Mechanisms Underlying Nerve Growth Factor Signaling Specificity:
Role of membrane trafficking and
selective coupling to localized Ras family members 7

by

o

Randall D.York

A DISSERTATION

Presented to the Neuroscience Graduate Program
Oregon Health Sciences University

School of Medicine

in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
2001



School of Medicine
Oregon Health & Science University

CERTIFICATE OF APPROVAL

This is to certify that the Ph.D. thesis of
Randall York

has been approved

Member




TABLE OF CONTENTS

Page

TABLE OF CONTENTS. ... ooeiiiiii e e 1

LISILOR IS TRATTIONIS 1 000 campns e v m 558 51 b i S e S s e B2 iii

HCKNOWLEDGENIENTS! . 2. itk b Bl Sin i iuisavniad s s St Lt g S s v

ABSTRACT ittisscosmmehddid oo e o S s Chrta 8 2o mesivion e it e e mone Vi

CHAPTER ONE: IntroduCtON. . ....cuiutiniiniie e e 1

The ERK Cascade .........o.ouviniiiiii e 2

Selective expression of Raf isoforms.................c.oooviviniii 0, %

Regulation of Raf activity............coviiiiiiiii i, 3

RS TN BRAD T o e+ o 00 B ismcmsioss 50 i S s 55+ o St 4o 4

Ras and Rap1 regulation: exchangers and adaptors....................... s

ERK Signaling Specificity in Cell Growth Control..............ccceivioiiiil. 6

The Question of Growth Factor Specificity...............o.ooci . R 8

PC12 Cells as a Model SyStem.............oooiiiiiiii e 8

Classical growth factor-stimulated ERK cascade in PC12 cells.......... 9

Feedback control of ERK activity.................cocoveieeiii i, 10

NGF: an evolving model of growth factor signaling in PC12 cells..... 10

Figure Legends..........coooiiiiiiiiiiii e, 12
CHAPTER TWO: Rapl Mediates Sustained MAP Kinase Activation

Induced by Nerve Growth Factor...................ooooceoiii i, 22

SSUPTIEEIRY | (5177 ssenaor s G5 sty s s 2T T s s osommsoms b e Ao 23

Introduction and Results ... 23

MGG | 1 st s o etV U et e o T e roesemonee e 27

Figure legends. .. ... 30



CHAPTER THREE: Role of Phosphoinositide 3-Kinase and Endocytosis in NGF Induced

Extracellular Signal-Regulated Kinase Activation via Ras andRap1 ...37

COADSACE | Misosowss n.e s oo waTaREE NN B b sl v o e e i s . 08
INtrodUCTION. ... 38
Materials and Methods .............ooooieiiiiii i 40
ResUIts L 44
DUSCUSBION . . . - ieinis s 3 s B oo s sismibhmmfn b asines ma bhde L5 63 ot b ¥issd3 s ......48
Erepine [EETTES. i mmershismionn @i sl fri s s senr s s g st
CHAPTER FOUR: DiSCUSSION . ... c.0vvtetieineie s et e 68
Adaptor Molecules Contribute to Specificity .............. ROV ORer— 69
Membrane Trafficking...............oooooiiiii 71
Rapl Activation via NGF and PKA: A Common Mechanism? .................. 75
Rap1 as a Mediator of Activity-Dependent Neuronal Processes ................. 75
Summary andCOonCIUSION .......c.uvvuiuniiniit i 76
REFERENCES ..t 78-109

1



Figure 1.1.
Figure 1.2.
Figure 1.3,
Figure 1.4.

Figure 1.5.

Figure 1.6

Figure 2.1.

Figure 2.2.

Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 3.1.

Figure 3.2.

Figure 3.3.

LIST OF ILLUSTRATIONS

Classical ERK cascade...............ooooviiiiiiiiii 16
Structural comparison of neuronal Raf isoforms ..................... 17
Schematic of Ras family members ................................. .. 18
Adaptor couplingtoRas and Rapl.........................c....... 19
Growth factor signaling specificity in PC12 cells.................... 20
Potential neuronal targets of ERK phosphorylation........ s us fal

Ras- andRap1-dependent components of NGF's

activabhion BF ERES. . i rmaisasn E seivssse sebes fuus o & & susion a6 32
Rap] activation and association with B-Raf........................... 33
The action of RapN17 on components of

neuronal differentiation ............................... 34

Enhancement of NGF signaling by Crk-L and C3G

vid Rapll and B-Rial . o cqepisrommsinssem e en i voms toe g ne D res s7e02 35
Requirement of Crk/C3G for maximal activation of ERK........... 36
Role of PI3-K in neuronal ERK activation............................58

Requirement of PI3-K for ERK activation by NGF

0 P12, BBIIS v 5 5 v g v 0 5 v B omesons 94 8 o s 56 s e s 39

11



Figure 3.4.

Figure 3.5.

Figure 3.6.
Figure 3.7.
Figure 3.8.

Figure 3.9.

Figure 3.10.

LY inhibition of Rap1/B-Raf activation................................ 61

The requirement of PI3-K for Ras coupling to

downstream Kinases..............oooviuiviiiii i 62
Facilitation of NGF-induced TrkA internalization by PI3-K........ 63
Subcellular localization of Ras and Rapl in PC12 cells ............. 64
MDC inhibition of NGF signaling to ERK............................ 65

Requirement of endocytosis for ERK activation by NGF

M PC12 cells and DRG NEUTONS. ..o ovveenreen oo 66

v



ACKNOWLEDGEMENTS

Iam thankful for the vast kindness and generosity I received from countless
individuals in Portland during my graduate studies. In fact, I am grateful to all those I have
encountered, whether for their continued support, stimulating new ideas, or pointed
criticisms which encouraged me to re-evaluate my views. The combination of these many
interactions and experiences have profoundly influenced my life both professionally and
otherwise, and for this I wish to thank you all. If you are one of these people, I recognize
your influence.

[ would especially like to thank the many members of the Stork lab, each of which
has been a key component to any successes we have all enjoyed. Special thanks should be
given to Dr. Mark Vossler and Dr. Hong Yao for allowing me to join their efforts, for their
training, and for laying the groundwork for what became the basis of this thesis. Dr. Savraj
Grewal and Kendall Carey deserve recognition for their contributions to this thesis and for
many stimulating discussions. I would also like to thank Dr. Anita Misra-Press and Dr.
Tara Dillon for providing a stimulating work environment and especially for their
friendship and sharing outside of the lab. Chris Fenner is also deserving of special thanks
for her continued support. Chris has been a vital part of the lab and has been instrumental
in helping me get over several hurdles. More importantly, she too has been a good friend.

Recognition should be given to several members of Dr. Ed McCleskey’s lab with
whom we maintained a productive collaboration. Tn particular, Dr. Stephanie Sutherland
and Dr. Derek Molliver made significant contributions to this work and I thank them not
only for this, but also for their friendship. I am grateful that Ed has encouraged students to
initiate collaborations amongst themselves and has, along with Phil, provided the means
and guidance to make it a productive endeavor. In addition, on numerous occasions, Ed
has been a true student advocate in his role as Director of the Neuroscience Program and
we are all extremely grateful for this.

I must acknowledge my mentor, Dr. Philip Stork. Phil has done a superior job of
providing the necessary leadership to maintain a cohesive group of people that seem to truly
enjoy working together, making our progress a team effort. At the same time, Phil has
allowed and encouraged individuals to follow their own paths, pursue their own ideas, and
to think creatively. 1 am possibly most grateful for this as it has been absolutely essential to
my happiness as a researcher and development as an independent thinker. The trainin g Phil
has provided encourages me and I am confident that I have obtained the tools required to be
successful at the next stage of my career. What else could I ask for? Nevertheless, T was
blessed with the added bonus of his friendship. Of course, T also thank the members of my
advisory committee, Dr. Tom Soderling, Dr. Mike Forte, and Dr. Bd McCleskey, for their
time, support, advice, patience, and especially their encouragement.

I cannot leave Portland without documenting my extreme appreciation for the
astounding generosity and friendship of Dr. Dan Beacham to whom T will always feel
indebted for his continued willingness to help in times of need, whatever they may be.
Likewise, I thank Dr. Richard Burchmore for many laughs and providing perspective.

I would like to acknowledge my parents, Dan and Shirley York, for encouraging
me to follow whatever paths my heart and interests lead me down and for developing my
belief that all obstacles are surmountable. I also thank them for teaching me to experiment
in life and to be open to criticism so that I may leam from my mistakes. My brother,
Nicholas York, for his never-ending support.

Finally, my greatest thanks go to my lovely wife, Amy. There is neither enough
ink nor enough words to do her justice. Her wisdom is beyond me and her patience
unmatched. I have undeservingly received her understanding, unfailing support,
encouragement, and love. Clearly, my accomplishments would not exist without her
efforts. For this, my gratitude is unsurpassed and my future is devoted to her and our
family.



ABSTRACT

The major focus of this thesis has been to further understand the molecular pathways
through which extracellular stimuli achieve specificity in regulating the proliferation and
differentiation of neuronal cells. Hormones and growth factors are known to regulate neuronal
cell growth and differentiation through their actions on the mitogen activated protein (MAP)
kinase cascade. Activation of MAP kinase, also known as extracellular signal-regulated kinase
(ERK), has either positive or negative effects on growth and differentiation, depending on both
the cell type and the extracellular stimuli. We have previously identified a novel ERK cascade
involving the small GTPase Rapl and the MAP kinase kinase kinase (MKKK), B-Raf, which
mediates the cell-type specific growth effects of cAMP-coupled hormones. The work presented
here demonstrates that this novel Rap1/B-Raf pathway contributes to growth factor signaling

specificity as well.

The question of growth factor specificity has arisen from the observation that related
growth factors acting through similar signal transduction pathways elicit very different cellular
responses. To address how growth factors achieve specificity in their actions, we exploited the
well-studied model of neuronal precursors, PC12 cells. In these cells, epidermal growth factor
(EGF) induces proliferation, while nerve growth factor (NGF) triggers neuronal differentiation.
ERK activation is required for both of these responses. NGF induces a more prolonged
activation of ERKs than does EGF and it has been proposed that this sustained ERK activation
mediates NGF-induced neuronal differentiation. We show that NGF activates the small GTPases
Ras and Rapl to mediate the rapid and sustained ERK activation, respectively. The selective
activation of the Rap1-dependent pathway by NGF, and not EGF, is required to induce sustained
ERK activation, neuron-specific gene expression, and electrical excitability. We further show that
phosphoinositide 3-kinase (PI3-K)-dependent endocytosis of the NGF receptor, TrkA, is
required for activation of Rapl initiated pathways. In contrast, Ras activation by NGF is
independent of both PI3-K activity and endocytosis. This may be due to the distinct localization
of Ras at the plasma membrane and Rap! within endosomal compartments. These data suggest
that different TrkA effectors (Rap vs. Ras) may be activated depending on the stage of
endocytosis. Clearly, these observations support the hypothesis that a common activator may
couple to distinct signaling pathways at particular subcellular locales. Furthermore, we
demonstrate that these localized signals can engage distinct subsets of a convergent signaling web
to differentially modulate the activation kinetics of a common effector and thereby exert opposing

actions on a single cell.

Vi



CHAPTER ONE

INTRODUCTION

The field of signal transduction has blossomed from the trailblazing efforts of Krebs and
co-workers beginning in the mid-twentieth century. Their pioneering studies led to the discovery
that the state of phosphorylation can alter a protein's enzymatic activity, which ultimately led to
the isolation of the cAMP-dependent protein kinase, PKA [1]. The following years have
witnessed remarkable advances in our understanding of how extracellular stimuli induce
cytoplasmic changes. For examples, the identification of heterotrimeric G-proteins and their role
in regulating intracellular cAMP levels along with the identification of transmembrane receptor
tyrosine kinases (RTKSs) established a means by which extracellular signals could be transmitted
across the plasma membrane by stimulating intracellular phosphorylation events. It quickly
became clear that many receptors induce changes in gene expression upon ligand binding.
Importantly, it was discovered that growth factors are able to induce a set of genes independent of
new protein synthesis. Thereafter, a major focus in the field has been to understand how
extracellular signals are transmitted to the nucleus to regulate transcription. Indeed, the ability to
decipher a signaling pathway "from membrane to nucleus" has become the reverie of many
researchers at the turn of the century. During the past several decades, a wealth of knowledge has
been uncovered which aids our understanding of how extracellular signals are transmitted to the
nucleus to induce changes in cell behavior. For instance, thousands of kinases and phosphatases
with varying substrate specificities, signaling modules which direct phosphorylation-dependent
protein interactions, heterotrimeric G-proteins, small G-proteins, new second messengers, and
lipid-based signaling events have all been identified. While initial studies have categorized many
of these signaling components into distinct linear pathways, it is now clear that most of these
identified pathways effect one another, or "cross-talk." Tt is also clear that multiple stimuli can
invoke the same fundamental pathways yet elicit different responses. Therefore, one of the major
challenges in signal transduction studies is to determine how signaling specificity is achieved
when the same pathways mediate different cellular outcomes. By examining hormonal and
growth factor regulation of the extracellular signal-regulated kinase (ERK) cascade, we have
gained insight into the mechanisms through which extracellular stimuli achieve signaling

specificity in order to evoke precise changes in cell behaviors governing growth and development.



The ERK Cascade

ERKSs, also known as mitogen-activated protein kinases (MAPKSs), were identified as
transcriptional modulators through the convergence of two areas of research. Specifically, the
search for enzymes that effect the phosphorylation status of transcription factors and the search
for downstream kinases activated by RTKs [2]. ERKs were subsequently found to regulate a
diverse array of functions including cell growth and proliferation, differentiation, and survival [3-
6]. The ERK cascade, like all MAP kinase modules, consists of three protein kinases that
sequentially phosphorylate and activate one another in series (Figure 1.1). The upstream
activators of ERKs consist of members of the mitogen and extracellular signal-regulated kinase
(MEK) [7] family of MAP kinase kinases (MKKs) and members of the Raf family of MAP kinase
kinase kinases (MKKKs) [8, 9]. The actions of ERKs have been best studied in the context of
growth factor signaling [2, 10-12] where they have been shown to play a pivotal role in
-mitogenesis and differentiation [13, 14]. The classical pathway leading to ERK activation
involves the bindin‘g of growth factors to RTKs in the cell membrane. These receptors then
recruit adaptor molecules carrying the Ras-specific guanine-nucleotide exchange factor (GEF),
SOS, to the receptor complex [15]. This recruitment places SOS in close proximity to its specific
small GTPase effector, Ras, allowing the exchange of GDP for GTP on Ras [16, 17]. The GTP-
loading of Ras is required for its activation of the serine/threonine kinase Raf-1 [18, 19].
Activated Raf-1 activates MEK, which then activates ERK [20]. Once activated, ERK can
migrate into the nucleus where it can phosphorylate and activate transcription factors to regulate
gene expression [21]. This RTK/ERK pathway is essentially conserved in species ranging from

C. elegans to humans, with many of the components being functionally interchangeable between

species.

Selective expression of Raf isoforms

Each component of the ERK cascade consists of multiple isoforms. The two ERK
isoforms in this cascade, ERK 1 and ERK2, and the two MEK isoforms, MEK1 and MEK2, are
expressed ubiquitously in mammalian cells. For both ERK and MEK, isoforms within each
family appear to have largely overlapping functions and regulatory mechanisms. Whether

different MEK and ERK isoforms contribute to signaling specificity is not clear. However,



important to the work presented here, mammalian cells express three Raf isoforms termed Raf-1,
A-Raf and B-Raf. In contrast to the ubiquitously expressed Raf-1, A-Raf and B-Raf display
selective spatio-temporal expression patterns. A-Raf is expressed predominantly in epididymis
and ovary [22]. In contrast, B-Raf is the major Raf isoform in the brain and neural-crest derived
cells and is expressed to markedly higher levels during central nervous system (CNS)
development [22, 23]. Although neuronal cells lack A-Raf, they also express Raf-1 (Figure 1.2).
However, it is important to note that B-Raf, not Raf-1, has been identified as the major MEK

activator in neuronal tissue [24, 25].

Regulation of Raf activity

Amongst members of the ERK cascade, Raf activity appears to have the most complex
regulation. Consequently, the molecular mechanisms regulating Raf activities remain poorly
understood. Most studies of Raf regulation have focused on the Raf-1 isoform. All Raf isoforms
are highly conserved within three regions (CR1-3) [26, 27]. The catalytic domain of Raf kinases
is.encoded by CR3, which is most closely related to the Src family of tyrosine kinases [28]. The
N-terminal domain of Raf-1 (containing CR1-2) seems to function to suppress its catalytic
activity, because the deletion of the N-terminus results in constitutive activation of the kinase
domain [29, 30]. For Raf-1, activity is regulated by both membrane localization and by multiple
phosphorylations on serine, threonine, and tyrosine residues (Figure 1.2). Upon growth factor
stimulation, Raf-1 is recruited to GTP-bound Ras (Ras-GTP) at the plasma membrane, where it
becomes activated [9]. Artificially targeting Raf-1 to the membrane by expression of a fusion
protein (Raf-1-CAAX) containing the membrane targeting C-terminal domain of Ras leads to
constituttve activation of Raf-1-CAAX [31, 32]. In addition, recombinant Raf-1-CAAX
expression is able to induce the activation of ERK2 in the absence of stimuli [31]. Several studies
have suggested that the activation of wild-type Raf-1 requires its direct interaction with active
GTP-bound Ras [33-38]. However, this interaction does not lead to activation of Raf-1 in vitro
unless Ras-GTP is membrane bound and an unidentified cytosolic factor is present [20, 39-42].
These data suggest that the interaction with Ras-GTP serves to bring Raf-1 to the plasma
membrane, but additional events are required for maximal Raf activation. Hormonal activation of
the Ras-related small GTPase, Rapl, also induces membrane localization of Raf-1 {43-45]. This
recruitment to Rapl, however, does not lead to Raf-1 activation. Although it is not clear from
these studies if the Rap1/Raf-1 complex is present at the plasma membrane or another membrane
compartment, this observation supports a role of additional Raf activators. Unlike Raf-1, B-Raf
is recruited and activated by both Ras and Rapl in a GTP-dependent manner. Therefore, both



Ras and Rap1 may serve as important links between RTKs and the ERK kinase cascade in

neuronal cells and other tissues where B-Raf is highly expressed.

Ras and Rapl

Ras-related GTP-binding proteins constitute a large superfamily of small GTPases that are
categorized into several subfamilies. The Ras family consists of Ras, Rap, and Ral, with each
having various isoforms. Proteins of the Ras subfamily exist as three isoforms termed H-, N-,
and K-Ras. All three Ras isoforms have been implicated in growth regulation in a wide range of
human tissues [46, 47]. Like all G-proteins, the Ras family of small G-proteins function as
molecular switches cycling between the GDP-bound inactive state and the GTP-bound active
state. In the absence of external activation, small G proteins exist predominantly in the inactive
form. Activation is triggered by the action of specific guanine-nucleotide exchange factors (GEFs)
that accelerate GDP release from small G proteins. The binding of the more abundant guanine
nucleotide, GTP, rapidly follows this release. By definition, once activated, small G proteins are
able to interact with effector molecules. The hydrolysis of bound GTP to GDP restores the
resting (inactive) state. Specific GTPase-activating proteins (GAPs) accelerate the intrinsic
GTPase activity of small G proteins. Therefore, specific activating GEFs and inhibitory GAPs
potentially regulate each member of the Ras superfamily [48-50].

The Ras-related small G-protein Rapl was cloned on the basis of its sequence homology
to Ras [S1]. The two isoforms of Rapl, Rapla and Raplb, share 97% homology within their
amino acid sequence, differing in only 9 out of 184 residues [52]. The functional difference
between these two isoforms is unclear and in most studies no discrimination between the two has
been made. Rapla and Raplb share about 60% homology with K-Ras. The homology between
Ras and Rapl proteins is greatest in their GTP-binding domains and their effector domains.
Accordingly, several analogous mutations exist in Ras and Rap]1 that function in a similar manner
to alter the activation state of these G-proteins (Figure 1.3). For example, substitution of a valine
for glycine at amino acid 12 in Rapl (RapV12) results in constitutive activation by blocking the
intrinsic GTPase activity of Rapl. This effect is similar to that of the constitutively active Ras
mutant (RasV12). In addition, the mutation of Alal7 to Asnl7 (RapN17) in the guanine
nucleotide binding region, like the corresponding mutation in Ras (RasN17), blocks the binding
of the activating GTP molecule. The expression of RapN17, like the corresponding RasN17,

can act as an interfering mutant to prevent activation of its endogenous counterpart [53].



Furthermore, the mutation in RapN17 blocks Rap1’s biological effects on Ras transformation
[54].

Rapl was originally named Krev-1 (Kirsten-Ras revertant) based on its ability to revert
Ras-dependent transformation of fibroblasts [51, 54-57]. Rapl has since been shown to
‘antagonize Ras signaling to the ERK cascade and to the induction of mitogenesis in multiple cell
types [58-62]. In contrast, activated Rapl is unable to block signals generated from v-Raf,
suggesting that Rap] acts at a site between Ras and Raf-1 [61]. It has been suggested that Rapl
may antagonize Ras by competing for Ras effector molecules [63]. In support of this hypothesis,
Rapl was independently identified as a Raf-1 binding protein in yeast two-hybrid screens [20,
64]. In addition, activated Rap1 (RapV12) binds to other known Ras effectors including Ras-
GAP, PI3-K, and Ral-GDS [65-68]. In contrast to Ras binding, however, coupling of these

molecules with Rap1 generally results in an inactive complex.

Given the strong similarity between Ras and Rapl, particularly in their effector domains
[68], what accounts for their different actions on downstream effectors? Subcellular localization
may provide one explanation. Ras is known to associate with the plasma membrane in most cell
types [69-74]. In contrast, Rapl is located on different membrane compartments depending on
both the cell type and cellular context [72, 75-78]. In neurons, for instance, Ras and Rap1 have
been found in distinct membrane compartments [75, 79]. Activation of downstream effectors
may require membrane-associated events subsequent to membrane recruitment by active
GTPases, as predicted for Rafs. Therefore, the different subcellular localizations of Ras and
Rapl may serve to recruit these effectors to different sets of regulators that alter the magnitude and

kinetics of their activation at distinct locations.

