cellular differentiation of
retinal pigment epithelial cells by cAMP was suggested. An additional example can be
seen in granulosa cells, where cAMP stimulates steroidogenesis and requires both PKA
and ERK (Seger et al., 2001).

One aspect of the cAMP-mediated differentiation phenotype is the induction of
specific genes. cAMP activates gene expression via the binding of phosphorylated
CREB to cAMP-responsive elements (CREs) within the promoters of specific genes. In
neurons, activation of CRE-containing genes mediates both neurotrophic and
differentiation functions (Ahn et al., 1998; Riccio et al., 1999). Interestingly, a
requirement for ERKs has been identified in PKA dependent-activation of CREB
transcription, downstream of CREB phosphorylation (Grewal et al., 2000b). Similar
requirements for ERKs have been shown for cAMP induction of several genes including,
the dopamine beta-hydroxylate gene in PC12 cells (Swanson et al., 1998) and the myelin

basic protein gene (Clark et al., 1998).

Mechanisms by which cAMP stimulates ERK signaling

Rapl activation of B-Raf
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cAMP’s activation of ERKs was originally described in PC12 cells (Frodin et al., 1994).
These and other studies identified the target of cAMP stimulation to be upstream of MEK
and ERKs. Careful examination of the signaling pathway from cAMP to ERKs revealed
that cAMP’s effects might be Ras-independent. This was confirmed by studies
examining the regulation of ERKs by parathyroid hormone (PTH) and cAMP in Chinese
hamster ovary cells (Verheijen and Defize, 1997) and by Forskolin stimulation of cAMP
in PC12 cells (Vossler et al., 1997). In both systems, Ras-independent activation of
ERKs by cAMP was demonstrated by the absence of inhibition on ERKs by the
interfering mutant of Ras, RasN17. A requirement for Rap1 in cAMP’s activation of
ERKs was demonstrated using interfering mutants of Rapl (Vossler et al., 1997), and
validated using a genetic approach (Wan and Huang, 1998).

Despite Rapl’s ability to inhibit Ras/Raf-1 signaling to ERKs, work presented in
this thesis and elsewhere demonstrate that Rap1 activates ERKSs in several cell types
(Faure and Bourne, 1995; Schmitt and Stork, 2000; Vossler et al., 1997). This is because
Rapl can activate ERKSs via B-Raf (Schmitt and Stork, 2000; Vossler et al., 1997). This
is depicted in Figure 1.2B. B-Raf is a member of the Raf family of MAPKKKS that is
highly expressed in the brain (Morice et al., 1999) and other tissues (Barnier et al., 1995).
It is highly homologous to Raf-1 within both its kinase and Ras-binding domains, and,
like Raf-1, has only one known substrate: the MAPKK, MEK.

Rap1 activation of B-Raf was first demonstrated in vitro, using B-Raf purified
from brain extracts (Ohtsuka et al., 1996) and was shown to be dependent on Rapl
activation (Liao et al., 2001; York et al., 2000). Recently, a role for the B-Raf binding

partner 14-3-3 in Rapl activation of B-Raf by cAMP has also been demonstrated (Qiu et
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al., 2000). Furthermore, studies in B-Raf-expressing cells have shown that cAMP
activation of ERKs requires Rapl and B-Raf (Dugan et al., 1999; Schmitt and Stork,
2000; Zanassi et al., 2001). Rapl’s activation of B-Raf and ERKSs has been shown in
multiple cell types including PC12 cells (Vossler et al., 1997), neurons (Zanassi et al.,
2001), cortical astrocytes (Schinelli et al., 2001), testes (Berruti, 2000), and Hek293 cells
(Schmitt and Stork, 2000).

The physiological consequences of the PKA/Rap1/B-Raf pathway is dependent
on cell type. For example, PKA/Rap1/B-Raf is utilized by certain cells to regulate
proliferation (Chen et al., 1999), and by other cells to regulate differentiation (York et al.,
1998). Rapl/B-Raf signaling may also be involved in specific pathophysiological
responses such as susceptibility to infection (de Magalhaes et al., 2001; Wessler et al.,
2002) and cancer (Yamaguchi et al., 2000). Tt is interesting to speculate that in situations

where ERKSs are oncogenic the PKA/Rap1/B-Raf pathway may play a key role.

cAMP activation of ERKSs is regulated by B-Raf expression

cAMP’s activation of Rapl may provide a model for cAMP’s cell-type specific actions.
Depending on the cell-type, active Rap! may stimulate B-Raf/ERK and/or inhibit Raf-
I/ERK. In this model, the consequence of cAMP’s action on ERKs depends on B-Raf
expression (see Figure 1.2). Work presented here suggests that concurrent activation of
B-Raf and inhibition of Raf-1 by both cAMP and Rap1 occurs in the same cells (see
Figure 1.2B). For example, in Hek293 cells, which express B-Raf, Rapl activation by
either isoproterenol or cAMP antagonizes Ras activation of Raf-1 but activates ERKs via

B-Raf. The consequence of isoproterenol/cAMP stimulation in these cells is the
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activation of ERKs via a Rap1l-dependent, but Ras-independent pathway (Schmitt and
Stork, 2000). This dual action of cAMP is also seen in purinergic neurons, where PKA
activates B-Raf while inhibiting Raf-1 (Gao et al., 1999). Other groups have confirmed
similar effects in PC12 cells where adenosine stimulation of cAMP inhibits the early
phase of ERK activation by NGF but enhances the late effects (Arslan and Fredholm,
2000).

In B-Raf-negative cells, like NIH3T3 cells and glial cells, cAMP activation of
Rapl inhibits growth factor activation of ERKs and cell growth (Dugan et al., 1999;
Schmitt and Stork, 2001). Transfection of B-Raf into these cells converts Rapl into an
activator of ERKs (Dugan et al., 1999; Vossler et al., 1997). Surprisingly, expression of
B-Raf also converts integrin signaling from inhibition to activation of ERKs and a Rap1-
dependent mechanism has been proposed (Barberis et al., 2000). One important area for
future study is to determine whether changes in B-Raf expression levels account for the

reversal of cAMP regulation of ERKs and cell growth in physiological systems.

Role of Src in PKA activation of ERKs via Rap1/B-Raf

The requirement of PKA for cAMP’s activation of Rap1 in many studies has confirmed
the importance of PKA in Rapl activation (Altschuler et al., 1995; Schmitt and Stork,
2000; Schmitt and Stork, 2001). We have recently revealed, a pathway from PKA to
Rapl through Src activation in fibroblasts (see Figure 1.3). These cells do not express B-
Raf and Rap1 blocks Ras activation of Raf-1 and ERKSs (Schmitt and Stork, 2002). It is
possible that Src also mediates PKA’s activation of Rapl in B-Raf-positive cells as well

(see Figure 1.4). Previous studies have proposed a requirement for Src family kinases in
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Figure 1.4. Mechanisms by which cAMP/PKA can activate ERKs.

(1) In B-Raf-expressing cells, hormonal stimulation of PKA may activate ERKs via
the Src-dependent activation of Rapl, which can activate ERKs through B-Raf. (2)
PKA may also stimulate Ras activation in response to G protein-coupled receptor
stimulation which results in ERK activation through Ras activation of either B-Raf
or Raf-1. (3) PKA may activate ERKs by phosphorylating the ERK phosphatase,
HePTP, which releases ERK from inhibition by the phosphatase. (4) cAMP may also
activate Rap1 and Ras through PKA-independent pathways involving cAMP-GEFs.

22



PKA’s activation of ERKs which may reflect specific examples of the use of the
PKA/Src/Rapl pathway (Crepieux et al., 2001; Gentili et al., 2001; Kobierski et al.,

1999; Lindquist et al., 2000). For example, VIP stimulation of retinal pigment epithelia
requires a pathway through cAMP and Src (Koh, 2000). It is also possible that both NGF
and norepinephrine actions on PC12 cells may also utilize signals from Src to Rapl and
ERKs (D'Arcangelo and Halegoua, 1993; Zhong and Minneman, 1999). Signaling via f-
adrenergic receptors to ERKs has also been shown to require PKA, Src (Cao et al., 2000;
Daaka et al., 1997; Lindquist et al., 2000), and Rap1 (Schmitt and Stork, 2000). It should
be noted that in some cases Src has been shown to play a proliferative role independent of
ERK activation (Angel Fresno Vara et al., 2001). Selective pharmacological inhibitors of
Src family kinases (Hanke et al., 1996) make it possible to test the requirement of Src in

cAMP’s regulation of ERK and cell growth in these and other systems.