Ras and Rap1 regulation: exchangers and adaptors

As mentioned previously, Ras and Rapl activity is regulated by specific guanine
nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). Although a role for
GAPs is undeveloped, GEFs are clearly important determinants of signal specificity. In the
context of growth factor signaling, the function of GEFs is generally controlled by their
recruitment from the cytoplasm to multi-protein complexes at the cell membrane [80]. This
process involves specific SH2-/PTB-domain containing adaptor molecules that bind to RTK-
dependent phosphorylated tyrosine (pTyr) residues. Hence, a principle function of RTK activity
is to provide binding sites for the SH2 domains of specific receptor targets. Additional contacts

with residues in close proximity to the pTyr provides specificity, thus allowing the sequence



context of the pTyr to determine which SH2-containing proteins will bind [81]. Other conserved
modules, SH3 domains, bind proline-rich peptides of about 10 amino acids [82]. SH3 domains
are often found in the same polypeptides as SH2 domains allowing for the formation of multi-
protein complexes. In this way, proline-rich GEFs for Ras and Rap bind to activated receptors
via interactions with the SH3-domains of adaptor molecules such as Grb2 and members of the
Crk family. Like SH2 domains, SH3 domains display distinct binding preferences [82, 83]. For
instance, the Crk family of adaptors can bind to both the Ras-specific GEF, SOS, and the Rap-
specific GEF, C3G (figure 1.4). In contrast, Grb2 selectively associates with SOS, but not C3G
[84-86]. Therefore, the initiation and recruitment of specific RTK:adaptor:GEF interactions may

direct growth factor signals down characteristic paths.

Aside from those mentioned above, several additional RTK-associated adaptor molecule
families have been identified, including Shc, FRS2, rAPS, and SH2-B [87-90]. All of these
adaptors have been implicated as upstream ERK activators. Some of these adaptor families
contain multiple isoforms whose temporal and spatial regulation, particularly during development,
may confer some signal specificity. Disrupting the function of these adaptors can effect not only
ERK signaling, but also neuronal processes such as neurite outgrowth, axon elongation, and
survival. The role of some of these adaptor families in mediating growth factor signals to ERK
will be discussed in greater detail below. In addition to newly discovered adaptor molecules,
recent eftorts focused on the cross-talk between ERK signaling and other second-messenger
systems have led to the identitication of novel families of Ras- and Rap-GEFs. These GEFs
appear to represent a new class of exchangers, distinct from the RTK/adaptor molecule-associated
GEFs, in that direct binding to second messengers such as calcium, cAMP, and DAG activates
them [91]. Interestingly, similar to many adaptors, each GEF displays a very different and
restricted CNS expression pattern, suggesting they too may act as regulators of signaling

specificity in neuronal cells.

ERK Signaling Specificity in Cell Growth Control

Activation of ERK has either positive or negative effects on growth and differentiation,
depending on both the cell type and the extracellular stimuli. For example, several members of
the ERK cascade were originally identified as oncogenes, demonstrating the importance of this
pathway in cell growth regulation. Mutations or over-expression of Ras, Raf, and MEK have all
been found in human cancers [92, 93]. Furthermore, ERKs are required for Ras, Raf, and MEK

induced cell transformation and for growth factor induced mitogenesis [2, 94]. These studies



clearly define a role of ERKs in proliferation. However, in many cell types, ERK pathways also
induce the cessation of growth [95], and the stimulation of differentiation [4, 5]. Proliferation
and differentiation represent opposite ends of the spectrum for the developing cell. How then

does a single enzyme generate the appropriate biological response?

Direct enzyme-substrate interactions offer a potential framework for generating signal
specificity. Although much has been learned about the basic principles underlying ERK substrate
specificity, relatively little is known regarding the regulation of this specificity. It is well
established that ERKSs are proline-directed serine/threonine kinases that preferentially
phosphorylate the consensus sequence Pro-X-Ser/Thr-Pro (where X is any amino acid) [96, 97]
or the minimal sequence Ser/Thr-Pro in substrate proteins [98, 99]. The three-dimensional
structures of both active and inactive ERK provided by X-ray crystallography studies has clarified
the basis of this preference for proline containing substrates [100]. ERK substrate specificity is
determined, in part, by the geometry of the catalytic cleft. Upon activation by MEK, ERK
becomes phosphorylated on adjacent tyrosine and threonine residues within a TEY motif (Thr183
and Tyr185 in ERK2). Like other kinases, ERKs have a small N-terminal domain and a large C-
terminal domain. These two domains form a deep catalytic cleft into which ATP binds. ERK
undergoes a conformational change as a result of phosphorylations on the TEY motif, which is
located on the lip of this cleft [101, 102]. When phosphorylated, the activation lip of ERK moves
to allow substrates access to the catalytic cleft by creating a surface pocket that is specific for
proline. The side chain of Argl92 in ERK2 occupies this pocket when the enzyme is inactive. In
addition to the restricted access of substrates, domains in ERK and its targets outside of the
proline-directed interaction seem to play an important role in determining substrate specificity
[100-107]. At least one of these domains in ERK does not seem to be effected by the state of
ERK activation [100]. Interestingly, studies in yeast using kinase-deficient point mutants of the
ERK homologs Kss1 and Fus3 show that inactive kinases can regulate signaling pathways [108-
111}, possibly through protein:protein interactions mediated by these additional domains.
Whether these additional docking sites responsible for substrate recognition are regulated in a

manner that contributes to signaling specificity remains to be determined.

Consistent with the role of ERK in a broad range of cellular responses, a variety of
membrane-associated, cytoplasmic, and nuclear targets of ERK have all been identified. Figure
1.6 lists some of the ERK targets found in neuronal cells through which ERK mediates multiple
actions. Whether activation of the ERK pathway leads to either positive or negative effects on cell

growth may depend on the cell type-dependent expression, or cell context-dependent availability

of these downstream targets [14, 112]. On the other hand, studies in some cell types have



demonstrated that the strength and duration of ERK activation determines whether the cells
undergo proliferation or differentiation [94, 113-119]. Therefore, signals upstream of ERK

which modulate ERK activation kinetics may also explain its ability to direct diametrically

opposed cellular processes. This is best illustrated in the context of growth factor signaling.

The Question of Growth Factor Specificity

To understand how a signaling pathway may accurately mediate multiple biological
responses, we have considered the question of growth factor specificity. This long-standing
question originated from the observation that many growth factors can promote the opposing
actions of either proliferation or differentiation. For example, nerve growth factor (NGF) plays
an important role during the development of both the peripheral and central nervous systems by
triggering the differentiation and survival of neuronal precursor cells; as well as survival and
adaptive responses of mature neurons. However, other cell types, including hematopoetic cells
and TrkA expressing fibroblasts [120], respond to NGF by proliferating. In addition, a number
of growth factors can promote either the proliferation or differentiation of neuronal precursors
depending upon the cellular context [121-124]. Furthermore, in many cells, different growth
factors act through structurally similar receptor tyrosine kinases coupled to a similar set of
intracellular targets and signal transduction pathways, yet elicit very different cellular responses
[94]. These observations raise several important questions. First, what allows neuronal
precursors to respond to NGF with a differentiating response rather than a mitotic response?
Second, do growth factors use similar or different pathways to regulate cell growth,
differentiation, and survival? Finally, how can receptor tyrosine kinases act in a single neuron to
promote the opposing processes of cell differentiation and cell growth? One goal of this work
was to address these questions by dissecting the molecular pathways through which extracellular

stimuli regulate these processes in neuroblasts.

PC12 Cells as a Model System

Our ability to investigate growth factor specificity in neuroblasts was greatly facilitated by
the isolation of the rat PC12 cell line, derived from an adrenal tumor of neural crest origin [125,
126]. PC12 cells exhibit the basic phenotype of adrenal chromaffin cells and respond to NGF by

differentiating into sympathetic-like neurons. This differentiation is characterized by electrical



excitability, the induction of a set of neuron-specific genes, and neurite outgrowth [127, 128].
Importantly, not all growth factors induce differentiation of PC12 cells. For instance, EGF
induces proliferation of these cells. Comparing the effects of NGF to those of proliferating agents
like EGF has proved useful in determining the molecular events critical to achieving neuronal
differentiation and has provided insight into the mechanisms dictating growth factor specificity.
For example, the observation that EGF stimulates a transient activation of ERK, whereas NGF
induces a larger and more sustained activation of ERK, led to the model suggesting that the
magnitude and duration of signals through the ERK cascade dictate the physiological outcome
[94]. Indeed, several laboratories have demonstrated a link between sustained activation of ERK
and aspects of neuronal differentiation [14, 121, 122, 124, 129, 130]. It was proposed that this
prolonged ERK activation is required to allow active ERKs to accumulate in the nucleus above a
threshold level needed to activate transcription factors and gene expression driving the
differentiation process. Therefore, understanding the molecular mechanisms that regulate the
duration of ERK activation in these cells may be critical to our understanding the specificity of

growth factor action toward neuronal differentiation.

Classical growth factor-stimulated ERK Cascade in PC12 cells

As outlined above, the classical pathway from growth factor signals to the ERK cascade
invelves the small G-protein Ras. The coupling of RTKs to Ras requires recruitment of the Ras-
specific guanine nucleotide exchange factor, SOS, to the plasma membrane [131, 132]. In this
model, growth factors initiate the ERK cascade upon binding to the extracellular domain of their
RTKs. This binding induces a conformational change and dimerization of neighboring RTK
proteins resulting in the activation of their cytoplasmic catalytic domains. The active RTK dimer
pairs undergo a trans-autophosphorylation of specific tyrosine residues within their intracellular
domains [133]. The adaptor protein Grb2 rapidly associates with specific phosphotyrosines on
the activated RTKs via the interaction of Grb2’s SH2-domain [134]. The Grb2 SH3-domain is
thought to be constitutively associated with proline-rich sequences present in SOS. Formation of
the RTK/Grb2/SOS complex within the plasma membrane places SOS in proximity to inactive
Ras (Ras-GDP). SOS is then positioned to activate Ras by stimulating the exchange of GDP for
GTP on Ras [16, 17]. Ras-GTP, in turn, translocates Raf-1 to the plasma membrane for
subsequent activation of the ERK cascade. Additional phosphotyrosine residues within the
cytoplasmic domain of the receptor provide the docking sites for SH2-domain containing proteins
other than adaptor molecules. Some of these have enzymatic activities, such as phosphoinositide-
specific phospholipase C; PLC, phosphoinositol-3-phosphates kinase; PI3K, Src tyrosine kinase,



and the tyrosine phosphatases SHP1 and SHP2. Generally, the recruitment of these enzymes
generates intracellular signals by acting on substrates that are located to the plasma membrane. At
least two of these additional enzymes (SHP2 and PLC) have been implicated in ERK activation

under certain circumstances [135, 136].

Feedback control of ERK activity

Aside from the substrates listed in figure 1.6, additional targets of ERK serve to regulate
ERK signaling itself. For example, in response to growth factor stimulation, ERK and other
ERK-dependent kinases phosphorylate the upstream component of the ERK cascade, SOS. This
modification is thought to play a negative fecdback role on the Ras pathway, by causing the
dissociation of SOS from the adaptor molecule, Grb2 [137-139]. Alternatively, ERK-dependent
phosphorylation of SOS may uncouple RTK signals from the Ras/ERK pathway by causing the
dissociation of the Grb2/SOS complex from the receptor [140-143]. In both cases, Ras-
dependent ERK activation is rapidly terminated. As illustrated in figure 1.5, the classical model
through which RTKs activate ERKSs relies entirely on Ras-dependent pathways and is therefore
insufficient to explain the sustained ERK activation following NGF stimulation.

NGF: An evolving model of GF signaling in PC12 cells

In addition to the classical adaptor molecule, Grb2, other SH2 containing adaptors may
associate with phosphorylated RTKs. For example, the NGF receptor, TrkA, deviates from the
classical model in that it does not associate with the Grb2/SOS complex directly (Figure 1.5).
Instead, Grb2/SOS binds TrkA through interactions with the Shc family of adaptor molecules
(88, 144]. Members of the Shc adaptor protein family are also associated with tyrosine-
phosphorylated RTKs via SH2-domain mediated interactions [145]. After binding to
phosphotyrosine sequences in activated RTKSs, Shc is phosphorylated at two tyrosine residues in
a central Pro/Gly-rich domain. The SH2 domain of Grb2 recognizes the later tyrosine
phosphorylation site. It has been assumed that, like the direct association of Grb2 with a
phosphorylated RTK, the formation of the phospho-TrkA/phospho-Shc/Grb2/SOS complex
recruits SOS to the membrane to convert Ras-GDP to Ras-GTP [145]. However, the requirement
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of Grb2 for NGF activation of Ras has not been established. Instead, recent evidence has
suggested that the Crk family of adaptor proteins is important in mediating NGF si gnaling to the
ERK cascade. The Crk family consists of two alternatively spliced forms of Crk, CrkI and CrKII,
and a closely related protein, CrkL. Crkll and CrkL contain an SH2 domain followed by two
SH3 domains, while the alternatively spliced CrkI lacks the C-terminal SH3 [81]. Both CrkII and
CrkL are highly expressed in PC12 cells [146], and bind via their amino terminus SH3 domains
(SH3N) to SOS [84, 85, 147, 148]. Microinjection of Crk proteins induces neurite outgrowth of
PC12 cells in a Ras-dependent manner [149]. Furthermore, Ras activation by NGF can be
inhibited by interfering mutants of Crk [85]. However, the expression of these same Crk
mutants has no effect on ERK activation by EGF [150], suggesting that the ability of Crk proteins
to mediate Ras activation is specific for NGF. Unlike Grb2, Crks can recruit both SOS and C3G
[84, 85, 147, 148] and therefore represent potential activators of both Ras and Rap! pathways.
Although the precise mechanisms controlling these multi-protein complexes remain unclear, it is
reasonable to posit that the versatility of the interactions between adaptors and RTKs can regulate,
in part, the specificity of growth factor signaling by modulating the activity of small GTPases and

thetr downstream effectors.

We have previously described a novel pathway involving the small GTPase, Rapl, and
the selectively expressed MKKK, B-Raf. This pathway was shown to mediate sustained ERK
activation induced by cAMP-coupled hormones. The following chapter describes how this same
pathway also contributes to growth factor specificity by regulating the kinetics of ERK activation.
We demonstrate that the temporal regulation of Ras-dependent versus Rap-dependent signals to
ERK dictates not only the kinetics of ERK activation, but also the specificity of growth factor
effects on gene expression and cell physiology in PC12 cells. Chapter 3 reveals a potential
mechanism to explain the observed kinetics of Ras, Rapl, and ERK activation and attempts to
construct a spatio-temporal account of growth factor signaling in a neuronal cell. The significance

of these findings and areas of important future studies are discussed in Chapter 4.
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Figure Legends

Figure 1.1 The classical ERK cascade. The archetypal pathway by which growth factors
activate ERKSs is depicted. In this scheme, ligand binding to the appropriate receptor tyrosine
kinase (RTK) induces the formation of receptor oligomers that specifically phosphorylate each
other in trans on multiple tyrosine residues. In addition to regulating catalytic activity,
phosphorylated tyrosine (pTyr) residues provide binding sites for signaling molecules. In the
classical cascade, the adaptor protein, Grb2, is recruited to pTyr sites in the receptor via its SH2-
domain and is responsible for Ras activation via its constitutive association with the guanine
nucleotide exchange factor (GEF), SOS. Recruitment of this adaptor:GEF complex to the
receptor brings SOS in close proximity to the plasma membrane-bound Ras, allowing for the
stimulated exchange of GDP for GTP and consequent Ras activation. Activated Ras recruits the
first kinase in the ERK cascade, the MAP kinase kinase kinase (MKKK) Raf. The translocation
of Raf to the plasma membrane leads to its full activation by additional membrane-associated
components. Active Raf is then able to phosphorylate and activate the MAP kinase kinase
(MKK), MEK, which phosphorytates and activates ERKs. Activated ERKs enter the nucleus
where they can phosphorylate transcription factors and thereupon influence the expression of

genes that mediate cell growth and survival responses.

Figure 1.2 Structural comparison of neuronal Raf isoforms. Raf-1 and B-Raf are largely
similar in three highly conserved regions (CR1-CR3), including the catalytic kinase domain
(CR3) and the Ras-binding domain (RBD). Each Raf isoform can interact via their RBD with
both Ras and Rapl. Interestingly, binding to Ras facilitates activation of both Raf-1 and B-Raf.
In contrast, Rapl binding leads to the selective activation of B-Raf and is associated with Raf-1
inhibition. The effector domains of Ras and Rapl are also highly conserved (fi gure 1.3B),
leaving the mechanisms responsible for the observed difference in Raf-1 and B-Raf activation to
question. For Raf-1, full activation requires both membrane recruitment and additional
phosphorylations on tyrosine, threonine, and serine residues. B-Raf shares analogous sites for
some, but not all of these regulatory phosphorylations. For example, Ser259 and Ser621 are 14-
3-3 binding sites which are conserved in Raf-1 and B-Raf. 14-3-3 is an essential cofactor for
regulating Raf-1 activity. In contrast to the conserved 14-3-3 binding sites, Raf-1 also contains a
PKA phosphorylation site at Ser43 that is not present in B-Raf. In addition, the putative Src
phosphorylation sites in Raf1 (Y340/Y341) are replaced with aspartic acid (Asp) residues in B-
Raf. It has been proposed that the negative charge provided by Asp residues is sufficient to
constitutively mimic the phosphorylated state of the equivalent Raf-1 tyrosines (Y340/Y341) and
therefore contributes to the high basal activity of B-Raf. Likewise, Ser338 in Raf-1 is not
phosphorylated in the basal state but is highly responsive to Ras-mediated si gnals. Conversely,
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the B-Raf equivalent to Ser338 is constitutively phosphorylated and this, too, may influence the
basal activity of B-Raf. Finally, B-Raf also contains a unique N-terminal extension of unknown

function.

Figure 1.3 Schematic of Ras family members. The Ras subfamily of the larger class of Ras-
related GTP-binding proteins consists of Ras, Rap, and Ral isoforms. These proteins typically
consist of approximately 180 amino acids (about 21kDa) and function as molecular switches
cycling between the GDP-bound inactive state and the GTP-bound active state. Hence, they are
often referred to as small G-proteins. Like the larger heterotrimeric G-proteins, Ras family
members contain a guanine nucleotide binding domain (GDP/GTP) and a GTPase domain
(GTPase) that is responsible for restoring the resting (GDP-bound) state by hyrolysis of GTP.
Unlike some G-proteins, the intrinsic GTPase activity of these molecules is exceedingly slow and
is thought to be inconsequential under physiological conditions. Instead, specific GTPase-
activating proteins (GAPs) must accelerate this activity. Nonetheless, all identified regulators of
Ras family GTP hydrolysis require this intrinsic GTPase domain. Therefore, mutations in this
highly conserved domain result in prolonged GTP-binding and constitutive activation. For
example, a mutation in which the conserved Gly12 in the GTPase domain is substituted for Val
(V12) results in the constitutive activation of both Ras and Rapl proteins. Likewise, mutating the
conserved Serl7 in either Ras or Rap1 (N17) disrupts nucleotide binding by preventing
interactions with the requisite magnesium ion. In this case, the mutated proteins are not only
activation incompetent, but also act as interfering mutants to disrupt the activation of their
endogenous counterparts (i.e. dominant negatives). B). Comparison of the effector domains of
these proteins further illustrates their high degree of similarity. Ras and Rap] are nearly identical
in their core effector regions (amino acids (aa) 32-40). The structure of the effector domains for
Ras and Rap1 have been determined and it was proposed that the amino acids at positions 30 and
31 are critical determinants of the different affinities of Ras and Rap1 for common effectors.
Regardless of in vitro affinities, Ras and Rapl appear to share common effectors in vivo.
Interestingly, interactions with these common effectors can result in opposing actions depending

on which Ras family member is active.

Figure 1.4 Adaptor coupling to Ras and Rapl. The typical adaptor protein consists of modular
binding domains that provide the capacity to interact with multiple proteins simultaneously. For
example, Grb2 consists of one SH2 domain that binds to tyrosine phoshporylated proteins and
two SH3 domains that can interact with proline-rich sequences. It is well established that Grb2
forms a constitutive complex with the proline rich domain (PRD) of the Ras activator, SOS. By

virtue of this interaction, SOS is co-recruited with Grb2 to activated receptor complexes where it
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activates membrane-bound Ras. The interaction between the Grb2 SH3-domain and SOS is
highly specific in that Grb2 does not interact with the PRD of other guanine nucleotide exchange
factors (GEFs). The Crk-L adaptor shares a similar overall structure consisting of one SH2-
domain and two SH3-domains. However, in contrast to Grb2, the more promiscuous SH3-
domains of Crk proteins are capable of interacting with both SOS and the Rapl activator, C3G.
This ability to bind both SOS and C3G affords Crk-L the capacity to couple to both Ras and
Rapl-dependent pathways. Truncated forms of exchange factors that contain the PRD but lack
the catalytic domain (cdc25H) have been used as interfering mutants to disrupt signaling
pathways. Overexpression of these mutants prevents the recruitment of active GEF complexes to
effector sites by disrupting endogenous complexes. For example, in this study we have
expressed a truncated form of C3G (CBR) to interfere with Crk-L function. Since both SOS and
C3G bind the same N-terminal SH3-domain, over-expression of CBR is predicted to disrupt the
ability of Crk-L to couple to either Rapl or Ras. Likewise, mutations in SOS that abolish
catalytic activity have the potential to block the activation of both Ras and Rapl.

Figure 1.5 Growth factor signaling specificity in PC12 cells. PC12 cells have been
instrumental to the discovery of the classical ERK cascade and are particularly conducive to
analysis of the mechanisms underlying specificity in growth factor responses. The preponderance
of information regarding the classical ERK cascade described above originated from studies
examining growth factor signaling in these cells. The resulting paradigm is depicted on the left
side of this figure. In brief, upon epidermal growth factor (EGF) binding, the EGF receptor
(EGFR) undergoes conformational changes that promote its dimerization and trans-
phosphorylation on key tyrosines. These phosphorlated residues provide binding sites for the
Grb2:SOS complex. Once recruited to the receptor complex, SOS is able to activate the small
GTPase, Ras, which initiates the kinase cascade. Following EGF stimulation, this entire pathway
is rapidly turned off by the inactivation of Ras resulting from a number of ERK-dependent
inhibitory phosphorylations on the upstream activator, SOS. This rapid and transient activation of
ERK is required for the observed proliferative response to EGF in these cells. NGF, on the other
hand, induces a prolonged activation of ERK and differentiation into a sympathetic-like neuronal
phenotype. Many studies have emphasized the importance of sustained ERK activation for the
induction of neuronal differentiation in these cells. In spite of that, the mechanisms responsible
for the different kinetics of ERK activation have remained elusive. Like EGF, NGF utilizes a
Ras-dependent pathway to stimulate ERK activation and its subsequent physiological response.
Importantly, although conflicting results have been published, the majority of studies observed a
rapid and transient activation of Ras in response to NGF that was indistinguishable from the
kinetics of EGF stimulated Ras activity. The above model, which is completely dependent on Ras
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activation, is insufficient to explain the prolonged ERK activity following NGF stimulation. The
NGF receptor (TrkA) recruits several adaptor complexes not present in the EGFR complex.
These additional complexes have the potential to initiate Ras-independent pathways, which may

account for the late phase of ERK activation.

Figure 1.6 List of potential neuronal targets of ERK phosphorylation.
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Fig. 1.1 The classical ERK cascade
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Fig. 1.2 Structural comparison of neuronal
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Fig. 1.3 Schematic of Ras family members
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Fig. 1.4 Adaptor coupling to Ras and Rap1l

Crk-L Grb2
1 [ O - [ )
SH2 SH3 = SH3 SH3 SH2 SH3
# ' s
ci3g ! SOS
1 [ [—] 1 ]
PRD CDC25H PRD CDC25H
CBR
GTP GTP

19



Fig. 1.5 Growth factor signaling specificity
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Fig. 1.6 Potential neuronal targets of ERK phosphorylation
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SUMMARY

Activation of the mitogen-activated protein (MAP) kinase (also known as
extracellular signal-regulated kinase, or ERK) by growth factors can trigger both
cell growth and differentiation [94]. Therefore, the intracellular signals that
couple growth factors to ERK may dictate growth factor specificity. For
example, in PC12 cells, epidermal growth factor (EGF) stimulates proliferation
via transient activation of ERK [94]. In contrast, Nerve growth factor (NGF)
promotes differentiation of PC12 cells, in part, by inducing a sustained
activation of ERK [94]. We show that NGF’s activation of ERK involves two
distinct pathways. The initial activation of ERK requires the small G protein
Ras, whereas the sustained activation of ERK requires the small G protein Rapl.
Rapl is activated by Crk adaptor proteins and the guanine nucleotide exchange
factor, C3G, and forms a stable complex with the MAP kinase kinase kinase B-
Raf. Rapl is required for at least two indices of neuronal differentiation by
NGF; electrical excitability and the induction of neuron-specific genes. We
propose that the activation of Rapl by C3G represents a common mechanism to
induce sustained activation of the MAP kinase cascade in B-Raf expressing cells.

INTRODUCTION AND RESULTS

PCI12 cells are a well studied model of growth-factor specificity. Treatment of PC12 cells
with NGF triggers differentiation into sympathetic-like neurons, characterized by electrical
excitability, the induction of a set of neuron-specific genes, and neurite outgrowth [127, 186].
The ability of NGF to induce sustained activation of the ERK (extracellular si gnal-regulated
kinase) family of MAP kinases has been implicated in these differentiating actions in PC12 cells
[14, 121, 122, 127, 187]. The molecular mechanisms that maintain sustained ERK activation are
not known. However, signals that limit ERK activation have been identified. In some cells,
ERK directs the phosphorylation of the Ras guanine nucleotide exchange factor, Sos, to terminate
Ras-dependent ERK activation [142]. Therefore, Ras-independent pathways may be required to
maintain ERK activation for sustained periods of time. The small G protein Rap1 can also
stimulate ERK in PC12 cells [188]. In this study, we examine the possibility that Rapl
contributes to NGF action in PC12 cells.
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Using an interfering mutant of Rap1, RapN17 [188], we show that Rapl is required for
maximal activation of ERK by NGF in PC12 cells. RapN17 blocked NGF’s ability to stimulate
the sustained phase of ERK activation in these cells, yet had no effect on the initial rapid phase of
ERK activation. RasN17, a dominant negative mutant of Ras, blocked only the initial phase of
ERK activation by NGF, but did not inhibit the late phase (Figure 2.1a). Other studies have
suggested that Ras is essential for NGF signaling to ERKs [4, 5]. However, these studies only
examined early time points of NGF’s stimulation or utilized stably transfected clonal variants of
PC12 cells rather than wild type cells. Our studies suggest that Ras and Rapl mediate the initial
and the sustained phases of NGF’s activation of ERK, respectively, and that these actions of both
Ras and Rapl are largely independent of each other.

One of the nuclear targets of ERK is Elk-1, a transcription factor of the Ets family [188].
NGF’s activation of ERK in PC12 cells can be monitored by measuring the activation of Elk-1,
using a transcription-coupled assay [188]. In PC12 cells, NGF stimulated Elk-1 to high levels,
greater than those achieved by EGF (Figure 2.1b). The expression of RapN17 reduced NGF’s
activation of Elk-1 to those levels reached following EGF stimulation, while EGF’s activation of
Elk-1 was unaffected (Figure 2.1b) [188]. RasN17 blocked the activation of Elk-1 by both
agents, suggesting that both Rap1 and Ras may be required for the high levels of Elk-1 activation

seen following NGF stimulation.

Rapl, like other small GTP binding proteins, is active in the GTP-bound state [188].
Both the cAMP analog 8-(4-chlorophenylthio)-cyclic AMP (8-CPT) and NGF activated Rapl for
extended periods (30-45 minutes) (Figure 2.2a). Neither RapN17 nor RasN17 blocked NGF’s
activation of Ras and Rapl, respectively, suggesting that Ras and Rap were activated by parallel
pathways (Figure 2.2a, b). Rapl is a selective activator of B-Raf in PC12 cells [188]. Activation
of Rapl by NGF, as well as 8-CPT, recruited B-Raf to the membrane where it formed a stable
complex with Rapl (Figure 2.2c). No Rap-associated B-Raf was detected in untreated cells (data
not shown) [188]. This activation of B-Raf by NGF via Rapl may explain why B-Raf, and not
Rat-1, is the major Raf isoform activated by NGF in PC12 cells [189].

Constitutive activation of Rapl is sufficient to trigger neurite outgrowth [188], however, it
is not necessary for this action. NGF’s ability to induce neurites in PC12 cells was not inhibited
by RapN17 at both high (100 ng/ml) [188] and low doses (10 ng/mi) of NGF (data not shown).
These data, with the data from Fig. 2.1a, demonstrate that neurite outgrowth by NGF does not
require sustained activation of ERK. Since, transient activation of ERK is not sufficient for
neurite outgrowth, unless coupled to additional pathways [190], these data suggest that NGF
activates multiple pathways leading to morphological differentiation of PC12 cells.
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Sodium currents were induced by NGF in untransfected PC12 cells, as previously i
reported [127, 191], and in cells expressing Green Fluorescent Protein (pEGFP-C1) as a marker
for transfected cells (Figure 2.3a). However, following co-transfection of RapN17, the
percentage of GFP-positive cells displaying a significant sodium current was markedly reduced
(Fig. 2.3a, b; right panels). The average peak sodium currents are shown in figure 2.3c. These
results suggest that NGF requires Rapl, but not Ras [192, 193], to induce sodium currents in
PC12 cells.

The transcriptional activation of transin (stromelysin) is a marker of neuronal
differentiation of PC12 cells by NGF [193, 194]. A reporter plasmid containing the
chloramphenicol acetyl transferase (CAT) gene linked to a fragment of the transin promoter
(transin-CAT) has been shown to confer responsiveness to NGF, but not EGF, in PC12 cells
[194]. RapN17 completely inhibited the induction of transin-CAT activity by NGF in these cells
(Figure 2.3d). Therefore, transin, like EIk-1, requires both Ras [193] and Rap1 for full induction
by NGF. This may explain why both EGF (a Ras activator) and cAMP (a Rapl activator) are
unable to induce transin expression alone, but are potent inducers when applied together [121].
RapN17 did not block the induction of transin by BxB-Raf, a constitutively active mutant of Raf-

1, suggesting that Rap1 acts upstream or independent of Raf-1 to regulate transin expression.

Rap! activation by NGF may involve the recently identified guanine nucleotide exchanger,
C3G [84, 195]. C3G is a selective activator of Rapl [57], and was identified by its ability to
interact with members of the family of Crk adaptor proteins, including Crk-I, Crk-II, and Crk-L.
In vivo, C3G binds specifically to the N-terminal SH3-domain of Crk proteins, but not to other
SH3-containing proteins, including Grb2 [84, 86, 147, 196], suggesting that C3G is specifically
activated by Crk-dependent pathways. Crk-L is the predominant Crk isoform Interacting with
C3G in several cell types [86, 147, 196, 197] and is highly expressed in PC12 cells (Figure
2.4a). PCI2 cells also express abundant Crk-II and low, but detectable, levels of Crk-I (Figure
2.4a). NGF’s activation of the ERK substrate EIk-1 can be potently augmented by the co-
transfection of exogenous Crk-II and Crk-L, but only weakly by Crk-1 (Figure 2.4b; left panel).
In the absence of NGF, the expression of Crk isoforms activated Elk- 1 minimally (data not
shown). C3G dramatically increased NGF’s activation of Elk-1 when co-transfected with Crk-L
(Figure 2.4b), but had only a modest effect alone (data not shown).

As Crk-L/C3G also activates the c-jun N-terminal kinase, INK [198], we used the
Jun/Gal4 and Gal4/luciferase reporter system to test whether JINK contributed to the activation of
Elk-1 by Crk-L/C3G in PC12 cells [199]. Crk-L/C3G expression, but not NGF stimulation,
increased luciferase activity in this assay (Figure 2.4b; right panel). Furthermore, NGF blocked
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the activation of INK by Crk-L/C3G, demonstrating that the potentiation of NGF-induced
activation of Elk-1 by Crk-L/C3G was not mediated by JNK. Elk-1 activation by NGF/Crk-
L/C3G was blocked by interfering mutants of ERK1 and ERK2 (dnERKs) (Figure 2.4b; left
panel), and by the MEK inhibitor PD98059 (Figure 2.4b; middle panel). The action of PD98059
was specific; it had no effect on the activation of Elk-1 via a constitutively-activated MEK kinase
(DMEKK). These results demonstrate that NGF potentiates Crk-L/C3G signaling to Elk-1 via ’
ERK. This potentiation was demonstrated directly using myc-ERK2 (Figure 2.4c). The
expression of co-transfected Crk-L and C3G augmented NGF activation of myc-ERK?2 at all time
points examined. RapN17 blocked the activation of myc-ERK2 by NGF/Crk-L/C3G only at later
time points (20, 30, 40, and 60 minutes) (Figure 2.4c). In contrast, RasN17 blocked this
activation at early time points (5 and 10 minutes). Since SOS, but not C3G, can activate Ras
[571, RasN17 may be blocking Crk-L signaling to SOS, rather than C3G, at these early time
points. These data confirm that Ras is required only for the early component, and Rapl is

required only for the late component of NGF’s activation of ERK.

C3G stimulated the GTP loading of Rap1 and induced the association of Rap1 with B-
Raf, detected both by western blotting and kinase assays (Figure 2.4d, e). Both actions of C3G
were potentiated by Crk-L (Figure 2.4d, ¢). In NIH3T3 cells, Rap! activation of ERK requires
exogenous B-Raf [188]. The ability of C3G to activate ERK in these cells also required
exogenous B-Raf and was blocked by the expression of RapN17 (Figure 2.5a), demonstrating
that C3G activates ERK in a Rap1- and B-Raf-dependent manner.

NGF may use Crk isoforms to activate Ras, as well [85, 149], since Ras activation by
NGF can be inhibited by the expression of interfering mutants of Crk [85]. These same mutants
of Crk have no effect on EGF-stimulated ERK activity [150], suggesting that the ability of Crk
proteins to mediate ERK activation is specific for NGF. To test this possibility, we used a
truncated mutant of C3G (CBR) containing the Crk-binding region that interferes with Crk
function [57]. When expressed in PC12 cells, CBR inhibited NGF’s activation of ERK at all
time points examined, but had not effect on EGF signalling to ERK (Figure 2.5b). These results
suggest that CBR interferes selectively with Crk pathways to block both C3G- and SOS-
dependent signals, and confirms that EGF signalling to ERK does not require Crk [150]. The
selective action of CBR on NGF signalling was reflected in the activation of Elk-1, as well
(Figure 2.5¢). Therefore, NGF signalling to both Ras and Rapl may require Crk isoforms.

Crk-L and C3G are activated by multiple growth factors in many cell types, where they
are thought to activate Rapl [86, 147, 196, 197, 200]. Since Rapl activates B-Raf, but ihhibits
Raf-1 [188], Rapl may have two opposing functions; to limit ERK activation in B-Raf-negative
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cells and to augment ERK activation in B-Raf-positive cells. In PC12 cells, and possibly other
neuronal cells that express B-Raf, NGF’s activation of Rapl promotes sustained activation of
ERK and is required for the induction of electrical excitability and a subset of neuron-specific
genes. Furthermore, since B-Raf can convert Rapl into a positive regulator of ERK, the
regulation of B-Raf expression in tissues may provide a novel mechanism to modulate growth

factor signalling via Rap].

METHODS

Materials. Polyclonal anti-Rapl and anti-B-Raf were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA), and used in an unbound form for immunoblotting and
bound to protein A-Sepharose for immunoprecipitations. The common Crk antibody used
recognizes both Crk-I and II (anti-Crk-I/II) and was purchased from Transduction Labs
(Lexington, KY). Crk-L antisera and monoclonal antibodies to Ras were purchased from Santa
Cruz Biotechnology Inc. Agarose-conjugated monoclonal anti-c-myc antibody (9E10) was
purchased from Santa Cruz Biotechnology Inc. and used to immunoprecipitate exogenous myc-
ERK?2 fusion protein. Nickel agarose (Ni-NTA-Agarose) was purchased from Qiagen Inc.
(Chatswoth, CA). Radioisotopes were purchased from NEN-DuPont. PD98059 was purchased
from CalBiochem (La Jolla, CA). All other reagents were from Sigma (St. Louis, MO).

Cell culture. PC12-GR5, COS-7, and NIH3T3 cells were maintained as described
[188]. For immune complex assays and western blotting, cells were deprived of serum and
maintained in DMEM for 8-16 hours at 37°C in 5% CO, prior to treatment with NGF (100 ng/ml),
EGF (50 ng/ml) or 8-CPT (175 mM) unless otherwise indicated. Cell fractionation and co-

precipitation studies were performed as described [188].

Plasmids and Transfection-based Assays. Cell lines were grown to
approximately 50% confluence on 100 mm plates that were uncoated (NTH3T3, COS-7 cells) or
coated with polylysine (PC12-GRS) prior to transfection. Transfections were performed using
calcium phosphate per the manufacturer’s instructions (GIBCO-BRL). In all experiments, total
DNA transfected was kept constant with addition of pcDNA3 vector (Invitrogen).

For ERK activity assays, cells were transfected with myc-ERK2 (5 mg) and assayed for ERK2
activity as previously described [188]. For B-Raf assays, eluates were immunoprecipitated with
B-Raf antisera and assayed in vitro using recombinant MEK-1 as a substrate, as described [188].

For luciferase assays assays, the plasmids encoding Elk-1/Gal4 (3 mg), or c-jun/Gal4 (3 mg),
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and 5xGal4-Elb/luciferase (3 mg) were transfected into PC12 cells with additional plasmids as
indicated and assays performed as described [121]. For CAT assays, the plasmid encoding
transin-CAT (5 mg) was transfected into PC12 cells along with other plasmids as indicated and
assays performed as described [121]. Additional cDNAs included His-Rap (15 mg); His-Ras (15
mg); RapN17 (10 mg); RasN17 (10 'mg); Crk-T (10 mg); Crk-II (10 mg); Crk-L (10 mg); C3G
(10 mg); B-Raf (12 mg); BxB-Raf (5 mg); dnERKs (10 mg); DMEKK (1 mg); and pEGFP-C1 (2
mg). Elk-1/Gal4, and 5xGal4-E1b/luciferase were gifts of R. Maurer, OHSU; ¢-jun/Gal4 was
provided by R. Goodman, OHSU; ¢cDNA encoding GFP (pEGFP-C1) was purchased from
Clonetech (Palo Alto, CA.); transin-CAT was provided by G. Ciment, OHSU; RasN17 was
provided by N. Nathanson, University of Washington; BxB-Raf was provided by U. Rapp,
University of Wurzburg; myc-ERK2 was provided by C. Marshall, Chester Beatty Institute for
Cancer Research, London; dnERKs were provided by M. Cobb, University of Texas,
Southwestern; DMEKK was provided by Gary Johnson, University of Colorado Medical Center;
Crk-1, Crk-II, and Crk-L were provided by B. Druker, OHSU; and C3G was provided by M.
Matsuda, National Institute of Health, Tokyo.

CBR was made by PCR amplification of the cDNA encoding amino acid 279 to amino acid 660 of
C3G using oligonucleotide primers containing a 5' HindI1I site (sense oligo: 5'-
GCGAAGCTTGAGACCATGGATAATAGTCCTCCACCA-3") and a 3' Xhol site (antisense
oligo: 5-ATTCTCGAGCTGAGCCGACTCAGAGC-3"), and subcloned into pcDNA3. ¢cDNA
encoding His-Ras was amplified by PCR from ¢cDNA encoding wild type Ha-Ras, using specific
primers ‘that directed the fusion of the coding region (minus the start methionine) in frame with the

' poly-histidine amino terminus [188]. All plasmid constructions were sequenced prior to use.

Electrophysiological studies. PC12 cells were plated on collagen, transfected, and
treated with NGF (10 ng/ml). Two to three days later, whole cell sodium currents were recorded
with a patch clamp amplifier using 2.5 MOhm pipettes, holding potential -70 mV. The pipette
solution contained 140 mM N-methyl glucamine, 10 mM EGTA, 10 mM HEPES, and was
adjusted to pH 7.2 with HC1. The external solution contained 140 mM NaCl, 1 mM KCL, 1 mM
CaCl,, 2 mM MnCl,, 10 mM HEPES, and was adjusted to pH 7.2 with NaOH. Voltage steps
were made from -60 mV to +20 mV in 20 mV increments; peak sodium current was measured at 0
mV. Histograms were created from peak currents binned in 100 pA increments and expressed as
percent of cells within each group. All cells used in histograms had input resistances greater than

300 MOhms, confirming intact cell membranes.

GTP loading. Cells were transfected with 15 pg of His-Rap or His-Ras and the
indicated plasmids as described above. Prior to treatment, cells were serum starved in DMEM for
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four hours, washed three times and incubated in phosphate free DMEM at 37°C. After one hour,
0.5 mCi/ml of [32P]—0rthophosphate in DMEM was added and cells were incubated for an
additional one to two hours. Rapl was precipitated with Ni-NTA Agarose and GTP loading
calculated as described [188].
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FIGURE LEGENDS

Figure 2.1 Ras- and Rap-dependent components of NGF’s activation of ERK. a, Stimulation
of ERK activity by NGF and inhibition by RapN17 and RasN17. Cells were transfected with
myc-ERK?2 alone (top set of panels), or with RapN17 or RasN17 and treated with NGF as
indicated and assayed for myc-ERK2 activity. The position of the ERK2 substrate, myelin basic
protein (MBP), is shown. b, Requirement of Rap and Ras for NGF’s activation of ERK-
dependent gene transcription. PC12 cells were transfected with Elk-1/Gal4, 5xGal4-
Elb/luciferase and RapN17 or RasN17 and treated with NGF or EGF and luciferase activity

measured. Standard error is shown (n = 3).

Figure 2.2 Rapl activation and association with B-Raf. a, Ras-independent activation of
Rapl by 8-CPT and NGF. Rap GTP loading was assayed in NGF or 8-CPT-treated PC12 cells
in the presence or absence of RasN17, as indicated. The percent GTP loading is provided above
each lane. b, RapN17 does not block Ras activation by NGF. Ras GTP loading was assayed in
PCI2 cells in the presence or absence of RapN17. In a and b, the Jevels of His-Rap and His-Ras
protein within parallel eluates were determined by western blot (lower panels). ¢, NGF and 8-
CPT induce the association of Rapl with B-Raf. Membranes (M) and cytosolic (C) fractions
were prepared from PC12 cells treated as indicated. Rapl immunoprecipitates were examined by

western blot using B-Raf antisera.

Figure 2.3 The action of RapN17 on components of neuronal differentiation. a, Na* currents
from PC12 cells after 2-3 days in NGF (10 ng/ml). Currents from a representative untransfected
(left panel) and RapN17/GFP-transfected cell (right panel). b, Histograms of peak Na* current
amplitudes. Left Panel: Peak currents from untreated PC12 cells (black, n=17) and PC12 cells
treated with NGF (gray, n=39). Right panel: NGF-treated PC12 cells transfected with GFP 2
pg) plus RapN17 (black, n=27), or GFP alone (gray, n=37). ¢, Mean current expressed in pA
for each treatment group, + standard error. d, Inhibition of NGF induction of transin by
RapN17. PC12 cells were transfected with transin-CAT, RapN17, and BxB Raf as indicated,
and treated with NGF.

Figure 2.4 Enhancement of NGF signalling by Crk-L and C3G via Rapl and B-Raf. a,
Expression of Crk isoforms in PC12 cells. PC12 cells were transfected with Crk-1, Crk-11, or
Crk-L, as indicated, and lysates (20 ug of protein) examined by western blot. Left panel: PC12
cells and control Hela cells (H) probed with an antibody recognizing both Crk-I and Crk-II (anti-
Crk-I/Il). Right panel: PC12 cells and control A-431 cells (A) probed with anti-Crk-L. b, Elk-1
activation by NGF signalling via Crk-L/C3G. Elk-1/Gal4 (left and middle panel) and c-jun/Gal4
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(right panel) activities were measured by luciferase assay in cells transfected and treated as
indicated. Middle panel: cells were treated with PD98059 (PD) (20 M) ten minutes prior to
NGF treatment. ¢, ERK2 activation by NGF/Crk-L/C3G via Rapl. PC12 cells were transfected
with the indicated plasmids, and treated with NGF. Myc-ERK?2 activities of the transfectants are
grouped by NGF treatment. d, Crk-L/C3G activation of Rapl. GTP loading was measured in
PC12 cells expressing His-Rap with C3G and Crk-L as indicated. e, Crk-L and C3G induce the
association of B-Raf protein and kinase activity with Rapl. COS-7 cells were transfected as
indicated. Top panel: western blot of B-Raf eluting with His-Rap. Bottom panel: B-Raf immune

complex kinase assays of His-Rap eluates using recombinant MEK-1.