cAMP can activate Rapl in the absence of PKA activity

Work from this thesis suggests that cAMP exerts most of its effects through PKA
however, PKA-independent actions of cAMP may also exist, including the activation of
Rapl. In dog thyroid cells, Rapl1 is activated by cAMP via both PKA-dependent and
PKA-independent mechanisms (Dremier et al., 2000). Rapl activation by TSH and
cAMP, in rat thyroid cells, does not require PKA (Tsygankova et al., 2001). Studies in
leukemic cells have also identified a PKA-independent activation of Rapl (von Lintig et
al., 2000). The recent identification of a family of cAMP-binding proteins that are
guanine nucleotide exchange factors (GEFs) for Rap1, Rap2 and Ras, have opened the

door for cAMP’s actions on Rap1, Ras, and cell growth. These GEFs, called cAMP-
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GEFI and II (Kawasaki et al., 1998a) (or Epacl and 2 (de Rooij et al., 1998)), show
increased GEF activity towards Rapl, and the related Rap2 (Schmidt et al., 2001a), upon
their binding to cAMP (Kraemer et al., 2001). In addition, a Ras GEF called CnrasGEF
can also be activated by cAMP (Pham et al., 2000). These, or related GEFs, may play a
role in the cAMP-dependent, PKA-independent activation of small G proteins in thyroid
cells (Tsygankova et al., 2000) (see Figure 1.4). It is possible to speculate that these
GEFs may also play a role in cAMP-stimulated ERK-dependent cell growth and
differentiation. These GEFs appear to be expressed in a cell-type specific manner and
may represent a growing family of GEFs that have yet to be discovered. However, the

physiologic role of these GEFs has yet to be determined.

cAMP activation of ERKSs can require Ras

As suggested above, Ras may also be a target of cAMP signaling to ERKSs in
certain cell types and depending on the stimulus (see Figure 1.4). B-adrenergic receptor
signaling has been shown to involve a PKA-dependent switch of B-adrenergic receptor
coupling from Gas to Gad, and subsequent activation of Ras via the By subunits of Gi
(Daaka et al., 1997). Ras activation following GPCR stimulation utilizes signals
generated from the By subunits of the heterotrimeric G proteins (Crespo et al., 1994;
Lopez-Llasaca et al., 1997). Interestingly, these studies have also identified a role for
Gas and PKA signaling in ERK activation (Daaka et al., 1997).

Ras activation by this pathway can proceed simultaneously with PKA’s activation
of Rapl (Schmitt and Stork, 2000). For example, in Hek293 cells the B-adrenergic

receptor can activate Rapl and ERKs through Gos /cAMP, and can activate Ras through
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By (Schmitt and Stork, 2000). Interestingly, Rap1’s activation appears to block the
ability of Ras to bind to Raf-1 and activate ERKS. In COS-7 cells, isoproterenol has
also been shown to utilize both Gas and Gy to regulate ERK signaling. In these cells,
the B-adrenergic receptor can inhibit ERKs via cAMP (possibly via Rap1), but can
activate ERKSs via By (Crespo et al., 1995).

It appears as though in some neuronal cells B-Raf is be the major Raf isoform
activated by Ras (Jaiswal et al., 1994). In these cells, cAMP’s activation of ERKs
requires both Ras and B-Raf but not Rap-1. Interestingly, PKA was not required for
cAMP’s activation of Ras (Busca et al., 2000). In contrast, Ras has also been shown to
be activated by cAMP in cortical neurons, in a PKA-dependent manner (Ambrosini et al.,
2000). The above data suggest that Ras can be activated by cAMP however, the ability
of cAMP to activate Ras appears to be cell-type and stimulus specific and will need

further examination.