Figure 2.5 Requirement of Crk/C3G for maximal activation of ERK. a, C3G activation of
ERK2 requires B-Raf and Rapl. NIH3T3 cells were transfected as indicated and assayed for
myc-Erk2 activity. b, CBR inhibits activation of ERK2 by NGF, but not EGF. PC12 cells were
transfected, and treated with NGF (upper panel) or EGF (lower panel), as indicated. The
expression of equal levels of myc-ERK2 protein in a and b was confirmed by western blot (lower
panels). ¢, CBR inhibits Elk-1 activation by NGF, but not EGF. Transfected PC12 cells were
treated with NGF or EGF as indicated and luciferase assays performed.
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Fig. 2.1 Ras- and Rapl-dependent components
of NGF's activation of ERKs
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Fig. 2.2 Rapl activation and association
with B-Raf
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Fig. 2.3 The action of RapN17 on components of
neuronal differentiation
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Fig. 2.4 Enhancement of NGF signaling by Crk-L
and C3G via Rapl and B-Raf
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Fig. 2.5 Requirement of Crk/C3G for maximal

activation of ERK
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ABSTRACT

Neurotrophins promote multiple actions on neuronal cells including cell
survival and differentiation. The best studied neurotrophin, nerve growth factor
(NGF) is a major survival factor in sympathetic and sensory neurons and
promotes differentiation in a well-studied model system, PC12 cells. To mediate
these actions, NGF binds to the TrkA receptor to trigger intracellular signaling
cascades. Two kinases whose activities mediate these processes include the
mitogen-activated protein (MAP) kinase [or extracellular signal-regulated kinase
(ERK)] and phosphoinositide 3-kinase (PI3-K). To examine potential
interactions between the ERK and PI3-K pathways, we studied the requirement
of PI3-K for NGF activation of the ERK signaling cascade in dorsal root
ganglion (DRG) cells and PC12 cells. We show that PI3-K is required for TrkA
internalization and participates in NGF signaling to ERKs via distinct actions on
the small G proteins Ras and Rapl. In PC12 cells, NGF activates Ras and Rap1
to elicit the rapid and sustained activation of ERKs, respectively. We show here
that Rapl activation requires both TrkA internalization and PI3-K, whereas Ras
activation requires neither TrkA internalization nor PI3-K. Both inhibitors of
PI3-K and inhibitors of endocytosis prevent GTP loading of Rapl and block
sustained ERK activation by NGF. PI3-K and endocytosis may also regulate
ERK signaling at a second site downstream of Ras since both rapid ERK
activation and the Ras-dependent activation of the MAP Kkinase kinase kinase B-
Raf are blocked by inhibition of either PI3-K or endocytosis. These studies
suggest that PI3-K may be required for the signals initiated by TrkA
internalization, and demonstrate that specific endocytic events may distinguish

ERK signaling via Rapl and Ras.

INTRODUCTION

Neurotrophins have long been recognized for their role in regulating neuronal survival,
cell growth, differentiation, and neuronal plasticity. The archetypal neurotrophin, nerve growth
factor (NGF), elicits most of these effects by binding and activating the receptor tyrosine kinase
(RTK), TrkA, which leads to the activation of several well defined signaling cascades. Of these,
the phosphoinositide 3-kinase (PI3-K) and extracellular signal-regulated kinase (ERK) pathways

are two of the most extensively studied. PI3-Ks have been implicated in multiple biological
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responses including membrane trafficking, proliferation, differentiation, and survival [201].
These kinases consist of a family of proteins which phosphorylate phosphatidylinositol (PI) at the
D3 position and have been categorized into three classes based on their lipid substrate specificity
in vitro [202]. The lipid products of PI3-Ks (PI(3)P, PI(3,4)P, PI(3,5)P, and P1(3,4,5)P) are
known to act as second messengers and mediate most of the known functions of PI3-Ks in cells
[203].

The mitogen activated protein kinase (MAPK) family members, ERK1 and ERK2, can
also be activated by a wide variety of stimuli to promote a diverse array of cellular functions [3].
In addition to their established role in mitogenesis, recent advances have identified both novel
mechanisms of activation and novel functions of ERKs in neurons [91]. Following growth factor
stimulation of neuronal cells, ERK is phosphorylated and activated by the dual specificity kinase,
MEK, which is phosphorylated and activated by members of the Raf serine/threonine kinase
family. The Raf family of protein kinases consists of Raf-1, B-Raf, and A-Raf. Neurons lack A-
Raf, but express the ubiquitous Raf-1 and the neuronal isoform B-Raf. Although Raf-1 is
generally considered the classic upstream activator of MEKS in non-neuronal cells [204], Raf-1 is
not a major MEK kinase in neuronal tissue [24]. Furthermore, in the neuronal model system,
PC12 cells, Raf-1 may contribute less than five percent of the total MEK kinase activity following
NGF treatment [205], whereas B-Raf has been shown to be the major Raf isoform activated by
NGF in these cells [25, 189, 206]. These studies emphasize the need to examine B-Raf
regulation in order to understand ERK signaling in PC12 cells and neurons.

Activation of the B-Raf/ERK cascade is linked to RTK signaling by members of the Ras
superfamily of small GTPases. We have previously shown that NGF can activate B-Raf and
ERKSs via two distinct pathways utilizing Ras and the related Ras family member, Rapl [146].
The significance of these two pathways is that the engagement of Rapl-dependent signaling by
NGF, but not EGF, affords specificity to growth factor signaling. Ras-dependent si gnaling to
ERKSs 1s transient whereas Rapl dependent signaling to ERKs is sustained [146]. The sustained
activation of ERKs via Rapl has been proposed to participate in NGF-dependent PC12 cell
differentiation and a role for Rap1 in the induction of electrical excitability and NGF-dependent
gene expression has been shown [146, 207]. Like all small GTPases, Ras and Rap] are activated
by specific guanine nucleotide exchange factors (GEFs) which stimulate the exchange of bound
GTP for GDP. The association of B-Raf with either Ras-GTP or Rap1-GTP is an essential step
in B-Raf activation. Binding to its upstream small GTPase activator alone, however, is not

sufficient for full B-Raf activation, suggesting that other factors are required [208-210].
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While PI3-K and ERKs are well-studied downstream targets of NGF, prevailing models
have them existing as two distinct pathways with PI3-K and its target kinase Akt controlling cell
survival and ERK signaling controlling cell growth/differentiation [94, 211]. As such, no one
has looked extensively at the cross-talk between these two cascades in NGF signaling. Indeed,
the role of PI3-K in ERK signaling in general is not completely clear. For example,

overexpression of a constitutively active p110-at, a PI3-K isoform, has been shown to activate the

Ras/ERK pathway in at least one system [212], but not in others [213-216]. In addition, many
studies have demonstrated a requirement of PI3-K activity for ERK activation by multiple diverse
stimuli [216-225], while other reports failed to show a sensitivity of some of these same stimuli to
PI3-K inhibitors [226-229]. One explanation for these apparent discrepancies may be that the
ability of PI3-K inhibitors to block ERK activation is dependent on the cell-type, type of stimuli
and strength of the signal [219, 230]. However, the mechanisms through which PI3-K facilitates
ERK activation are not known, nor has a role of PI3-K in regulating B-Raf activity been

established.

The major goal of this study was to examine the role of PI3-K in NGF si gnaling to ERKs.
We show here that PI3-K inhibitors block the activation of B-Raf and ERK by NGF in primary
sensory neurons and PC12 cells. We demonstrate that PI3-K inhibitors block the activation of
Rapl, but not Ras, and suggest that this may be due to the ability of these inhibitors to block
TrkA internalization. In addition to these actions upstream of Rapl, we identify a requirement of
PI3-K downstream of Ras. Both actions contribute to NGF-dependent signaling to ERKs in
PC12 cells.

MATERIALS AND METHODS
Materials. PC12-GRS5 cells were kindly provided by R. Nishi, Oregon Health Sciences

University, Portland, Oregon. Forskolin, PD98059 and LY 294002 were purchased from Cal
Biochem (Riverside, CA). Monodansylcadaverine (MDC), wortmannin, and 3-isobutyl-1-
methylxanthine (IBMX) were purchased from Sigma (St. Louis, MO). NGF and EGF were from
Boehringer Mannheim (Indianapolis, IN). Phosphorylation-specific mouse monoclonal
antibodies (mAb) which recognize phosphorylated ERK1 (pERK 1) and ERK2 (pERK?2) at
residues threonine 183 and tyrosine 185, as well as anti-ERK1/2 polyclonal antibodies which
recognize ERK1 and ERK?2 independent of phosphorylation on residues 183 and 185, were
purchased from New England Biolabs (Beverly, MA). Phosphorylation-specific antibodies
which recognize TrkA phosphorylated on tyrosines 674/675 (pTrkA) and Akt phosphorylated on
serine 308 (pAkt) were also purchased from New England Biolabs (Beverly, MA), as were

40



phosphorylation state-independent Akt antibodies. Polyclonal antibodies to ERK2(C14-AC), B-
Raf(C19), Rap1/Krev-1 and TrkA(C14) were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). Anti-Flag (M2) antibody was purchased from Sigma (St. Louis, MO.). Anti-
Ras mAb and anti-PI3-K(p85) rabbit polyclonal antibodies were from Upstate Biotechnology,
Inc. (Lake Placid, N.Y.). Anti-myc mAb (9E10) was kindly provided by Andrey Shaw,
Washington University, St. Louis, MO. Nickel agarose (Ni-NTA-Agarose) was purchased from
Qiagen Inc. (Chatswoth, CA.) and Radioisotopes were from NEN-DuPont (Boston, MA). All
other reagents were from Sigma (St. Louis, MO).

Cell Culture. PC12 cells were maintained in DMEM (Dulbecco-Modified Eagle
Medium) plus 10% horse serum and 5% fetal calf serum on 100 mm plates to 60-70% confluence
at 37°C in 5% CO2 prior to harvesting. For immune complex assays and western blotting, PC12

cells were maintained in DMEM containing 0.1% horse serum and 0.5% fetal calf serum for 16
hours at 37°C in 5% CO3 prior to treatment with various reagents. Adult DRG neurons were

cultured as previously described [231]. Briefly, ganglia were dissected from 250-300g Sprague-
Dawley rats, dissociated enzymatically and plated on poly-lysine and laminin-coated chamber
slides for immunocytochemistry or 35 mm plates for B-Raf assays. Cells were maintained in F12
media with 10% fetal calf serum. DRG cultures were serum starved in F12 media for 4-6 hours

prior to treatment. The following drug concentrations were used to treat both DRG cultures and

PC12 cells, unless otherwise stated: NGF (50ng/ml), EGF (50ng/ml), Forskolin (10 uMj,
IBMX (100 pM), LY294002 (20 uM), wortmannin (200 nM), MDC (100 uM) and PD98059 (40

uM). All inhibitors were added 10 minutes prior to treatment.

Transfections. Sixty percent-confluent PC12 cells were co-transfected with the
indicated cDNAs using Superfect from Qiagen Inc. (Chatswoth, CA) according to the
manufacturer’s instructions. The vector pcDNA3 (Invitrogen Corp.) was added to each set of
transfections to ensure that each plate received the same amount of DNA. Following 24 hours of
recovery, cells were starved overnight in DMEM containing 0.1% horse serum and 0.5% fetal

calf serum before treatment and harvest.

Western blotting. Cell lysates were prepared as described [188]. Protein
concentrations were assessed using Bradford protein assay. Equal protein amounts of cell lysate
per treatment condition were resolved by SDS-PAGE followed by transfer onto polyvinyldine
diflouride (PVDF) membranes. Membranes were blocked in 5% milk and probed with primary

antibodies per manufacturers instructions followed by the appropriate HRP-conjugated anti-rabbit
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or anti-mouse monoclonal secondary antibody (Amersham). Proteins were detected by enhanced

chemiluminescence.

Immune complex assays. For ERK and PI3-K assays, treated and untreated cells
were lysed in a buffer containing 1% NP-40, 10% Sucrose, 20mM Tris-HCl (pH 8.0), 137mM
NaCl, 10% glycerol, 2mM EDTA, 1mM PMSF, Img/ml Leupeptin, ImM sodium orthovanadate,
and 10mM sodium fluoride. The lysates were spun at low speed to remove nuclei and the

supernatant was assayed for kinase activity. ERK activity was assayed as described [188] using

myelin basic protein (MBP) and [32P]-gATP as substrates with equal protein amounts per
treatment condition. For PI3-K assays, supernatants containing 0.5 mg of total protein were
incubated with anti-PI3-K (p85) antibodies overnight at 4°C. A 50% slurry of protein-G-
Sepharose beads (20ml) was then added for 45 minutes. Beads containing immunoprecipitates
were washed 1X with lysis buffer, 2X with 1% NP40 in Phosphate Buffered Saline (PBS), and
1X with distilled water. PI3-K activity was measured using phosphatidylinositol (PI) as a
substrate. PI (10mg/sample) was dried under nitrogen stream, resuspended in 10ml of 20mM
Hepes, and sonicated for 3 minutes. Washed samples were preincubated with sonicated lipid
substrate for 10 minutes on ice prior to the addition of 40ml/sample of a kinase reaction mixture

containing 20mM Hepes, 30mM MgCl,, 20mM ATP, and 10mCi [32P]-gATP. After 15 minutes
of incubation at room temperature, the reactions were terminated by the addition of 80ml 1M HCI.
Lipids were extracted with a 1:1 chloroform:methanol solutien and separated by TLC on Silica gel

60 plates in a solvent containing chloroform/methanol/water/ammonium hydroxide

(45:35:2.6:7.4, v/v). The incorporation of 32P into PI was visualized using a PhosphorImager
(Molecular Dynamics). To determine the location of phosphorylated PI, unlabeled PIP was run in

parallel and visualized using an I, vapor chamber.

For B-Raf assays, untreated and treated cells were lysed in 1% NP-40 buffer containing
10mM Tris (pH 7.4), 5SmM EDTA, 50mM NaCl, and ImM PMSF. Immune complex kinase
assays were performed as described [188] using MEK-1 and [32P]—gATP as substrates with
equal protein amounts per treatment condition. The reaction products of all kinase assays were
resolved by SDS-PAGE and analyzed with a PhosphorImager (Molecular Dynamics).

Luciferase reporter gene assays. Following transfection of GAL4-CREB (232}
and 5XGal-E1b-TATA-luciferase (gal-luciferase) [233], PC12 cells were treated with the
appropriate stimuli for four to five hours. Cells were then lysed and equal protein amounts of
lysate per condition were assayed for luciferase activity as previously described [188]. All

experiments were performed with at least three independently treated plates per condition.
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In vivo Rap1 and Ras activation assays. Activated Rapl was isolated from cell
lysates using a protocol adapted from Franke et. al. [234]. Treated cells from three 70%
confluent 100 mm plates were lysed in 400ml ice-cold Rapl lysis buffer (10% glycerol, 1% NP-
40, 50mM Tris-HCI (pH 8.0), 200mM NaCl, 5SmM MgCl,, ImM PMSF, 1mM leupeptin,
10mg/ml soybean trypsin inhibitor, 10mM NaF, 0.5mM aprotinin, and 1mM Na,VO,). Lysates
were clarified by low-speed centrifugation and supernatants containing 2mg of total protein were
incubated with 40mg of GST-RalGDS fusion protein (gift of Dr. J.L. Bos, Utrecht University,
The Netherlands) coupled to glutathione agarose beads for 1 hr at 4°C. Beads were pelleted and
rinsed three times with lysis buffer, and protein was eluted from the beads with Laemmli buffer.
Activated Ras was isolated from stimulated cell lysates using agarose coupled GST-Raf-1-RBD
provided in the Ras Activation Assay Kit (Upstate Biotechnology, Inc., Lake Placid, NY)
following manufacturer’s recommended protocol. The amount of Rap1 or Ras bound to beads

was detected by western blot.

Nickel affinity chromatography. For studies examining polyhistidine-tagged Ras
(His-Ras) or polyhistidine-tagged Rap1 (His-Rapl), transfections were performed using
Superfect. Cells were lysed in a buffer containing 1% NP40, 10% glycerol, 10mM Tris (pH
8.0), 20mM NacCl, 30mM MgCl2, ImM PMSF, Img/ml Leupeptin, 0.5mM aprotinin and 1mM
Na,VO, and supernatants prepared. Transfected His-tagged proteins were precipitated from
supernatants containing equal amounts of protein using Ni-NTA Agarose and washed with 10mM
imidazole in lysis buffer and eluted with 500mM imidazole, 5mM EDTA in PBS. Eluates
containing His-tagged proteins were separated on SDS-PAGE and B-Raf protein was detected by
western blotting. Equal amounts of each eluate were immunoprecipitated with B-Raf antisera and
B-Raf activity measured by immune complex assay. Equal amounts of His-Ras or His-Rapl in

the eluates was confirmed by western blotting.

Cell surface biotinylation. PCI12 cells were grown in 35 mm 6-well plates to 60-
70% confluence prior to treatment. Treated cells were quickly washed on ice with ice-cold PBS.
1.5 mg/ml NHS-biotin (Pierce) was added to cells followed by a 30 minute incubation with gentle

motion at 0-4°C. Cells were rinsed 3 times with 0.1M glycine in PBS to quench unreacted biotin

prior to lysis in 1% NP-40, 20mM Tris-HCI (pH 8.0), 137mM NaCl, 10% glycerol, 2mM
EDTA, ImM PMSF, Img/ml Leupeptin, ImM sodium orthovanadate and 10mM sodium

fluoride. Cell lysates were incubated with 100ul of a 50% suspension of UltraLink Immobilized

NeutrAvidin (Pierce) for 2-4 hours at 4°C. The beads were pelleted and washed 2 times with a
high salt wash buffer [0.1% Triton X-100, 500mM NaCl, 5SmM EDTA and 50mM Tris (pH 7.5)]
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and once with 50mM Tris (pH 7.5). Biotinylated proteins were eluted from the beads by
incubating at 80°C for 5 minutes in 2X Laemmli buffer. The amount of TrkA bound to the beads

was detected by western blotting,

Immunocytochemistry. Cultures were fixed for 10 minutes in 3% paraformaldehyde,
15% picric acid in PBS, followed by 10 minutes in cold 100% methanol. They were then rinsed
in PBS and incubated for 30 minutes in blocking buffer consisting of 1.5% normal goat serum,
1% porcine gelatin and 0.2% Triton X-100 in PBS. Primary and secondary antibodies were
diluted in the same solution. Cells were mcubated in primary antibody overnight, washed in PBS
and placed in secondary antibody incubation for 30 minutes (C'Y3-conjugated donkey anti-rabbit
or CY2-conjugated goat anti-mouse diluted 1:200; Jackson Immunoresearch Laboratories, West
Grove, PA). As a negative control, cells were processed without a primary antibody. Primary
antibodies were used at the following dilutions: pERK, 1:1000; Rapl/Krev-1, 1:500; B-Raf,
1:500; Ras, 1:500. Cells were examined by epifluorescence and confocal microscopy. For
PERK1/2 immuno-staining in DRG cultures, the signal intensity in neuron cell bodies was

quantitated from at least 100 cells per treatment condition using NIH image.

Electron Microscopy. PC12 cells were fixed in 4% paraformaldehyde and 0.05%
glutaraldehyde in 100mM phosphate buffer (pH 7.2) for I hour at ambient temperature. Cells
were rinsed in 100mM phosphate buffer (pH 7.2), scraped off tissue culture dishes with a rubber
policeman and microfuged into a pellet. The fixed cell pellets were infused with
polyvinylpyrrolidone and sucrose [235] and prepared for cryosectioning [236]. Cryosections
were immunolabeled as described [237]. Diluted antibodies were microfuged prior to use.
Following incubation with anti-Rap1/Krev-1 primary antibody (1:50-1:100 dilution), the sections
were rinsed and incubated with protein A-gold (1:10) (Amersham Life Sciences, Inc.). Controls
included substitution of primary antibody with purified rabbit IgG or irrelevant antibodies.

RESULTS

PI3-K inhibitors block B-Raf and ERK activation by NGF in DRG sensory
neurons. Neurotrophins are known to promote the survival and differentiation of sensory
neurons of the dorsal root ganglia (DRG) during development. In adult sensory neurons, NGF
acts as a potent survival factor following injury and is required for maintenance of the
differentiated phenotype. Here, we examined the ability of NGF to regulate ERKSs in cultures of
adult rat DRG neurons. ERK activation was monitored by immunocytochemistry with a widely
used phospho-specific ERK antibody which recognizes the phosphorylation of the two sites
known to be responsible for ERK activation. NGF treatment of DRG cultures resulted in
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increased phospho-ERK (pERK) staining in nearly half of the sensory neurons present in the
DRG culture, consistent with previous studies showing TrkA expression in 40 to 50 percent of
neurons in the ganglia [238, 239]. No pERK staining was observed in glial cells, which do not
express TrkA [240]. The increase in ERK activation by NGF was completely abolished in the
presence of the PI3-K inhibitor, LY294002 (LY; 20 mM) (Figure 3.1A, left panels).
Wortmannin (200 nM), a fungal metabolite which inhibits PI3-K activity through an independent
mechanism [241], also blocked NGF induced pERK staining in these cells (data not shown).
ERK activation by cAMP dependent signals was elicited by treatment with Forskolin, an activator
of adenylyl cyclases. LY had no effect on Forskolin stimulation of ERKs (Figure 3.1A, right
panels). Interestingly, Forskolin stimulated ERK activation in all of the sensory neurons in DRG
cultures, but did not stimulate ERKSs in glia. In cultures of DRG cells, B-Raf, an upstream
activator of ERKs, was expressed exclusively in neurons (Figure 3.1B). Together, these results
are consistent with previous reports [242, 243], and support a model in which B-Raf expression
accounts for the cell type specific actions of cAMP on ERK activation [43, 188, 244].

Biochemical examination of ERKs in cultured DRG neurons was complicated by the large
number of glial cells which also express ERKs. However, the selective expression of B-Raf in
DRGs (Figure 3.1B) allowed us to directly evaluate B-Raf activity in sensory neurons by
immune-complex kinase assay in mixed cell cultures. Using this assay, we observed an increase
in B-Raf kinase activity following NGF treatment which was inhibited by the presence of LY
(Figure 3.1C, D).

PI3-K inhibitors block ERK activation by NGF in PC12 cells. To understand
the mechanism through which PI3-K inhibitors block ERK activation by NGF, we examined this
pathway in the neuronal model system, PC12 cells. In these cells, NGF activation of ERKs at
both 5 and 40 minutes was blocked by LY (20 mM), as assessed by both western blot with pERK
antibodies and by immune-complex kinase assay (Figure 3.2A, B). Raising intracellular cAMP
levels by treatment with Forskolin and the phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (IBMX) stimulated ERK activation, as expected [188]. This activation by
Forskolin/IBMX was not blocked by LY (Figure 3.2A, B), at concentrations that blocked NGF-
stimulated PI3-K activity (Figure 3.2C). We further examined the role of PI3-K in NGF
signaling by monitoring a physiological downstream target of ERKs. Previous studies have
shown that NGF-induced gene expression mediated by the transcription factor, CREB, occurs via
ERK-dependent mechanisms [182, 245-247]. To determine whether PI3-K played a role in
NGF’s regulation of physiological targets of ERKs in PC12 cells, we examined CREB-dependent
transcription using a GAL4-CREB/gal-luciferase reporter system. NGF treatment of PC12 cells
stimulated CREB-dependent transcription which was blocked by LY (Figure 3.2D, left panel).
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The magnitude of inhibition by LY was similar to that seen with the MEK inhibitor, PD98059
(Figure 3.2D, right panel). These studies suggest that the PI3-K-dependent regulation of ERKs

in PC12 cells is important in controlling the activity of downstream ERK targets as well.

To confirm the specificity of the PI3-K inhibitors, we compared the actions of LY and
wortmannin on ERK with their actions on PI3-K. Both LY and wortmannin blocked NGF-
induced ERK2 activation in a dose-dependent manner(Fig. 3A). The ability of LY to inhibit
NGF’s activation of PI3-K (Figure 3.3B), as well as the inhibition of the PI3-K-dependent
phosphorylation of Akt (Figure 3.3C), displayed a similar dose dependence as did ERK inhibition
(Figure 3.3A, B). NGF-induced PI3-K and ERK signals also displayed a similar dose response
to wortmannin (data not shown). We independently confirmed the role of PI3-K signals in NGF
activation of ERKSs by attenuating the action of PI3-K activity via the expression of lipid
phosphataseé which remove the phosphate from the D3 position. Transfection of cDNA encoding
PTEN, a PI3-K antagonizing PI(3,4,5)P phosphatase [248], abolished the ability of NGF to
activate co-transfected myc-tagged ERK2 (myc-ERK?2) (Figure 3.3D), suggesting that the lipid
products of PI3-K were required for ERK activation. This was confirmed in experiments
expressing a mutant PTEN cDNA (PTEN-G129E) encoding a single amino acid substitution
which specifically ablates its lipid phosphatase activity [249, 250]. PTEN-G129E had no effect
on NGF induced myc-ERK2 activation (Figure 3.3D). Together, these studies suggest that the
ability of LY and wortmannin to inhibit ERK activation by NGF was a function of their specific
inhibition of the lipid kinase activity of PI3-K.

PI3-K inhibitors block activation of Rapl, but not Ras, by NGF. To
determine if PI3-K was required for the activation of upstream activators of ERKs in PC12 cells,
we analyzed endogenous B-Raf activity by immune-complex kinase assay following NGF
treatment. Inhibition of PI3-K activity by LY completely blocked B-Raf activation at both early (5
minutes) and late (40 minutes) time points (Figure 3.4A). Our lab has previously shown that
NGF activates B-Raf and ERKs via Ras and Rap! [146]. Figure 3.4B shows the relative
expression of Ras and Rapl in both PC12 cells and DRGs. To determine the effect of PI3-K
inhibition on Ras and Rap1, we monitored their activation by widely used affinity purification
protocols. Rapl activation was examined using Gst-RalGDS and Ras activation was examined
using Gst-Raf-1-RBD (Ras binding domain). Interestingly, pretreatment with LY completely
blocked the ability of NGF to activate Rapl, but had no effect on NGF’s activation of Ras (Figure
3.4C, D). Similar effects were observed with wortmannin (data not shown). In these same cell
lysates, the PI3-K-dependent phosphorylation of Akt by NGF was completely inhibited in the
presence of LY (data not shown), demonstrating that LY was inhibiting PI3-K in these
experiments. As with ERK activation, Forskolin-stimulated Rap1 activity was not blocked by LY
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pretreatment (Figure 3.4C). The ability of LY to inhibit NGF activation of Rapl, but not Ras,
was also observed using GTP loading assays (data not shown).

Active Ras also requires PI3-K to couple to B-Raf and ERK activation.
Previous results have suggested that ERK activation 5 minutes after NGF treatment is
independent of Rapl [146]. To confirm this, we have measured ERK activation by NGF in the
absence or presence of the specific enzymatic inhibitor of Rapl, RaplGAP1. As shown is Fi gure
3.5A, the expression of Rap1GAPI completely inhibited the late phase of ERK activation by
NGF (>20 minutes) with no effect on the early phase (5 minutes). At 10 minutes, we observed a
partial inhibition of ERK which is consistent with the contribution of both Ras- and Rapl-
dependent signals to ERK activation at this time [146]. PI3-K inhibitors blocked B-Raf and ERK
activation following 5 minutes of NGF treatment, without effecting Ras activity. This finding
suggests that PI3-K activity might also be required at a step between Ras and B-Raf activation.
To test this, we examined the requirement of PI3-K for Ras-GTP to activate ERK?2. Transfection
of cDNA encoding constitutively active Ras (RasV 12) induced Flag-ERK2 activation, as assessed
by anti-Flag immunoprecipitation followed by pERK western blot. This activation was blocked
by either co-transfection of PTEN or treatment with LY, while neither PTEN nor LY blocked
ERK activation by constitutively active Raf (BXBRaf) or constitutively active MEK (caMEK)
(Figure 3.5B). These data demonstrate that PI3-K was acting downstream of Ras and upstream
of B-Raf. To directly examine the ability of Ras to couple to B-Raf, we monitored the recruitment
of B-Raf to Ras upon NGF treatment. NGF stimulation markedly increased the association of B-
Raf with Ras. This association was blocked by LY (Figure 3.5C). In addition, both LY and
PTEN blocked the ability of NGF to stimulate Ras associated B-Raf kinase activity (Figure
3.5D). LY also blocked the ability of B-Raf to associate with NGF stimulated His-Rap1 (data not

shown), as expected, since LY blocked Rapl activation, as shown in Figure 3.4C.

PI3-K inhibition blocks TrkA internalization. In sensory neurons, PI3-K has
been shown to be required for the retrograde transport of [1'*]-NGF from nerve terminals [251],
but whether this action involved endocytosis or sdbsequent transport steps was not established.
As shown in Figure 3.6A and B, the cell surface expression of TrkA in PC12 cells was reduced
by NGF, presumably via endocytosis into vesicles containing activated TrkA [252, 253]. This
effect was largely inhibited in the presence of LY. We detected a reduction in TrkA cell surface
expression as early as 5 minutes of NGF treatment with a peak at 10 minutes. LY blocked this
effect at all time points examined (data not shown). LY completely blocked phosphorylation of
Akt, but not TrkA (Figure 3.6C, D), demonstrating that LY s actions were specific for targets
downstream, but not upstream, of PI3-K. This suggests that PI3-K facilitates the endocytosis of
TrkA, similarly to its action on the PDGF receptor [254].
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Rapl is associated with submembraneous vesicles in PC12 cells. While both
Ras and Rapl are tightly associated with membranes [73, 74, 255], several studies have shown
that they are localized to different subcellular regions. In neuronal cells, Ras and Rapl display
distinct subcellular distributions [75]. In other cell types, Ras proteins are known to localize to
the plasma membrane [72, 74], while Rapl expression has been detected in intracellular
compartments including the Golgi complex [72, 77] and late endosomes [78]. Here, we
examined the subcellular localization of Ras and Rap! using immunofluorescent techniques. In
both DRG neurons and PC12 cells, Ras displayed a plasma membrane distribution while Rapl
was localized to intracellular structures (Figure 3.7A). To further characterize these Rapl-
containing structures, we examined the subcellular localization of Rapl in PC12 cells by immuno-
gold electron microscopy. Rapl expression was not detected in the plasma membrane but was
found associated with structures which resemble endocytic vesicles (Figure 3.7B). This
observation, combined with the ability of PI3-K inhibitors to block TrkA internalization, suggests
that one mechanism through which PI3-K inhibitors block NGF induced Rapl/ERK activation
might be through the inhibition of receptor-mediated endocytosis.

Blocking endocytosis mimics the effects of PI3-K inhibition on NGF
induced Ras, Rap1 and ERK activation. Clathrin-mediated endocytosis is required for
ERK activation by EGF [256-258] and IGF [259]. TrkA has also been shown to undergo
endocytosis via a clathrin-mediated process [252]. Once internalized into endocytic vesicles,
TrkA remains phosphorylated and continues to signal to downstream effectors [253, 255, 260-
263], suggesting that internalization may be important for TrkA signaling as well. We employed
the primary amine monodansylcadaverine (MDC), which is known to block clathrin-mediated
endocytosis [264-266], to examine Ras and Rap1 activation in the absence of TrkA
intemnalization. As expected, MDC pretreatment blocked NGF-mediated endocytosis of TrkA
(Figure 3.8A, B). At 10 minutes following NGF treatment of PC12 cells, when both Ras and

Rapl are active, pretreatment with MDC (100 pM) largely inhibited Rap]1 activation by NGF but

did not inhibit Ras activation (Figure 3.8C, D). As seen with LY (Figure 3.4B), activation of
Rapl by Forskolin plus IBMX was not blocked by MDC (Figure 3.8C).

Ras recruitment and activation of B-Raf was also blocked by MDC (Figure 3.8E). This
suggests that endocytosis may be required for ERK activation at two sites; one site upstream of
Rapl activation and a second site downstream of Ras activation. Indeed, examination of ERKs
revealed that MDC completely blocked ERK activation at 10 minutes (Figure 3.9A), presumably
by blocking both sites. As seen with MDC’s inhibition of Rapl, MDC blocked phosphorylation
of ERKs by NGF, but not Forskolin/IBMX (Figure 3.9A). This inability of LY or MDC to block
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activation of Rapl and ERK by Forskolin/IBMX may be due to the nature of the intracellular
signal, cCAMP, that is generated by Forskolin. Unlike NGF, cAMP appears to be able to activate
intracellular pathways upstream of Rapl independently of endocytosis. NGF’s activation of
ERKs at 10 minutes was completely abolished following expression of an interfering mutant of
dynamin, (K44E), known to block clathrin-mediated endocytosis [267-269] (Figure 3.9B, C).
This result is consistent with recent evidence demonstrating that dynamin is required for TrkA
internalization in PC12 cells [263]. As seen in PC12 cells, blocking endocytosis with MDC also
blocked ERK activation in DRG neurons, as measured by pERK immunofluorescence (Figure
3.9D).

DISCUSSION

In this study we show that NGF activation of B-Raf and ERK si gnaling in both DRG
cultures and PC12 cells is blocked by inhibition of PI3-K. Multiple methods of inhibiting PI3-K,
using both pharmacological and molecular agents, all had the same effect. Furthermore, this
requirement of PI3-K was specific for NGF; the ability of cAMP to activate ERKs in both DRGs
and PC12 cells did not require PI3-K.

We have previously demonstrated that both Ras and Rapl pathways contribute to the
activation of ERKs by NGF. Indeed, the co-ordinated signaling via these two pathways accounts
for the ability of NGF to induce both sustained activation of ERKs and neuronal differentiation
[146]. Interestingly, in the present study, we demonstrate that the requirement for PI3-K in ERK
activation by NGF may reflect distinct actions on signaling via Ras and Rapl. Thus, PI3-K
inhibition blocked activation of Rapl but not Ras. However, PI3-K did block the ability of
activated Ras to couple to B-Raf and ERKs. Both actions of PI3-K prevent NGF from utilizing
either Ras-dependent or Rap1-dependent signals to activate ERKSs.

Our data demonstrating the requirement for PI3-K in the activation of Rapl may reflect a
role in the endocytosis of activated TrkA receptors. We found that inhibition of PI3-K activity
blocked TrkA internalization after NGF stimulation. Other blockers of endocytosis had the same
effect as PI3-K inhibitors, preventing activation of Rapl but not Ras. Taken together, we
propose a model in which TrkA activation can stimulate Ras at the plasma membrane but requires

PI3-K-dependent internalization to activate Rapl (See Figure 3.10).

A role for endocytosis in NGF signaling is consistent with the emerging view that

internalization of active TrkA receptors into signaling vesicles is required for the downstream
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actions of neurotrophins [63, 263]. For example, the ability of both NGF and TrkA to be
transported in a retrograde fashion from the nerve terminal to the cell body has been demonstrated
by many groups [255, 261, 270, 271]. Recent studies demonstrate that this retrograde transport
process delivers active TrkA to the cell body which may be required for the stimulation of gene
expression by NGF [255, 261, 262]. These conclusions are supported by studies in which
signaling competent vesicles containing active NGF:TrkA complexes were isolated from PC12
cells following clathrin-mediated endocytosis of TrkA [252, 253, 272]. Furthermore, these data
are consistent with studies examining other growth factor receptors, as well as G-protein coupled
receptors, where clathrin-mediated endocytosis has been implicated in ERK activation [256-259,
273]. Therefore, receptor trafficking may serve an important signaling function in addition to
simply mediating receptor down-regulation via lysosomal degradation. It is possible that the
sorting determinants and mechanisms for targeting proteins to signaling vesicles versus
lysosomes may be differentially regulated for different ligand:receptor complexes [274-277].
Whether such sorting events impart specificity in the ability of growth factors to activate Rapl-

dependent pathways remains to be determined.

A proposed role for endocytosis is to bring activated receptors to the location of
downstream signaling molecules [278]. Accordingly, the localization of Ras and Rap1 to distinct
membrane compartments may account for the differential roles of PI3-K and endocytosis in Ras
and Rapl activation. Our data showing that Rap1 resides with vesicular membranes are
consistent with the localization of Rap]1 to endosomal compartments. In contrast, Ras is at the
plasma membrane itself, and can be activated by TrkA without additional endocytic events.
Membrane targeting of Ras-like molecules is determined by postranslational modifications of their
C-termini. Differences in the C-terminal motifs found in Rap1 and Ras may account for their
different membrane distribution [47, 279, 280]. Importantly, these differences in membrane
distribution of Ras family members influence downstream signaling actions [47]. Our data

suggest that their location may also determine how these small G proteins become activated.

PI3-K-dependent TrkA internalization may control differential activation of Ras vs. Rapl
signaling to dictate the specificity of NGF action. Our lab has previously shown in PC12 cells
that Rapl is activated by NGF [146], but not EGF [188]. Furthermore, we have shown that
Rapl-dependent signals contribute to growth factor specificity by mediating both the sustained
phase of ERK activation by NGF and aspects of neuronal differentiation [146]. Differences in the
kinetics of receptor internalization have also been proposed to impart specificity to NGF versus
EGF signaling in PC12 cells [272]. In this study, Huang et. al. have shown that TrkA remains
associated with caveolae-like membranes following NGF treatment, whereas EGF treatment
results in the rapid depletion of the EGF receptor (EGFR) from this membrane population.
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Consistent with these results, we have observed a more rapid internalization of the EGFR

compared to TrkA following ligand stimulation (data not shown).

The slower internalization of TrkA following NGF treatment may allow for the assembly
of signaling complexes which subsequently lead to Rap1 activation within the mature signaling
endosome. It has been shown that the phosphorylation of the adaptor molecule FRS? recruits
additional adaptor molecules that contribute to the sustained ERK activation seen following
treatment with NGF [281]. One of these adaptor molecules which binds phosphorylated FRS2 is
Crk [282]. Crk has been shown to contribute to Rapl activation via its association with C3G, the
Rapl-specific exchanger [146, 283, 284]. Accelerating TrkA internalization by incubating PC12
cells with an NGF-antibody complex results in a transient activation of ERKs similar to that seen
with EGF treatment [285]. Interestingly, acceleration of TrkA internalization resulted in a TrkA
signaling complex that lacked critical phosphorylations, including phosphorylation of FRS2, that
are required for sustained activation of ERKs. Here, we propose that the contribution of Rapl
signaling and endocytosis to sustained ERK activation are intimately connected; Rapl participates
in the late phase of ERK activation by NGF because Rap! activation by NGF requires endocytic

events.

One finding of this study was that the ability of Ras to couple to its downstream effector,
B-Raf, was also blocked by inhibitors of PI3-K. This action explains the contribution of PI3-K
to the early (Ras-dependent) activation of ERKs. This inhibition of Ras-dependent signaling
downstream of Ras activation may also reflect a requirement of PI3-K for endocytic events. B-
Rat is localized to vesicles within DRG neurons and PC12 cells and this localization did not
appear to change following NGF treatment (data not shown). Interestingly, Grimes and co-
workers [252] have shown that NGF treatment leads to the redistribution of TrkA
immunostaining to a pattern similar to that seen for B-Raf. Therefore, it is possible that
endocytosis and subsequent vesicular fusion is required to bring Ras in contact with B-Raf,
consistent with the ability of MDC to disrupt Ras/B-Raf complexes. This model is consistent
with recent evidence suggesting that Ras is internalized into enodcytic vesicles following growth
factor stimulation [286]. The requirement of PI3-K in Ras-dependent activation of B-Raf may
also depend on a second action of PI3-K. For example, recent studies suggest that
phosphorylation of Raf-1 by kinases downstream of PI3-K may stimulate Raf kinase activity
[287, 288]. In contrast, the direct phosphorylation of Raf-1 by the PI3-K target, Akt, has been
shown to be inhibitory in some cells [289, 290]. However, this ability of Akt to inhibit Raf-1
appears to depend on the cell-type and cellular context [291]. Similar studies examinin g B-Raf

have also been reported [292], although no studies have been carried out in neuronal cells. In any
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case, the data presented here demonstrate that PI3-K has indirect actions that enhance si gnaling
through B-Raf.

The major significance of these studies is that we show PI3-K is required for NGF
activation of ERKSs through its specific action in regulating TrkA internalization. Both PI3-K and
ERKSs are well studied targets downstream of NGF. A prevailing view is that they represent the
end-points of distinct linear pathways and trigger distinct physiological actions. However, recent
reports suggest that these pathways may be interconnected [293-295]. Here, we provide a
biochemical basis for a model that these two pathways share overlapping functions within
neurons and suggest that the regulation of endocytosis by PI3-K may provide an important

mechanism to modulate ERK signaling cascades.
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FIGURE LEGENDS

FIGURE 3.1 Role of PI3-K in neuronal ERK activation. (A) ERK activity was assessed by
immuno-staining fixed cells with a phospho-specific ERK1/2 (pERK1/2) antibody. Adult rat

dorsal root ganglia cultures were treated for 20 minutes with either 50ng/ml NGF (left) or 10 uM

Forskolin (right) in the presence or absence of LY294002 (LY; 20 uM), a specific PI3-K
inhibitor. Left panels; light field. Right panels; fluorescent micrograph showing pERK 1/2

immunoreactivity. The signal intensity in neurons was quantitated for each treatment condition
using NIH image. Histograms represent the distribution of fluorescent intensities as a function of
frequency (n = 100 cells). LY completely abolished ERK activation by NGF but had no effect on
Forskolin stimulated ERKs. (B) Immunofluorescent localization of B-Raf expression in adult rat
dorsal root ganglia cultures. Note that expression is only detected in neurons. (C) Biochemical
examination of B-Raf in cultured DRG neurons. B-Raf activity was measured by immune
complex kinase assay using anti-B-Raf antisera and recombinant MEK-1 as a substrate. A
representative gel is shown (n=3). (D) Average of three experiments as in C, presented as fold

activation with standard error (s.e.).

FIGURE 3.2 Requirement of PI3-K for ERK activation by NGF in PC12 cells. PC12 cells were
treated with Forskolin plus IBMX (F/T) for 20 minutes or NGF for either 5 minutes or 40
minutes, as indicated. In (A), phosphorylation of ERKs was used as a measure of ERK
activation in cell lysates monitored by western blot using pERK1/2 antibodies. In (B), ERK
activation was measured in cell lysates by immune-complex kinase assay using an anti-ERK2
antibody and myelin basic protein (MBP) as a substrate. In both assays, LY blocked ERK
activation by NGF but not by Forskolin. (C) PI3-K assay showing blockade of NGF-induced
PI3-K activity by LY (20 mM); left panel. Average of three assays is presented as fold activation
with s.e. in the right panel. (D) LY inhibition of the transcription factor CREB, an ERK-
dependent target of NGF. Following transfection with GAL4-CREB (2mg) and 5XGal-E1b-
TATA-luciferase (gal-luciferase, 2mg), cells were left untreated or treated with NGF, LY or the
MEK inhibitor PD98059 (PD, 40 mM) as indicated. CREB-dependent transcription was
monitored by luciferase assay and reported as fold increase in luciferase activity. CREB

activation by NGF was sensitive to LY, as well as PD.

F1GURE 3.3 PI3-K inhibitors block NGF activation of PI3-K and ERK. (A) Dose-dependent
action of LY and wortmannin on ERK activation by NGF (15"). Cells were treated with NGF
and either LY (0.05, 0.5, 5.0, and 50 mM) or wortmannin (0.01, 0.05, 0.1, 0.5 and 1 mM), as
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indicated. ERK activation was measured in cell lysates by immune-complex kinase assay using
an anti-ERK?2 antibody and MBP as a substrate. A representative gel is shown (upper panels)
along with the average of three experiments, with standard error (bar graphs). ERK activity is
presented as fold activation over basal levels. (B) Dose dependency of LYs inhibition of PI3-K
activity. Cells were treated with NGF and LY (0.05, 0.5, 5.0, and 50 mM) and PI3-K activity
was measured as described in Methods (upper panel). Fold increase in PI3-K activity is shown
numerically. Lower panels show the action of LY on NGF-induced phosphorylation of ERK in
the same cell lysates, as measured by western blot using pERK antibodies (middle panel). The
expression of total ERKs is shown as a loading control (bottom panel). (C) Dose dependency of
LY inhibition of phosphorylatated Akt (pAkt). Cells were treated with NGF and LY (0.05, 0.5,
5.0, and 50 mM), lysates prepared, and the levels of pAkt were visualized by western blot (upper
panel). The expression of total Akt is shown (bottom panel). (D) Inhibition of NGF activation of
ERK by PTEN. PCI12 cells were co-transfected with myc-tagged ERK?2 (myc-ERK?2) and wild
type PTEN or a mutated PTEN (PTENG129E) which lacks lipid phosphatase activity. myc-
ERK?2 activation was measured in cell lysates by immune-complex kinase assay using an anti-myc
antibody (9E10) and MBP as a substrate. A representative gel is shown (upper panel) along with
the average of three experiments, with standard error (bar graph). myc-ERK2 activity is

presented as fold over basal.

FIGURE 3.4 LY inhibition of Rap1/B-Raf activation. (A) LY inhibition of NGF-induced B-Raf
activation. PC12 cells were treated with NGF and LY as indicated and B-Raf activity was
measured by immune complex kinase assay using anti-B-Raf antisera and recombinant MEK- | as
a substrate. (B) Western blot showing expression of Rapl (left panel) and Ras (right panel) in
PC12 cells and DRG cells, as indicated. (C) LY inhibition of NGF-induced Rapl activation.
PC12 cells were either left untreated or treated with NGF, Forskolin plus IBMX (Forsk/IBMX)
and LY as indicated. Lysates were incubated with Gst-RalGDS and precipitated with glutathione
beads. The amount of active Rapl bound to the beads was measured by SDS-PAGE followed by
western blots using anti-Rap1 antibodies. (D) Lack of LY inhibition of NGF-induced Ras
activation. Lysates were either left untreated (Untr.) or treated as indicated. Lysates were
prepared and incubated with Gst-Raf-1-RBD and precipitated with glutathione beads. The
amount of active Ras bound to the beads was measured by SDS-PAGE followed by western blots

using anti-Ras antibodies.