PKA can activate ERKs through additional mechanisms
The primary mechanisms that have been proposed to explain how cAMP can activate
ERKSs have focused on Rap1 or Ras activation lying upstream of ERK. However, there
are reports of cAMP’s activation of ERKs being independent of MEK (Lee and
Esselman, 2001). Several possibilities exist including, decreasing ERK phosphatase
activity or through an indirect pathway.

One mechanism that can account for PKA-dependent and G protein-independent
activation of ERK is through the inhibition of downstream ERK phosphatases. Two

studies examining PKA’s inhibition of potential ERK directed PTPases, including HePTP
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(Saxena et al., 1999), PTP-SL and STEP (Blanco-Aparicio et al., 1999). The
hematopoietic protein tyrosine phosphatase HePTP was negatively regulated by PKA, by
direct phosphorylation within the kinase interaction motif (KIM) (Saxena et al., 1999).
Release of ERKs from HePTP upon PKA phosphorylation was associated with increased
ERK activity (see Figure 1.4). This mechanism is similar to that proposed for protein
tyrosine phosphatases PTP-SL and STEP (Blanco-Aparicio et al., 1999).

Recent studies in neurons have also suggested an indirect role for cAMP/PKA in
ERK activation at the Schaffer collateral-CA1 synapse within the hippocampus. In these
cells cAMP was shown to induce rapid activation of BDNF/TrkB signals (Patterson et al.,
2001). Interestingly, although ERK activation by Forskolin was independent of BDNF,
the nuclear localization of ERKSs required BDNF signaling (Patterson et al., 2001). Thus,

additional pathways exist for PKA to activate ERKSs independent of those discussed in

previous sections.

Conclusions

One important aspect of this thesis is that cAMP regulation of the ERK cascade provides
an important cross talk between hormones and growth factor signaling. The cell-type
specificity of cAMP’s actions correlates with that of Rapl activation. The specificity is
determined by the effects of both Rap1’s actions on Raf-1 and B-Raf (see Figure 1.2).
Therefore, cCAMP’s activation of Rapl can account for both cAMP’s inhibition and
activation of ERKs. Indeed, work presented in this thesis will suggest that cAMP and
Rapl can activate ERKSs in cells that express B-Raf but not in cells that lack B-Raf.

Because cAMP can activate Rapl in a variety of cells, it will be important to examine the
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expression of B-Raf when evaluating the mechanism of action of cAMP in specific cell
types. It will also be important to examine the ability of Src to carry a stimulatory signal
from PKA to ERKs through Rapl and to examine the role of Src in developmental or

physiological models of cell growth.
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THESIS AIMS

The major focus of this thesis is to test the following:

1) Does stimulation of endogenous -adrenergic receptors utilize a Rapl/B-Raf pathway

to activate ERKs?

As discussed, stimulation of cells with the B-adrenergic receptor agonist, isoproterenol,
may use a cAMP/PKA- and Ras-dependent mechanism to activate ERKs. Based on
previous results from our lab and others, cAMP/PKA may also activate ERKSs via Rapl
in B-Raf expressing cells. This hypothesis will be tested in Hek293 cells which express

both endogenous ,-adrenergic receptors as well as B-Raf.

2) Is Rapl required for cAMP/PKA’s ability to inhibit ERKs and cell growth?

cAMP/PKA has been shown to inhibit ERK activation and cell growth and proliferation
in NIH3T3 fibroblasts. Rapl1 is activated by cAMP/PKA and can antagonize ERK
activation by Ras. Therefore, the possibility that Rapl may mediate cAMP/PKA’s
inhibitory effects on ERKs and cell growth will be examined in NTH3T3 cells.

3) What is the mechanism for PKA’s activation of Rapl?