FIGURE 3.5 The requirement of PI3-K for Ras coupling to downstream kinases. (A)
Independence of Rapl for early activation of ERK by NGF. PC12 cells were transfected with
myc-tagged ERK2 (myc-ERK2) in the absence or presence of co-transfected RaplGAP1
(RapGAP), and treated with NGF for the indicated times. myc-ERK2 activation was measured in
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cell lysates by immune-complex kinase assay using an anti-myc antibody and MBP as a substrate.
The amount of myc-ERK2 within each lysate is shown in the lower panels. A representative gel
is shown (n=3). (B) PC12 cells were co-transfected with cDNA encoding constitutively active
Ras (RasV12), constitutively active Raf (BXBRaf), or constitutively active MEK (caMEK), along
with Flag-ERK?2, and treated with LY or co-transfected with PTEN, as indicated. Flag-ERK?2
activity was assessed by anti-Flag immunoprecipitation followed by phospho-ERK (pERK)
western blot. The amount of total ERK is shown in the lower panel. (C) The recruitment of B-
Raf to Ras upon NGF treatment. PC12 cells were transfected with polyhistidine-tagged Ras
(His-Ras) and treated with NGF in the absence or presence of LY as indicated. His-Ras and
associated proteins were precipitated from lysates using Nickel-NTA agarose and associated
proteins resolved by SDS-PAGE and B-Raf detected by western blot. The position of B-Raf (95
kD) is shown. (D) NGF stimulation of Ras-associated B-Raf kinase activity. PC12 cells were
transfected with His-Ras and/or PTEN and treated with NGF or LY as indicated. B-Raf activity
within His-Ras eluates was measured by immune-complex kinase assay using MEK-1 (MEK) as

a substrate.

FIGURE 3.6 Facilitation of NGF-induced TrkA internalization by PI3-K. (A) PC12 cells were
left untreated or treated with NGF in the presence or absence of LY, as indicated. Cell surface
proteins were biotinylated as described in Methods. Biotinylated proteins were recovered using
UltraLink Immobilized NeurtrAvidin (Pierce) and the amount of TrkA recovered was assessed by
western blot. A representative blot with the position of TrkA is shown. (B) Bar graph showing
the average of three biotinylation experiments as in A. The data is presented as percent of
maximal stimulation, with s.e. (C) Phosphorylation of Akt is completely blocked by LY. Parallel
plates of PC12 cells were treated as in A and examined for pAkt expression by Western blot. The
position of pAkt (upper panel) is shown, along with total Akt (lower panel) as a loading control.
(D) Phosphorylation of TrkA is not effected by LY. Cells were treated with LY and NGF as
indicated and lysates examined for phospho-TrkA (pTrkA) expression by Western blot. A
representative blot is shown and the position of pTrkA is indicated (n=3).

FIGURE 3.7 Subcellular localization of Ras and Rapl in PC12 cells. (A) Immunofluorescent
detection of Ras and Rapl. DRG cells (upper panels) or PC12 cells (Iower panels) were fixed
and incubated with monoclonal antibodies to Ras and polyclonal antibodies to Rapl. Anti-Ras
(left panels) and Anti-Rap]1 (right panels) were visualized by confocal microscopy. (B) Immuno-
Electron Microscopy of Rapl. Using immuno-gold electron microscopy and anti-Rapl
antibodies, immunogold particles were detected on sections of fixed PC12 cells. Two adjacent

PC12 cells are shown with their plasma membranes indicated. The nucleus of one cell can be
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seen. Gold particles are clustered within vesicular structures. Magnification = 48,000 X. Tnsert:

vesicular structures with gold particles are shown.

FIGURE 3.8 MDC inhibition of NGF signaling to ERK. (A) Monodansylcadaverine (MDC)
blocks TrkA internalization. PC12 cells were left untreated or treated with NGF in the presence

or absence of a 10’ pretreatment with MDC as indicated. Cell surface proteins were biotinylated

and precipitated as in Figure 3.6 and the amount of TrkA recovered was assessed by western blot.
A representative blot with the position of TrkA is shown. (B) Bar graph showing the average of
three independent experiments as in A, with s.e. (C) Inhibition of NGF-induced Rapl activation

by MDC. PCI2 cells were treated with NGF or Forskolin plus IBMX (Forsk/IBMX) for 10’ in

the presence or absence of MDC as indicated. Rapl activation was measured using Gst-RalGDS
“pull-down” as in Figure 3.4. The position of Rap1 is shown. (D) Lack of Inhibition of NGF-
induced Ras activation by MDC. Cells were treated with NGF and MDC as indicated and Ras
activation was measured using Gst-Raf-1-RBD “pull-down” as in Figure 3.4, The position of
Ras in PC12 lysates is shown. (E) Inhibition of Ras-dependent recruitment and activation of B-
Raf by MDC. Cells were transfected with His-Ras and treated with NGF in the presence or
absence of MDC as indicated. His-Ras and associated proteins were precipitated from lysates
using Nickel-NTA agarose and associated proteins were eluted from His-Ras as described in
Methods. Eluates were split and assayed for associated B-Raf protein by western blot (upper
panel) or for associated B-Raf kinase activity (lower panel), as measured by immune-complex
assay using MEK(1 as a substrate (n=3). The position of MEK is shown. The position of B-Raf
within PC12 lysates is shown in the upper panel (lysate).

FIGURE 3.9 Requirement of endocytosis for ERK activation by NGF in PC12 and DRG cells.
(A) PC12 cells were treated with NGF or Forskolin plus IBMX (Forsk/IBMX) for 10/ in the

presence or absence of MDC, as indicated. Activation of ERK was measured in cell lysates by
western blot using pERK1/2 antibodies. The positions of pERKs (pErk1, pErk2) are shown.
The amount of total ERKSs in each lysate is shown in the lower panel. (B) PC12 cells were
transfected with myc-ERK?2 in the presence or absence of either wild type dynamin (Dyn-wt) or a
mutated dynamin (Dyn-K44E) and cells treated with NGF (N), EGF (E), or left untreated (U).
myc-ERK2 activation was measured in cell lysates by immune-complex kinase assay using an
anti-myc antibody and MBP as a substrate. A representative gel is shown (upper panel) and the
amount of myc-ERK2 within each lysate is shown below (lower panel). (C) Data from three

independent experiments as performed in B are represented as fold activation, with s.c. (D) Adult

rat dorsal root ganglia cultures were treated for 20’ with NGF in the presence or absence of MDC.
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Upper panels; fluorescent micrograph showing pERK1/2 immunoreactivity. Lower panels; li ght
field.

FIGURE 3.10 Model of NGF signaling to ERKs. In PC12 cells, NGF activates Ras and Rapl
to mediate the rapid and sustained activation of ERKSs respectively. Both TrkA internalization and
Rapl activation require PI3-K. Clathrin-mediated endocytosis is also required for Rapl activation
and the sustained activation of ERK. In contrast, Ras activation by NGF is independent of both
PI3-K activity and endocytosis. This may reflect the distinct localizations of Ras at the plasma
membrane and Rapl within endosomal compartments. PI3-K-dependent endocytosis may
regulate ERK signaling at a second site downstream of Ras since both rapid ERK activation by
NGF and Ras activation of B-Raf are blocked by both PI3-K inhibitors and inhibitors of

endocytosis.
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Fig. 3.1 Role of PI3-K in neuronal
ERK activation
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Fig. 3.2 Requirement of PI3-K for ERK
activation by NGF in PC12 cells
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Fig. 3.3 PI3-K inhibitors block NGF
activation of PI3-K and ERK
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Fig. 3.4 LY inhibition of Rap1/B-Raf activation
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Fig. 3.5 The requirement of PI3-K for Ras

coupling to downstream kinases
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Fig. 3.6 Facilitation of NGF-induced
TrkA internalization by PI3-K
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Fig. 3.7 Subcellular localization of Ras and Rapl
in PC12 cells
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Fig. 3.8 MDC inhibition of NGF signaling to ERK
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Fig. 3.9 Requirement of endocytosis for ERK
activation by NGF in PC12 and DRG cells
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Fig. 3.10 Model of NGF signaling to ERKs
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CHAPTER FOUR

DISCUSSION

Knowledge of the molecular mechanisms controlling the proliferation and differentiation
of neuroblasts is essential for the construction of therapeutic strategies to combat both
developmental disorders and cancers of the nervous system. My graduate work constitutes an
incremental advance toward this ultimate goal by providing a framework for determining how

extracellular stimuli achieve specificity in regulating these critical cell fate decisions.

One important question regarding specificity has been to determine how activation of the
same second messenger can produce cell-type specific growth effects. For example, hormones
that elevate intracellular cyclic adenosine monophosphate (CAMP) levels exert growth effects via
the ERK cascade in a cell-type specific manner. Until recently, the mechanism through which
cAMP activates ERKs was unknown and the only known function of Rap1 was to antagonize the
Ras-dependent activation of Raf-1. Our previous work demonstrated that increased intracellular
CAMP levels activate Rapl and that, contrary to its inhibitory action on Raf-1, Rapl is an activator
of B-Raf. Consequently, the selective expression of B-Raf dictates the action of Rapl and cAMP
on effectors downstream of Rafs, including ERKs. Therefore, we proposed that the Ras-
independent activation of the selectively expressed B-Raf isoform contributes to the cell-type
specific growth effects of cAMP-coupled hormones [188]. This model provides one mechanism
by which extracellular signals can have opposing growth effects in different cell types via a very
similar transduction pathway. The ability of B-Raf to convert a Rap1-dependent signal from an
inhibitor to a stimulator of ERKSs has since been demonstrated in other systems, including
hormonal stimulation of astrocytes [242] and following integrin signals in fibroblasts [296].
Together, these findings demonstrate that the regulated expression of a single signaling
component can reverse the growth effects of hormones and provide exciting possibilities in

designing therapies for growth related pathologies.

Here, we have shown that Rapl-dependent pathways contribute to growth factor
specificity, as well. Based on studies using interfering mutants of Ras and Rap1 in PC12 cells,
we have proposed that NGF signaling to ERKs is mediated by two distinct pathways: a rapid and
transient activation that is Ras-dependent and a sustained phase that requires Rapl. In contrast,
EGF induces only a transient (Ras-dependent) activation of ERK and is unable to activate Rapl.
Initially, this model raised some controversy due to the inability of one lab to detect Rapl
activation following NGF treatment in their cells [297]. Indeed, our initial studies suffered from
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several potential limitations. For instance, an important criticism of our study was that technical
limitations at that time had forced us to examine the activation of expressed exogenous Rapl. A
second concern was that inhibition of the Rap1-dependent pathway relied upon the expression of
interfering mutants. As for all interfering mutants, one can never be certain that their action is
entirely specific for the molecules of interest. More recently, the development of new affinity-
based assays for endogenous Ras and Rap! activation and use of the endogenous Rap1 inhibitor,
RapGAP, have allowed us to address these issues directly. Using these improved reagents, we
have confirmed our initial finding that both NGF and EGF activate Ras transiently and that
sustained Rap1 activation is selectively induced by NGF, but not EGF [53, 298]. This important
finding has since been independently confirmed by several laboratories [299-301]. Noteworthy,
Kao and colleagues found that EGF also induced a rapid and transient activation of Rapl in their
system. This EGF induced Rap! activation occurred at very early time points and may have been
missed in our experiments. Nonetheless, these studies document the central importance of the
Rap1/B-Raf pathway in mediating a sustained ERK activation following NGF treatment in PC12
cells that is independent of Ras. In a similar manner, integrin signals also require the Rap1/B-Raf
pathway to mediate sustained ERK activation [296]. However, the role of Rapl pathways in
regulating the kinetics of ERK activation and downstream physiology is surely dependent on a

combination of the cell type, cell context, and the particular stimuli being considered.

Adaptor Molecules Contribute to Specificity

The mechanism through which NGF activates Rapl1 is not fully understood. However, it
is generally recognized that a growing family of adaptor molecules mediates the coupling of
activated RTKSs to the activation of small GTPases. These adaptor molecules consist almost
entirely of conserved modular binding domains that promote protein-protein interactions. While
these modular domains often contain a common core, they also maintain the ability to recognize
specific sequences within their binding partners. Therefore, adaptor proteins can regulate si gnal
transduction pathways by acting as molecular linkers to form specific multi-protein complexes.
The adaptor molecule, Grb2, has been proposed to mediate the activation of Ras by both NGF
and EGF. However, my work suggests that Crk adaptors, rather than Grb2, may mediate NGF’s
activation of both Ras and Rapl. Specifically, we have shown that NGF’s activation of ERK is
blocked by the expression of the truncated mutant of C3G (CBR) [146] derived from the Crk-
binding region [84]. Expression of this peptide, which presumably interferes with Crk function
by displacing the endogenous SH3-binding proteins, has no effect on EGF-stimulated ERK
activation. These results confirm the findings of Tanaka ef al. that EGF signaling to ERKs does
not require Crk proteins [149, 150]. Furthermore, CBR abolished both the early (Ras-dependent)
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and late (Rapl-dependent) phases of ERK activation by NGF, suggesting that Crk proteins may
be required for ERK activation by NGF via both SOS/Ras and C3G/Rapl. More recently, we
used the RalGDS and RafRBD affinity assays to demonstrate that CBR inhibits NGF’s activation
of both Rapl and Ras [53]. This result is supported by those of Landreth and colleagues who
showed that NGF induces the stable formation of a Crk:C3G complex that was proposed to
support prolonged Rapl activation [299]. In marked contrast, EGF treatment of PC12 cells leads
to the dissociation of the Crk:C3G complex [299]. The dissociation of Crk:C3G has previously
been shown to correlate with Rapl inactivation following insulin treatment, as well [302].
Together, these data support our hypothesis that the differential use of the Crk:C3G adaptor
complex by growth factors contributes to their specific actions on small GTPases and the
downstream kinetics of ERK activation. We therefore propose that the differential recruitment of
active adaptor:GEF complexes is important in determining the physiological outcome of
extracellular stimuli. It would be of interest to further test this model with additional interfering
mutants of Crk and Grb2. Two types of mutations in these adaptors have been shown to produce
interfering mutants [303, 304]. The first type consists of mutations in the conserved arginine of
the FLVRES sequence in the SH2 domains and the other involves SH3 domains in which the first
tryptophan of the characteristic tryptophan doublet is mutated to a lysine. The use of interfering
mutants, along with the expression of chimeric proteins containing the SH2 domain of one

adaptor and the SH3 domain of another, would allow for a systematic evaluation of this model.

Admittedly, this model represents a simplified view of the complex multi-protein
interactions known to contribute to growth factor activation of ERKs. Other adaptor molecules
certainly play a role in determining growth factor specificity. For example, both the FRS2
adaptor and the SH2 domain-containing phosphatase, SHP-2, have been implicated in sustained
ERK activation [45, 89, 136]. FRS2 was originally identified based on its ability to form a
complex with Grb2 following stimulation with fibroblast growth factor (FGF) [89]. Tt is now
known that FRS2 is also recruited to the TrkA receptor following NGF treatment, where it is
subsequently phosphorylated on multiple tyrosine residues [89, 282, 305, 306]. We and others
have shown that, upon NGF treatment of PC12 cells, FRS2 forms a stable complex with Crk and
the adaptor/tyrosine-phosphatase, SHP-2 [45, 299]. Furthermore, expression of a mutant FRS2
with impaired SHP-2 binding disrupts recruitment and activation of the NGF stimulated
Crk:C3G:Rapl pathway [299]. The degree to which these complexes regulate Ras activation via
a Crk:SOS association is not known. However, consistent with our hypothesis that Grb2 is
dispensable for NGF induced ERK activation, Schlessinger and colleagues have suggested that
the recruitment of SHP-2 to a FRS2 complex has a greater influence on ERK activation and
neurite outgrowth than does Grb2 recruitment [89, 281]. Moreover, it is possible that Grb2
actually plays an inhibitory role in NGF-mediated ERK activation similar to that following PC12
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cell stimulation with the NGF-related neurotrophin, NT-3 [307]. In this case, NT-3 was reported
to induce the prolonged association of Grb2 with the growth inhibitory molecule Dab2
(Doc/Dab2). Interestingly, the N-terminus of Dab2 interacts with a RasGAP and the formation
of a Grb2/Dab2 complex displaces the Ras activator, SOS. Therefore, similar to SOS
phosphorylation, Grb2/Dab2 association may provide a means of rapidly terminating Ras-
dependent signals. Interestingly, Dab2 was able to block the transient activation of ERK
following neurotrophin stimulation in PC12 cells, but had no effect on the late phase of ERK
activation [307]. It is tempting to speculate that the specific actions of Dab2 on TrkB-mediated
ERK activation reflect specific actions on Ras-dependent versus Rap1-dependent signals.
Although less understood, additional adaptor molecules recruited to Trk receptors, such as rAPS
and SH2-B, may also play a role in determining growth factor specificity [90]. In future studies,
the evaluation of endogenous complex formations in combination with the use of interfering and
chimeric mutants should provide insight into the intricacies associated with the selective

recruitment of multi-protein complexes and their role in dictating growth factor actions.

Membrane Trafficking

It has long been recognized that the internalization and subsequent trafficking of growth
factor and hormone receptors through the endosome/lysosome-mediated degradation pathway is
an important means of downregulating receptor signals. It is also becoming clear that
endocytosis of growth factor receptors is intimately coupled to signaling events through both
post-translational modifications and induced protein complexes [308, 309]. This regulation is bi-
directional. That is, not only do signaling pathways regulate the endocytic process, but receptor
trafficking may also regulate signaling cascades. Previous studies hinted that the NGF receptor,
TrkA, must be internalized and shuttled appropriately for the normal array of NGF-induced
signals to be activated [255, 260-262, 270, 310]. Although these findings led to much
speculation, little is known about the selective utilization of signaling components during receptor
transit. Furthermore, the mechanism of receptor internalization and the nature of the internalized
bodies have remained uncertain. Here, we provide evidence that clathrin-mediated endocytosis of
TrkA is essential to activation of the Rapl signaling pathway that is necessary for sustained ERK
activation in PC12 cells. This is consistent with recent reports showing internalization of
NGF:TrkA complexes into clathrin coated vesicles [263, 301]. The first of these studies took
advantage of a conditional mutant of dynamin, a GTP-binding protein required for the "pinching "
off of clathrin-coated vesicles, to acutely regulate the location of TrkA following NGF stimulation
[263]. In support of the notion that subcellular location of active receptors is critical to the
biological response, the authors demonstrated that blocking TrkA endocytosis in PC12 cells

prevented NGF-induced differentiation while enhancing NGF-induced survival signals.
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Furthermore, this study also implicated TrkA internalization as a regulator of NGF-induced ERK
activation.

From our studies, it appears that the requirement for TrkA trafficking to maintain ERK
activation is due to the distinct subcellular localization of signaling molecules in the Rapl
pathway. We found that C3G, Rapl, and B-Raf are all localized to small intracellular vesicles in
both PC12 cells and sensory neurons [[298, 311]. In contrast, Ras and Raf-1 appear to be
localized primarily to the cell surface. This is consistent with the ability of NGF to activate Ras,
but not Rapl, in the absence of TrkA internalization and trafficking [298]. More recently, using
confocal microscopy in combination with biochemical fractionation techniques, Wu and Mobley
provide strong evidence that Rapl signaling complexes form on early endosomal vesicles [301].
Following NGF stimulation, these endosomal complexes contain active TrkA, C3G, Rapl, B-
Raf, and ERK. Since Rapl co-localized with endosomal markers in both control and NGF
treated cells, it is likely that internalized TrkA undergoes a membrane fusion event with resident
Rapl-containing vesicles in the endocytic pathway. Alternatively, signals dependent on TrkA
trafficking could lead to the relocation of components of the Rap1 pathway to a distinct subset of
endosomes containing TrkA.

The study by Wu et al. represents the first attempt to directly examine the subcellular
distribution of Ras and Rapl activity. However, these time-consuming experiments are limited
by the purity of the fractions, their reliance on correlative markers comparing fractionation and
microscopy studies, and the need to determine activation states with biochemical assays. The
recent development of new tools to examine Ras and Rap1 activation kinetics in living cells
represents a significant advance in this field. This elegant technique, based on fluorescent
resonance energy transfer (FRET), allows one to monitor Ras and Rap1 activation in real time and
space at the near-molecular level. Using these newly developed tools, Mochizuki and colleagues
have confirmed our suggestion that Ras activation occurs at the plasma membrane and Rapl
activation occurs at intracellular membrane compartments [300]. In addition, this study further
supported our previously controversial finding that the majority of Ras activation following NGF
treatment of PC12 cells was rapid and transient while Rapl activation was prolonged.
Remarkably, the increased sensitivity of their assay allowed for the detection of a subset of active
Ras molecules that persisted for up to 24 hours after NGF treatment. This relatively small pool of
active Ras existed only at the extended neurites of differentiating cells and not at the cell bodies. It
seems that this potentially important population of active Ras would not have been detected with
conventional Ras activation assays. In contrast to Ras, FRET detected Rap! activation only at the
cell body, and never at neurites. This is consistent with our finding that Rapl activation requires
TrkA internalization and trafficking. This is also consistent with the finding of Wu et al. that
disruption of membrane trafficking with brefeldin A (BFA) inhibited TrkA and Rapl co-
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localization. Moreover, BFA was found to specifically block Rapl and sustained ERK activation
without effecting Ras or early ERK activity. Together, these results lend further support to our
view that TrkA trafficking is a critical determinant of downstream signal specificity.

Previous studies had shown that neuronal TrkA remains in an active state and maintains a
stable complex with signaling molecules once internalized into vesicles [252, 253, 261, 312].
Based on our findings, we have extended the “signaling vesicle” hypothesis by proposing that
TrkA-containing vesicles are transported to a location where they can contact effectors in the
C3G/Rapl/B-Raf pathway. Although many of these studies have been performed in PC12 cells,
the effect of TrkA endocytosis and transport is particularly relevant to neuronal responses during
development, when neurons are dependent on target-derived NGF for survival and differentiation
[313]. In concert with others, we suggest that signaling vesicles may provide the machinery for
the transport of NGF signals from axon tips to neuronal cell bodies where changes in gene
expression determine changes in cell behavior. In support of the signaling vesicle hypothesis,
we have shown that TrkA requires endocytosis to activate ERKs in primary sensory neurons from
the adult dorsal root ganglion (DRG). Since TrkA receptors are found throughout these neurons,
our studies did not distinguish between signals initiated at the cell body from those at the nerve
terminals. Interestingly, a very recent report has broadened our appreciation for the role of
localized neurotrophin signals by examining embryonic DRG neurons grown in
compartmentalized chambers. This system, which approximates the in vivo separation between
axon tips and cell bodies, allows for the dissection of signaling components following selective
stimulation of particular regions of the neuron[314]. Using this system, Watson and colleagues
found that primary sensory neurons could distinguish neurotrophin stimulation at the cell soma
from stimulation of distal axons by the differential activation of specific MAP kinase pathways.
In particular, neurotrophin stimulation of cell bodies led to concurrent activation of both the ERK
cascade (ERK1/2) and the big MAP kinase (BMK1, or ERK5) cascade. Likewise, stimulation of
distal axons also led to a local activation of both ERK1/2 and BMK1. However, only BMK1
activity was extended to the cell body where it translocated to the nucleus to facilitate CREB
phosphorylation and neuronal survival. In contrast, ERK1/2 activity was not detected in the cell
body, suggesting that this pathway may not be used for transcriptional responses to target-derived
neurotrophins. Like the activation of ERK1/2, BMK1 activation also required dynamin-
dependent endocytosis. Together, these studies suggest that endocytosis of Trk receptors is
generally required for signaling to MAP kinase cascades and that additional factors regulating the
subcellular distribution of internalized vesicles and signaling components determine the specificity
of coupling to individual pathways. The differential activation of individual pathways may
provide important information regarding the location of particular stimuli in order to instruct the

appropriate cellular response. The ability of neurons to decipher the location of a particular
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growth factor stimulus may be especially critical to the organization of pointed responses under
physiological conditions. As an illustrative example, assuming a similar reSponse Occurs in vivo,
it is possible that the concurrent activation of ERK1/2 and BMK 1 may be important in directing
the repair response following nerve injury when there is a marked increase in the amount of
growth factors available for direct stimulation to the proximal axons and cell bodies. In contrast,
BMK1 activity alone may be sufficient for target-derived survival signals and the retrograde
signals directing differentiation and cell fate determination. Undoubtedly, the exact patterns of
activation that occur in vivo will be dependent on multiple criteria including cell-type, type of
stimulus, developmental stage, and context of both the intracellular and extracellular
environments. For that reason, the next phase of investigations should include the analysis of
signaling specificity in primary neurons from various stages of development and, wherever
possible, in vivo analysis. The construction of adenovirus vectors that allow for the expression
of tagged-signaling components in primary neurons would be useful for co-monitoring the
subcellular location and specificity of signaling pathways. In addition, the use of FRET
technologies in primary neurons would be informative.

Finally, our studies suggest that PI3-K may be required for the signals initiated by TrkA
internalization. Specifically, our data indicate that functional coupling of TrkA to the ERK
cascade requires PI3-K activity in both PC12 cells and DRG neurons. Likewise, in PC12 cells,
both TrkA internalization and Rap1 activation require PI3-K activity. This requirement for PI3-K
likely reflects its role in endocytosis, similar to the well-known role of PI3-K activity in regulating
yeast endocytic pathways [315]. This interpretation is supported by a similar requirement of PI3-
K in early membrane trafficking following NGF treatment in sympathetic neurons [261, 316]. It
is possible that PI3-K regulates ERK signaling at a second site downstream of Ras since both
rapid ERK activation by NGF and Ras activation of B-Raf are blocked by PI3-K inhibitors.
However, given the vesicular distribution of B-Raf and its predominant role in neuronal ERK
activation, this effect of PI3-K may also be due to impaired endocytosis. This would be
consistent with the observed trafficking of Ras and active ERK into distinct clathrin-coated
vesicles following NGF treatment [79]. Although global ERK activation is predominantly
mediated by B-Raf, the relative contribution of Raf-1 and B-Raf to ERK activation in Ras-
containing vesicles remains to be determined. However, in other systems, receptor endocytosis is
required for functional coupling to ERK activation downstream of Raf-1, as well [273, 317]. In
summary, the effects of blocking PI3-K activity and inhibiting endocytosis were indistinguishable
with respect to Ras, Rapl, and ERK activation. Disruption of endocytosis therefore seems
sufficient to explain the PI3-K result. Still, PI3-K is known to intersect with multiple signaling

pathways and other targets can not be ruled out.
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Rapl Activation via NGF and PKA: A Common Mechanism?

Importantly, the ability of NGF to activate Rap!l and the sustained phase of ERK
activation can also be inhibited by interfering with the function of PKA, a known Rap1 activator
[116]. Together with the noted synergy between PKA and NGF signals, these results suggest
that NGF and PKA may be activating the Rapl/B-Raf pathway via a common mechanism [116].
In support of this hypothesis, the CBR interfering mutant prevents ERK activation by both NGF
and PKA, but not EGF [45, 146]. Furthermore, activation of PKA-dependent pathways leads to
the incorporation of Crk adaptors into FRS2 complexes, similar to the effect of NGF stimulation
[45]. More recent studies in the Stork lab have shown that PKA’s activation of Rap1 utilizes a
Crk:C3G pathway that is dependent on the tyrosine kinase, Src [318]. This finding is consistent
with a recent report demonstrating a Src-dependent activation of the Crk/C3G/Rapl pathway that
involves two additional proteins, Sin and p130-Cas [319]. Likewise, activation of the Src-related
kinase, GTK, has been proposed to induce a p130-Cas/Crk/C3G/ Rap1 pathway [320]. Similar
to PKA, NGF may utilize a Src-dependent signal to initiate the Crk/C3G pathway since the Src
kinase inhibitor, PP1, blocks NGF induced tyrosine phosphorylation of Sin [299]. Together,
these data support the view that both NGF and PKA utilize a Src-dependent mechanism to initiate
the formation of a Crk:C3G-containing complex that activates a Rap1/B-Raf/ERK pathway. This
hypothesis could be tested easily with the available molecular and pharmacological reagents. If
confirmed, the challenge of this model will be to define how either NGF or PKA activate Src-
pathways. In addition, given our realization that trafficking and signaling are integrated at the
mechanistic level, it would be interesting to determine the effects of Src activation/inactivation on
the subcellular location of signaling complexes. For example, does the requirement of Src-
dependent pathways to activate Rapl reflect a role in clathrin redistribution and receptor
internalization, similar to that shown following EGF stimulation [321]? In any event, the
essential nature of Rapl for sustained activation of ERK by PKA [116] implicates this GTPase as
a potential mediator of undefined neuronal signaling pathways initiated by PKA, including those
leading to neuronal survival and LTP. Both of these processes are influenced by a combination of

growth factor and activity-dependent neuronal signals.

Rapl as a Mediator of Activity-Dependent Neuronal Processes

Research during the past several years has uncovered the potential of PKA and ERK
signaling cascades to regulate diverse neuronal processes including cell fate determination and
synaptic plasticity. In order to control these processes, neurons must decipher patterns of

electrical impulses resulting from multiple activity-dependent stimuli while simultaneously
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responding to complex signals in the external milieu. This multitude of information must then be
translated into appropriate intracellular signaling outputs and physiological responses. The ability
of Ras and Rapl to integrate multiple stimuli and to alter the kinetics of downstream signals may
represent one mechanism of achieving specific responses to complex influences. The ability of
Ras and Rapl to act as a point of convergence between hormonal and growth factor signals has
already been discussed. Recently, a central role for Ras and Rapl as integrators of neuronal
function has been further suggested by the discovery of GEFs and GAPs that can be regulated
directly by diverse second messengers such as calcium, DAG, and cAMP [91]. Given the
selected neuronal distribution and synaptic localization of at least a subset of these GEFs and
GAPs, it is likely that activation of Ras- and Rap-dependent pathways may also have important
implications in the control of activity-dependent neuronal function. Indeed, several reports have
implicated Ras as an important component regulating activity-dependent changes [322-325].
Activity-dependent neuronal processes are predominantly mediated by calcium initiated signals.
Similar to that observed following growth factor stimulation, we have recently identified a PKA-
dependent activation of the Rap1/B-Raf pathway downstream of depolarization-induced calcium
signals [326]. This pathway likely involves increased intracellular cAMP levels via
calcium/calmodulin-dependent activation of adenylate cyclases [326]. ITmportantly, this study
established that the route of calcium entry dictated whether Ras (PKA-independent) or Rapl
(PKA-dependent) pathways were responsible for ERK activation. This is particularly interesting
in conjunction with previous studies demonstrating that the mode of calcium influx can determine
the profile of expressed genes [327-330]. Together, these findings suggest that both Ras and
Rapl-dependent signals mediate calcium actions in neurons and raise the exciting possibility that
the relative contribution of each pathway may be important in dictating the specificity of calcium-

mediated signaling.

Summary and conclusion

It is now becoming apparent that both Ras and Rapl represent potential integrators of
multiple signaling systems leading to ERK activation. Both can be regulated by growth factor
signaling via RTKs. Moreover, classic second messengers such as cAMP, PKA, DAG and
calcium can modulate their activity. These second messengers may have direct effects on Ras and
Rapl regulators or they may act via a combination of elaborate multi-protein adaptor complexes
and enzymatic pathways. Regulation of these small GTPase/ERK pathways may have profound
effects on neuronal processes including cell growth, differentiation, survival, and synaptic
plasticity. Dissecting the role of GEFs, GAPs, and adaptors in coupling different stimuli to

distinct intracellular signaling pathways will be important to our understanding the mechanisms by
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which neurons interpret complex stimuli. With regard to growth factor signaling specificity, our
work urges an appreciation for the role of endocytosis, membrane trafficking, and subcellular
localization of signaling components. The next challenge will be to elucidate the spatio-temporal
regulation of these processes connected with receptor signaling. Are the receptors trafficked from
one location to another, changing effector partners along the way? Are there distinct pools of
receptors that are targeted to different locations where they activate a subset of effectors? What
are the roles of cell adhesion, cytoskeletal organization, cell cycle, co-stimulation, and cross-talk
with other pathways? Answers to these questions will certainly influence our ever-changing
models of growth factor signaling and may lead to a greater appreciation of the fundamental

processes by which complex biochemical networks govern the passage of life.

i)



REFERENCES

10.

11.

12,

Krebs, E.G., Protein kinases. Curr Top Cell Regul, 1972. §5: p- 99-133.

Seger, R. and E.G. Krebs, The MAPK signaling cascade. FASEB J., 1995. 9: p. 726-
735.

Schaeffer, H.J. and M.J. Weber, Mitogen-activated protein kinases: specific
messages from ubiquitous messengers. Mol. Cell. Biol., 1999. 19(4): p. 2435-44.

Thomas, S.M., et al., Ras is essential for nerve growth factor-and phorbol ester-

induced tyrosine phosphorylation of MAP kinases. Cell, 1992. 68: p. 1031-1040.

Wood, K.W., er al., ras mediates nerve growth factor receptor modulation of three
signal- transducing protein kinases: MAP kinase, Raf-1, and RSK. Cell, 1992, 68(6):
p. 1041-50.

Chao, T.-8.0,, et al., Activation of MAP kinases by calcium-dependent and calcium-
independent pathways. J. Biol. Chem., 1992. 28: p. 19876-19883.

Crews, C.M., A. Alessandrini, and R.L. Erikson, The primary structure of MEK, a

protein kinase that phosphorylates the ERK gene product. Science, 1992, 258: p. 478-
480.

Hagemann, C. and U.R. Rapp, Isotype-specific functions of Raf kinases. Exp Cell
Res, 1999. 253(1): p. 34-46.

Morrison, D.K. and J. R. E. Cutler, The complexity of Raf-1 regulation. Curr. Opin.
Cell Biol., 1997. 9: p. 174-179.

van der Geer, P., T. Hunter, and R.A. Lindberg, Receptor protein-tyrosine kinases and

their signal transduction pathways. Annu Rev Cell Biol, 1994, 10: p. 251-337.

Davis, R., Transcriptional regulation by MAP kinases. Mol. Reprod. Dev., 1995. 42:
p. 459-467. '

Klesse, L.J. and L.F. Parada, Trks: signal transduction and intracellular pathways.
Microsc Res Tech, 1999. 45(4-5): p. 210-6.

78



13.

14.

L.

16.

17.
30.

18.

19.

20.

21.

22,

23

Alessi, D.R,, et al., PD 098059 is a specific inhibitor of the activation of mitogen-
activated protein kinase kinase in vitro and in vivo. J Biol Chem, 1995. 270(46): p.
27489-94.

Cowley, S., et al., Activation of MAP kinase kinase is necessary and sufficient for
PCIZ differentiation and for transformation of NIH3T3 cells. Cell, 1994. 77: p. 841-
852.

Egan, E.S., ef al., Association of Sos Ras exchange protein with Grb? is implicated in

tyrosine kinase signal transduction and transformation. Nature, 1993. 363: p. 45-51.

Buday, L. and J. Downward, Epidermal growth factor regulates p2lras through the
Jormation of a complex of receptor, Grb2 adapter protein, and sos nucleotide

exchange factor. Cell, 1993. 73: p. 611-620.

Schlessinger, 1., SH2/SH3 signaling proteins. Curr. Opin. Genet. Dev., 1994. 4: p. 25-

Alest, L.V., et al., Complex formation between RAS and RAF and other protein
kinases. Proc. Natl. Acad. Sci. USA, 1993. 90: p. 6213-6217.

Moodie, S.A., et al., Complexes of ras.GTP with raf-1 and mitogen-activated protein
kinase kinase. Science, 1993. 260: p. 1658-1661.

Zhang, X.-f., et al., Normal and oncogenic p217as proteins bind to the amino-terminal

regulatory domain of c-raf-1. Nature, 1993. 364: p. 308-313.

Karin, M. and T. Hunter, Transcriptional control by protein phosphorylation: signal

transmission from the cell surface to the nucleus. Curr Biol, 1995. 5(7): p. 747-57.

Storm, S.M., J.L. Cleveland, and U.R. Rapp, Expression of raf family proto-

oncogenes in normal mouse tissues. Oncogene, 1990. 5: p. 345-51.

Grewal, S.S. and P.J.S. Stork, unpublished observations. .

79



24.

25.

26.

27.

28.

29,

30.

Sl

32.

23.

34.

Catling, A.D., et al., Partial purification of a mitogen-activated protein kinase kinase
activator from bovine brain. Identification as B-Raf or a B-Raf- associated activity.
J. Biol. Chem., 1994. 269(47): p. 30014-21.

Jaiswal, R.K., et al., The mitogen-activated protein kinase cascade is activated by B-

Raf in response to nerve growth factor through interaction with p21Iras. Mol. Cell.
Biol.,, 1994. 14(10): p. 6944-53.

Daum, G., 1. Eisenmann-Tappe, H.-W. Fries, J. Rapp, The ins and outs of Raf kinases.
TIBS, 1994: p. 474-480.

Magnuson, N.S., et al., The Raf-1 serine/threonine protein kinase. Semin Cancer
Biol, 1994. 5(4): p. 247-53.

Mark, G.E. and U.R. Rapp, Primary structure of v-raf: relatedness to the src family of
oncogenes. Science, 1984. 224: p. 285-289.

Heidecker, G., et al., Mutational activation of c-raf-1 and definition of the minimal

transforming sequence. Mol. Cell. Biol., 1990. 10: p. 2503-2512.

Stanton, V.P.J., D. W. Nichols,A. P. Laudano, G. M. Cooper, Definition of the
human raf amino-terminal regulatory region by deletion mutagenesis. Mol Cell Biol,
1989. 9: p. 639-647.

Leevers, S.J., H.F. Paterson, and C.J. Marshall, Requirement for Ras in Raf
activation is overcome by targeting Raf to the plasma membrane. Nature, 1994. 369:
p. 411-414.

Stokoe, D., et al., Activation of Raf as a result of recruitment to the plasma

membrane. Science, 1994, 264: p. 1463-1467.

Nori, M., G. L'Allemain, and M.J. Weber, Regulation of tetradecanoyl phorbol
acetate-induced responses in NIH 313 cells by GAP, the GTPase-activating protein
associated with p21c- ras. Mol Cell Biol, 1992. 12(3): p. 936-45.

Warne, P.H., P.R. Viciana, and J. Downward, Direct interaction of Ras and the

amino-terminal region of Raf-1 in vitro. Nature, 1993. 364: p. 352-355.

80



35,

36.

D e

38.

39.

40.

4].

42.

43.

44.

45.

46.

Fabian, J.R., et al., A single amino acid change in Raf-1 inhibits Ras binding and
alters Raf- 1 function. Proc Natl Acad Sci U S A, 1994. 91(13): p. 5982-6.

Marais, R., et al., Ras recruits Raf-1 to the plasma membrane for activation by
tyrosine phosphorylation. EMBO 7., 1995, 14: p. 3136-3145.

Marais, R., et al., Requirement of Ras-GTP-Raf complexes for activation of Raf-1 by
protein kinase C. Science, 1998. 280: p. 109-112.

Luo, Z., et al., Oligomerization activates c-Raf-1 through a Ras-dependent

mechanism. Nature, 1996. 383: p. 181-185.

Traverse, S., et al., Specific association of activated MAP kinase kinase kinase (Raf)

with the plasma membranes of ras-transformed retinal cells. Oncogene, 1993. 8(11):
p. 3175-81.

Dent, P. and T.W. Sturgill, Activation of (His)s-Raf in vitro partially-purified plasma

membranes from v-Ras transformed and serum-stimulated fibroblasts. Proc. Natl.
Acad. Sci. USA, 1994. 91: p. 9544-9548.

Stokoe, D. and F. McCormick, Activation of c-Raf-1 by Ras and Src through different
mechanisms: activation in vivo and in vitro. Embo J, 1997. 16(9): p. 2384-96.

Tamada, M., et al., Membrane recruitment of Raf-1 is not the only function of Ras in

Raf-1 activation. Oncogene, 1997. 15(24): p. 2959-64.

Schmitt, J.M. and P.J. Stork, beta 2-adrenergic receptor activates extracellular signal-
regulated kinases (ERKs) via the small G protein rapl and the serine/threonine
kinase B-Raf. J Biol Chem, 2000. 275(33): p. 25342-50.

Schmitt, J.M. and P.J. Stork, Cyclic AMP-mediated inhibition of cell growth requires
the small G protein Rapl. Mol Cell Biol, 2001. 21(11): p. 3671-83.

York, R.D. and P.J.S. Stork, unpublished observations. .

Bishop, J.M., The molecular genetics of cancer. Science, 1987. 235: p. 305-311.

81



47.

48.

49.

50.

51.

5.

53-

54.

S

56.

5%

98

Reuther, G.W. and C.J. Der, The Ras branch of small GTPases: Ras family members
don't fall far from the tree. Curr. Opin. Cell Biol., 2000. 12(2): p. 157-165.

Boguski, M.S. and F. McCormick, Proteins regulating Ras and its relatives. Nature,
1993. 366: p. 643-654.

Bourne, H.R., D.A. Sanders, and F. McCormick, The GTPase superfamily: a
conserved switch for diverse cell functions. Nature, 1990. 348: p. 125-132.

Bourne, H.R., D.A. Sanders, and F. McCormick, The GTPase superfamily: conserved

structure and molecular mechanism. Nature, 1991. 349: p. 117-127.

Pizon, V., et al., Human cDNAs rapl and rap2 homologous to the Drosophila gene

Dras3 encode proteins closely related to ras in the 'effector’ region. Oncogene, 198S.
3(2): p. 201-4.

Pizon, V., P. Chardin, and A. Tavitian, Nucleotide sequence of a human ¢cDNA
encoding a ras-related protein (rap 1b). Nucleic Acids Research, 1990. 16: p. 7719.

Carey, K.D., R.D. York, and P.J.S. Stork, unpublished observations. .

Kitayama, H., et al., A ras-related gene with transformation suppressor activity. Cell,
1989. 56(1): p. 77-84.

Kawata, M., A novel small molecular weight GTP-binding protein with the same

putative effector domain as the ras proteins in bovine brain membranes. J. Biol.
Chem., 1988. 263: p. 18965-18971.

Noda, M., Structures and functions of the K rev-1 transformation suppressor gene and

its relatives. Biochim. Biophys. Acta, 1993. 1155: p. 97-109.

Gotoh, T., et al., Identification of Rapl as a target for the Crk SH3 domain-binding
guanine nucleotide-releasing factor C3G. Mol Cell Biol, 1995. 15(12): p. 6746-53.

Kitayama, H., et al., Genetic analysis of the Kirsten-ras-revertant 1 gene:

potentiation of its tumor suppressor activity by specific point mutations. Proc Natl
Acad Sci U S A, 1990. 87(11): p. 4284-8.

82



55

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kitayama, H., ef al., Genetic analysis of the K-rev-1 transformation-suppressor gene.
Environ Health Perspect, 1991. 93: p. 73-7.

Campa, M., et al., Inhibition of ras-induced germinal vesicle breakdown in xenopus

oocytes by rap-1B. Biochem. Biophys. Res. Comm., 1991. 174: p. 1-5.

Sakoda, T., et al., smg/rap1/Krev-1 p21s inhibit the signal pathway to the c-fos
promoter/enhancer from c-Ki-ras p21 but not from c-raf-1 kinase in NIH3T3 cells.
Oncogene, 1992. 7(9): p. 1705-11.

Cook, S.J., et al., RapVI12 antagonizes Ras-dependent activation of ERKI and ERK?2
by LPA and EGF in Rat-1 fibroblasts. Embo I, 1993. 12(9): p. 3475-85.

Zhang, K., et al., Identification of small clusters of divergent amino acids that

mediate the opposing effects of ras and Krev-1. Science, 1990. 249: p. 162-165.

Burgering, B.M.T., et al., cAMP antagonizes p21m5-directed activation of
extracellular signal-regulated kinase 2 and phosphorylation of mSos nucleotide

exchange factor. The EMBO ., 1993. 12. p. 4211-4220.

Aelst, L.V., M.A. White, and M.H. Wigler, Ras partners. Cold Spring Harb Symp
Quant Biol, 1994. 59: p. 181-186.

Kikuchi, A, et al., ralGDS family members interact with the effector loop of ras p21.
Mol Cell Biol, 1994. 14: p. 7483-7491.

Spaargaren, M. and I.R. Bischoff, Identification of the guanine nucleotide
dissociation stimulator for Ral as a putative effector molecule of R-ras, H-ras, K-ras,

and Rap. Proc. Natl. Acad. Sci. USA, 1994. 91: p. 12609-12613.

Wittinghofer, A. and C. Herrmann, Ras-effector interactions, the problem of
specificity. FEBS Lett., 1995. 369: p. 52-56.

Willumsen, B.M., et al., Harvey murine sarcoma virus p21 ras protein: biological and

biochemical significance of the cysteine nearest the carboxy terminus. EMBO J,
1984. 3: p. 2581-2585.

83



41,

1k,

72,

73.

74.

3.

76.

77.

78.

79.

80.

Hancock, J.F., H. Paterson, and C.J. Marshall, A polybasic domain or palmitoylation
is required in addition to the CAAX motif to localize p2lras to the plasma membrane.
Cell, 1990. 63: p. 133-139.

Kikuchi, A. and L.T. Williams, The post-translational modification of ras p21 is
important for Raf-1 activation. J. Biol. Chem., 1994. 269: p. 20054-20059.

Beranger, F., et al., Association of the Ras-antagonistic Rapl/Krev-1 proteins with

the Golgi complex. Proc. Natl. Acad. Sci. USA, 1991. 88(5): p. 1606-10.