PKA activates Rapl to inhibit ERKs and cell growth in fibroblasts. Previous work
suggests that PKA activates Rapl indirectly via the guanine nucleotide exchange factor,
C3G. C3G associates with Crk-L and Cbl following Cbl’s tyrosine phosphorylation. It is
possible that PKA may activate the tyrosine kinase, Src, to activate C3G/Crk-L/Cbl.
Depending on the cell-type, Stc activation by PKA may lead to inhibition of ERKs and
cell proliferation. Therefore, the role of these molecules in Rap1 activation and
inhibition of ERKSs and cell growth will be examined in NIH3T3 cells. Parallel studies
will be carried out in mouse embryonic fibroblasts derived from mice expressing only

wild type endogenous Src (Src++) or mice deficient of all Src family kinases (SYF).
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ABSTRACT

G protein-coupled receptors can induce cellular proliferation by stimulating the MAP
kinase cascade. Heterotrimeric G proteins are composed of both « and By subunits that
can signal independently to diverse intracellular signaling pathways including those that
activate MAP kinases. In this study, we examined the ability of isoproterenol, an agonist
of the B,-adrenergic receptor (8,AR), to stimulate ERKs. Using Hek293 cells, which
express endogenous B,AR, we show that isoproterenol stimulates ERKs via B,AR. This
action of isoproterenol requires PKA and is insensitive to pertussis toxin (PTx)
suggesting that Gsa activation of PKA is required. Interestingly, B,AR activates both the
small G proteins Rapl and Ras, but only Rapl is capable of coupling to Raf isoforms.
B.AR inhibits the Ras-dependent activation of both Raf isoforms Raf-1 and B-Raf,
whereas Rapl activation by isoproterenol recruits and activates B-Raf. B,AR’s activation
of ERKs is not blocked by expression of RasN17, an interfering mutant of Ras, but is
blocked by expression of either RapN17 or Rapl GAP1, both of which interfere with

Rapl signaling. We propose that isoproterenol can activate ERKs via Rapl and B-Raf in

these cells.
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INTRODUCTION

Cell proliferation is regulated by extracellular signals including growth factors and
hormones. Growth factors activate receptor tyrosine kinases (RTKSs) to stimulate a
number of intracellular signaling cascades. One cascade, the MAP kinase (or ERK)
cascade triggers cellular proliferation through multiple mechanisms including inducing
stimulation of progression through the G1/S transition of the cell cycle and by activating
rate-limiting proteins involved in both DNA and protein synthesis (Graves et al., 2000;
Whitmarsh and Davis, 2000). ERKs are activated in cancerous cells through the action of
proto-oncogenes like Ras that lie upstream of the MAP kinase cascade. Hormones can
also activate the MAP kinase cascade to stimulate proliferation in many cell types
(Dhanasekaran et al., 1995). Some hormones, like insulin, act like growth factors to
activate RTKSs to stimulate intracellular cascades leading to ERK (Avruch, 1998; Boulton
et al, 1991). However, most hormones act via serpentine (or seven-transmembrane
receptors), and couple to heterotrimeric GTP binding proteins (G proteins) to elicit their

effects (Bourne, 1997; Ginell and Brown, 1996).

Heterotrimeric G proteins are composed of two functional units, an alpha () subunit and
a beta-gamma (Py) subunit. Both « and By are released from hormone receptors upon
ligand binding and can directly bind to and activate specific effectors. For «, one of these
effectors is adenylate cyclase. Historically o subunits that stimulate adenylate cyclase are
called as for stimulatory, while those that inhibit adenylate cyclase are termed o, for
inhibitory. Over the past five years, cross-talk between G protein-coupled signaling

pathways have been identified for many G protein-coupled receptors (Dhanasekaran et
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al., 1995; Sugden and Clerk, 1997). The activation of MAP kinase cascades has been
established for G proteins of diverse classes, including Gs, Gi, and Gq (Budd et al., 1999;
van Biesen et al., 1996; Vossler et al., 1997). For some of these, direct or indirect
involvement of cytoplasmic tyrosine kinases has been shown (Florio et al., 1999; Lev et
al., 1995; Luttrell et al., 1996; Tang et al., 1999; Wan et al., 1996). For others,
association with regulatory molecules like RasGAP (Jiang et al., 1998) or RaplGAP1
(Jordan et al., 1999; Mochizuki et al., 1999) provides the cross-talk necessary to

modulate signals to the small G proteins Ras or Rap1, respectively, to regulate the MAP

kinase cascade.

Perhaps the best studied mechanism of cross-talk between G proteins and the MAP
kinase cascade involves the By subunit of heterotrimeric G proteins. Activation of both
Gqg- and Gi-coupled receptors releases By to activate the tyrosine kinase c-src which can
activate Ras via the phosphorylat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>