Mineo, C., R.G. Anderson, and M.A. White, Physical association with ras enhances
activation of membrane-bound raf (RafCAAX). J. Biol. Chem., 1997. 272(16): p.
10345-8.

Wu, C., et al., Tyrosine kinase receptors concentrated in caveolae-like domains from

neuronal plasma membrane. 1. Biol. Chem., 1997. 272(6): p. 3554-9.

Kim, S., et al., Tissue and subcellular distributions of the smg-21/rapl/Krev-1
proteins which are partly distinct from those of c-ras p21s. Mol. Cell. Biol., 1990.
10(6): p. 2645-52.

Pizon, V., et al., Expression and localization of RAPI proteins during myogenic

differentiation. Eur J Cell Biol, 1996. 69(3): p. 224-35.

Wienecke, R., et al., Co-localization of the TSC2 product tuberin with its target Rapl
in the Golgi apparatus. Oncogene, 1996. 13(5): p. 913-23.

Pizon, V., et al., Association of Rapla and Raplb proteins with late
endocytic/phagocytic compartments and Rap2a with the Golgi complex. J. Cell Sci.,
1994, 107(Pt 6): p. 1661-70.

Howe, C.L. and W.C. Mobley, personal communication. .

Pawson, T. and J.D. Scott, Signaling through scaffold, anchoring, and adaptor proteins.
Science, 1997. 278(5346): p. 2075-80.

84



81.

82.

83.

84.

85.

86.

87«

88.

89.

90

Feller, S., et al., SH2 and SH3 domains as molecular adhesives: the interactions of

Crk and Abl. TIBS, 1994. 19: p. 453-458.

Yu, H., et al., Structural basis for the binding of proline-rich peptides to SH3
domains. Cell, 1994. 76: p. 933-945,

Rickles, R., et al., Identification of Src, Fyn, Lyn, PI3K, and Abl SH3 domain ligands
using phage display libraries. EMBO J., 1994. 13: p. 5598-5604.

Knudsen, B.S., S.M. Feller, and H. Hanafusa, Four proline-rich sequences of the
guanine-nucleotide exchange factor C3G bind with unique specificity to the first Src
homology 3 domain of Crk. J. Biol. Chem., 1994. 269: p. 32767.

Matsuda, M., et al., CRK protein binds to two guanine nucleotide-releasing proteins
for the Ras family and modulates nerve growth factor-induced activation of Ras in

PCI2 cells. Mol. Cell. Biol., 1994. 14: p. 5495-500.

Smit, L., G.v.d. Horst, and J. Borst, Sos, Vav, and C3G participate in B cell receptor-
induced signaling pathways and differentially associates with Shc-Grb2, Crk, and Crk-
L adaptors. J. Biol. Chem., 1996. 271(15): p. 8564-8569.

Hallberg, B., et al., Nerve growth factor induced stimulation of Ras requires Trk

interaction with Shc but does not involve phosphoinositide 3-OH kinase. Oncogene,
1998. 17(6): p. 691-7.

Stephens, R.M., et al., Trk receptors use redundant signal transduction pathways

invovling SHC and PLC-Yl to mediate NGF responses. Neuron, 1994. 12: p. 691-705.

Hadari, Y.R., et al., Binding of Shp2 tyrosine phosphatase to FRS2 is essential for
fibroblast growth factor-induced PCI2 cell differentiation. Mol Cell Biol, 1998. 18(7):
p. 3966-73.

Qian, X., et al., ldentification and characterization of novel substrates of Trk

receptors in developing neurons. Neuron, 1998. 21(5): p. 1017-29.

&5



91.

92.

g3.

94.

95.

Bol.

96.

97

98.

99.

100.

Grewal, S.S., R.D. York, and P.J. Stork, Extracellular-signal-regulated kinase
signalling in neurons. Curr. Opin. Neurobiol., 1999. 9(5): p. 544-53.

Adjei, A.A., Blocking oncogenic Ras signaling for cancer therapy. J Natl Cancer Inst,
2001. 93(14): p. 1062-74.

Hoshino, R., et al., Constitutive activation of the 41-/43-kDa mitogen-activated

protein kinase signaling pathway in human tumors. Oncogene, 1999. 18(3): p. 813-22.

Marshall, C.J., Specificity of receptor tyrosine kinase signaling: transient versus

sustained extracellular signal-regulated kinase activation. Cell, 1995. 80(2): p. 179-
85k

Chao, M.V., Growth factor signaling: Where is the specificity. Cell, 1992. 68: p. 995-

Clark-Lewis, I., I.S. Sanghera, and S.L. Pelech, Definition of a consensus sequence
Jfor peptide substrate recognition by p44mpk, the meiosis-activated myelin basic
protein kinase. J Biol Chem, 1991. 266: p. 15180-15184.

Gonzalez, F.A., D.L. Raden, and R.J. Davis, Identification of substrate recognition
determinants for human ERKI and ERK2 protein kinases. J. Biol. Chem., 1991. 266:
p. 22159-22163.

Alvarez, E., et al., Pro-Leu-Ser/Thr-Pro is a consensus primary sequence for substrate
protein phosphorylation. Characterization of the phosphorylation of c-myc and c-jun

proteins by an epidermal growth factor receptor threonine 669 protein kinase. J Biol
Chem, 1991. 266: p. 15277-15285.

Songyang, Z., et al., A structural basis for substrate specificities of protein Ser/Thr
kinases: primary sequence preference of casein kinases I and I, NIMA,
phosphorylase kinase, calmodulin-dependent kinase II, CDKS, and Erkl. Mol Cell
Biol, 1996. 16(11): p. 6486-93.

Canagarajah, B.J., et al., Activation mechanism of the MAP kinase ERK2 by dual
phosphorylation. Cell, 1997. 90(5): p. 859-69.

86



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Zhang, F., et al., Atomic structure of the MAP kinase ERK2 at 2.3 A resolution.
Nature, 1994. 367: p. 704-711.

Zhang, 1., et al., Activity of the MAP kinase ERK?2 is controlled by a flexible surface
loop. Structure, 1995. 15: p. 299-307.

Cobb, M.H. and E.J. Goldsmith, How MAP kinases are regulated. J. Biol. Chem.,
1995. 270: p. 14843-14846.

Smith, J.A., et al., Identification of an extracellular signal-regulated kinase (ERK)
docking site in ribosomal S6 kinase, a sequence critical for activation by ERK in

vivo. J Biol Chem, 1999. 274(5): p. 2893-8.

Yang, S.H., et al., The Elk-1 ETS-domain transcription factor contains a mitogen-

activated protein kinase targeting motif. Mol Cell Biol, 1998. 18(2): p. 710-20.

Yang, S.H., et al., Differential targeting of MAP kinases to the ETS-domain
transcription factor Elk-1. Embo J, 1998. 17(6): p. 1740-9.

Sharrocks, A.D., S.H. Yang, and A. Galanis, Docking domains and substrate-
specificity determination for MAP kinases. Trends Biochem Sci, 2000. 25(9): p. 448-
33,

Bardwell, L., et al., Repression of yeast Stel2 transcription factor by direct binding
of unphosphorylated Kssl MAPK and its regulation by the Ste7 MEK. Genes Dev,
1998. 12(18): p. 2887-98.

Bardwell, L., et al., Differential regulation of transcription: repression by
unactivated mitogen-activated protein kinase Kssl requires the Digl and Dig2
proteins. Proc Natl Acad Sci U S A, 1998. 95(26): p. 15400-5.

Cook, J.G., L. Bardwell, and J. Thorner, Inhibitory and activating functions for

MAPK Kssl in the S. cerevisiae filamentous-growth signalling pathway. Nature,
1997. 390(6655): p. 85-8.

87



I11.

112.

113.

114.

LS.

116.

117.

118.

119.

120.

Madhani, H.D., C.A. Styles, and G.R. Fink, MAP kinases with distinct inhibitory

Junctions impart signaling specificity during yeast differentiation. Cell, 1997. 91(5):

p. 673-84.
Hunter, T., Oncoprotein networks. Cell, 1997. 88: p. 333-346,

Traverse, S., et al., Sustained activation of the mitogen-activated protein (MAP)
kinase cascade may be required for differentiation of PC12 cells. Biochem. J., 1992.
288: p. 351-355.

Marcinkowska, E., [Does the universal "signal transduction pathway of
differentiation” exist? Comparison of different cell differentiation experimental
models with differentiation of HL-60 cells in response to 1,25- dihydroxyvitamin
D3]. Postepy Hig Med Dosw, 1999. 53(2): p. 305-13.

Yaka, R., et al., NGF induces transient but not sustained activation of ERK in PCI2
mutant cells incapable of differentiating. J Cell Biochem, 1998. 70(3): p. 425-32.

Yao, H., et al., The cyclic adenosine monophosphate-dependent protein kinase
(PKA) is required for the sustained activation of mitogen-activated kinases and gene

expression by nerve growth factor. J Biol Chem, 1998. 273(14): p. 8240-7.

Melemed, A.S., JW. Ryder, and T.A. Vik, Activation of the mitogen-activated
protein kinase pathway is involved in and sufficient for megakaryocytic
differentiation of CMK cells. Blood, 1997. 90(9): p. 3462-70.

Racke, F.K., et al., Sustained activation of the extracellular signal-regulated
kinase/mitogen-activated protein kinase pathway is required for megakaryocytic
differentiation of K562 cells. J Biol Chem, 1997. 272: p. 23366-23370.

Lee, C.H., et al., ERK/MAPK pathway is required for changes of cyclin DI and Bl
during phorbol 12-myristate 13-acetate-induced differentiation of K562 cells. TUBMB
Life, 1999. 48(6): p. 585-91.

Cordon-Cardo, C., et al., The trk tyrosine protein kinase mediates the mitogenic

properties of nerve growth factor and neurotropin. Cell, 1991. 66: p. 173-183.

88



121,

122.

123.

124.

125.

126.

128.

129.

130.

Yao, H., et al., Cyclic adenosine monophosphate can convert epidermal growth factor
into a differentiating factor in neuronal cells. J. Biol. Chem., 1995. 270: p. 20748-
20753.

Pan, M.-G., et al., The Wnt-1 proto-oncogene regulates MAP kinase activation by
multiple growth factors in PC12 cells. Oncogene, 1995. 11: p. 2005-2012.

Segal, R. and M. Greenberg, Intracellular signaling pathways axtivated by
neurotrophic factors. Annu. Rev. Neurosci., 1996. 19: p. 463-489.

Hempstead, B.L., et al., Expression of the v-crk oncogene product in PCI2 cells
results in rapid differentiation by both nerve growth factor- and epidermal growth

factor-dependent pathways. Mol. Cell. Biol., 1994. 14: p. 1964-1971.

Tischler, A.S. and L.A. Greene, Nerve growth factor-induced process formation by

cultured rat pheochromocytoma cells. Nature, 1975. 258: p. 341-342.

Greene, L.A. and A.S. Tischler, Establishment of a noradrenergic clonal line of rat

adrenal pheochromocytoma cells which respond to nerve growth factor. Proc Natl Acad
SciUS A, 1976. 73(7): p. 2424-8.

Dichter, M.A., A.S. Tischler, and L.A. Greene, Nerve growth factor induced change in
electrical excitability and acetylcholine sensitivity of a rat pheochromocytoma cell

line. Nature, 1977. 268: p. 501-504.

Greene, L.A., Nerve growth factor prevents the death and stimulates the neuronal
differentiation of clonal PCI12 pheochromocytoma cells in serum-free medium. J Cell
Biol, 1978. 78: p. 747-755.

Dickic, L., J. Schlessinger, and 1. Lax, PCI12 cells overexpressing the insulin receptor

undergo insulin-dependent neuronal differentiation. Curr. Biol., 1994. 4: p. 702-708.

Nguyen, T.T., et al., Co-regulation of the mitogen-activated protein kinase,
extracellular signal-regulated kinase 1, and the 90-kDa ribosomal S6 kinase in PC12
cells. J Biol. Chem., 1993. 268: p. 9803-9810.

89



131.  McCormick, F., Signal transduction. How receptors turn Ras on. Nature, 1993. 363: p.
15-16.

132.  Schlessinger, J., How receptor tyrosine kinases activate Ras. Trends Biochem. Sci.,
1993. 18: p. 273-275.

133. Schlessinger, J. and A. Ullrich, Growth factor signaling by receptor tyrosine kinases.
Neuron, 1992. 9: p. 383-391.

134. Lowenstein, E.J., et al., The SH2 and SH3 domains-containing proteins Grb2 links
receptor tyrosine kinases to ras signaling. Cell, 1992. 70: p. 431-442.

135.  Stevens, C.F., CREB and memory consolidation. Neuron, 1994, 13(4): p. 769-70.

136.  Wright, J.H,, et al., A role for the SHP-2 tyrosine phosphatase in nerve growth-
induced PCI2 cell differentiation. Mol. Biol. Cell, 1997. 8: p. 1575-1585.

137.  Corbalan-Garcia, S., et al., Identification of the mitogen-activated protein kinase
phosphorylation sites on human Sosl that regulate interaction with Grb2. Mol. Cell.
Biol., 1996. 16: p. 5674-5682.

138. Chemiack, A.D., et al., Disassembly of son-of-sevenless proteins from Grb2 during

p21745 desensitization by insulin. J. Biol. Chem., 1995. 270: p. 1485-1488.

139.  Waters, S.B., K. Yamauchi, and J.E. Pessin, Insulin-stimulated disassociation of the

SOS-Grb2 complex. Mol. Cell. Biol., 1995. 15: p. 2791-2799.

140. Klarlund, J.K., A.D. cherniack, and M.P. Czech, Divergent mechanisms for

homologous desensitization of p21ras by insulin and growth factors. J. Biol. Chem,
1995. 270: p. 23421-23428.

141, Langlois, W.J., et al., Negative feedback regulation and desensitization of insulin-

and epidermal growth factor-stimulated p21795 activation. J. Biol. Chem., 1995. 270:
p. 25230-25323.

90



142.

143.

144.

147.

148.

149.

150.

I51.

Porfiri, E. and F. McCormick, Regulation of epidermal growth factor receptor
sighaling by phosphorylation of the ras exchange factor hSOS1. J. Biol. Chem., 1996.
271: p. 5871-5877.

Rozakis-Adcock, M., et al., MAP kinase phosphorylation of mSosl promotes
dissociation of mSos1-She and mSos1-EGF receptor complexes. Oncogene, 1995.
11(1417-1426).

Obermeier, A., et al., Neuronal differentiation signals are controlled by nerve growth
Jactor receptor/Trk binding sites for SHC and PLC gamma. Embo J, 1994. 13(7): P
1585-90.

Bonfini, L., et al., Not all Shc's roads lead to Ras. TIBS, 1996. 21: p. 257-261.

York, R.D., et al., Rapl mediates sustained MAP kinase activation induced by nerve
growth factor. Nature, 1998. 392(6676): p. 622-6.

Feller, S.M., B. Knudsen, and H. Hanafusa, Cellular proteins binding to the first Src
homology 3 (SH3) domain of the proto-oncogene product c-Crk indicate Crk-specific
signaling pathways. Oncogene, 1995. 10: p. 1465-1473.

Knudsen, B.S., et al., Affinity and specificity requirements for the first Src homology
3 domain of the Crk proteins. EMBO J., 1995. 14(10): p. 2191-2198.

Tanaka, S., et al., Both the SH2 and SH3 domains of human Crk protein are required
Jor neuronal differentiation of PCI2 cells. Mol. Cell. Biol., 1993. 13: p. 4409-4415.

Tanaka, M., R. Gupta, and B.J. Mayer, Differential inhibition of signaling pathways
by dominant-negative SH2/SH3 adapter proteins. Mol. & Cell Biol., 1995. 15(12): p.
6829-6837.

Davis, R.J., The mitogen-activated protein kinase signal transduction pathway. I.

Biol. CChem., 1993. 268: p. 14553-14556.

152.

Price, M.A., A.E. Rogers, and R. Treisman, Comparative analysis of the ternary
complex factors Elk-1, SAP-1a and SAP-2 (ERP/NET). Embo J, 1995. 14(11): i
2589-601. '

91



153.

155.

156.

157.

158.

159,

160.

161.

162,

McCarthy, S.A., et al., rapid phosphorylation of Ets-2 accompanies mitogen-
activated protein kinase activation and the induction of heparin-binding epidermal
growth factor gene expression by oncogenic Raf-1. Mol. Cell. Biol., 1997. 17: p.
2401-2412.

Janknecht, R., et al., The ETS-related transcription factor ERM is a nuclear target of
signaling cascades involving MAPK and PKA. Oncogene, 1996. 13(8): p. 1745-54.

Janknecht, R., Analysis of the ERK-stimulated ETS transcription factor ER81. Mol
Cell Biol, 1996. 16(4): p. 1550-6.

le Gallic, L., et al., Transcriptional repressor ERF is a Ras/Mitogen-activated protein
kinase target that regulates cellular proliferation [In Process Citation]. Mol Cell Biol,
1999. 19(6): p. 4121-33.

Rebay, I. and G.M. Rubin, Yan functions as a general inhibitor of differentiation and
is negatively regulated by activation of the Rasl/MAPK pathway. Cell, 1995. 81(6):
p. 857-66.

Brunner, D., et al., The ETS domain protein pointed-P2 is a target of MAP kinase in
the sevenless signal transduction pathway. Nature, 1994. 370(6488): p. 386-9.

Mikkola, L., et al., Phosphorylation of the transactivation domain of pax6 by
extracellular signal-regulated kinase and p38 mitogen-activated protein kinase [In

Process Citation]. J Biol Chem, 1999. 274(21): p. 15115-26.

Chung, J., et al., STAT3 serine phosphorylation by ERK-dependent and -independent

pathways negatively modulates its tyrosine phosphorylation. Mol Cell Biol, 1997.
17(11): p. 6508-16.

Pircher, T.J., et al., Extracellular signal-regulated kinase (ERK) interacts with signal
transducer and activator of transcription (STAT) 5a. Mol Endocrinol, 1999. 13(4): p-
555-65.

Kretzschmar, M., J. Doody, and J. Massague, Opposing BMP and EGF signalling
pathways converge on the TGF-beta family mediator Smadli. Nature, 1997.
389(6651): p. 618-22.

92



163.

164.

165.

166.

167.

168.

169.

170.

niAlL:

Kato, S., et al., Activation of the estrogen receptor through phosphorylation by
mitogen-activated protein kinase. Science, 1995. 270: p. 1491-1494,

Peter, M., et al., Mitogen-activated protein kinases phosphorylate nuclear lamins and
display sequence specificity overlapping that of mitotic protein kinase p34cdc2. Eur J
Biochem, 1992. 205(1): p. 287-94.

Takishima, K., et al., Epidermal growth factor (EGF) receptor T669 peptide kinase
Sfrom 3T3-LI cells is an EGF-stimulated "MAP" kinase. Proc Natl Acad Sci U S A,
1991. 88(6): p. 2520-4.

Ohmitsu, M., et al., Phosphorylation of myristoylated alanine-rich protein kinase C
substrate by mitogen-activated protein kinase in cultured rat hippocampal neurons

Jollowing stimulation of glutamate receptors. J Biol Chem, 1999, 274(1): p. 408-17.

Zhou, L., E.M. Kasperek, and B.J. Nicholson, Dissection of the molecular basis of
ppO0(v-src) induced gating of connexin 43 gap junction channels [In Process

Citation]. J Cell Biol, 1999. 144(5): p. 1033-45.

Bailey, C.H., et al., Mutation in the phosphorylation sites of MAP kinase blocks
learning- related internalization of apCAM in Aplysia sensory neurons [see

comments|. Neuron, 1997. 18(6): p. 913-24.

Lin, L.L., et al., cPLA2 is phosphorylated and activated by MAP kinase. Cell, 1993,
72: p. 269-278.

Hoffmann, R., et al., The MAP kinase ERK? inhibits the cyclic AMP-specific
phosphodiesterase HSPDE4D3 by phosphorylating it at Ser579. Embo J, 1999, 18(4):
p. 893-903.

Jovanovic, J.N., et al., Neurotrophins stimulate phosphorylation of synapsin I by
MAP kinase and regulate synapsin I-actin interactions. Proc Natl Acad Sci U S A,
1996. 93(8): p. 3679-83.

93



172. Childs, T.J., et al., Phosphorylation of smooth muscle caldesmon by mitogen-
activated protein (MAP) kinase and expression of MAP kinase in differentiated
smooth muscle cells. J Biol Chem, 1992. 267(32): p. 22853-9.

173, Gundersen, G.G. and T.A. Cook, Microtubules and signal transduction. Curr Opin Cell
Biol, 1999. 11(1): p. 81-94.

174. Veeranna, et al., Mitogen-activated protein kinases (Erkl,2) phosphorylate Lys-Ser-
Pro (KSP) repeats in neurofilament proteins NF-H and NF-M. ] Neurosci, 1998,
18(11): p. 4008-21.

175.  Erickson, A K., et al., Identification by mass spectrometry of threonine 97 in bovine
myelin basic protein as a specific phosphorylation site for mitogen-activated protein

kinase. J Biol Chem, 1990. 265(32): p. 19728-35.

176.  Dalby, K.N., et al., Identification of regulatory phosphorylation sites in mitogen-
activated protein kinase (MAPK)-activated protein kinase-1a/p90rsk that are
inducible by MAPK. J Biol Chem, 1998. 273(3): p. 1496-505.

177. Pierrat, B., et al., RSK-B, a novel ribosomal S6 kinase Jamily member, is a CREB
kinase under dominant control of p38alpha mitogen-activated protein kinase

(p38alphaMAPK). ] Biol Chem, 1998. 273(45): p. 29661-71.

1'78.  Stokoe, D., et al., MAPKAP kinase-2; a novel protein kinase activated by mitogen-
activated protein kinase. Embo J, 1992. 11(11): p. 3985-94. '

179.  Ludwig, S., et al., 3pK, a novel mitogen-activated protein (MAP) kinase-activated
protein kinase, is targeted by three MAP kinase pathways. Mol Cell Biol, 1996.
16(12): p. 6687-97.

180.  Waskiewicz, AL, et al., Phosphorylation of the cap-binding protein eukaryotic
translation initiation factor 4E by protein kinase Mnkl in vivo. Mol Cell Biol, 1999,
19(3): p. 1871-80.

94



181.

182

183.

184.

185.

186.

L87.

188.

189.

190.

Fukunaga, R. and T. Hunter, MNK1, a new MAP kinase-activated protein kinase,
isolated by a novel expression screening method for identifying protein kinase

substrates. Embo J, 1997. 16(8): p. 1921-33.

Deak, M., et al., Mitogen- and stress-activated protein kinase-1 (MSK1) is directly
activated by MAPK and SAPK2/p38, and may mediate activation of CREB. Embo J,
1998. 17(15): p. 4426-41.

Lin, T.A., et al., PHAS-I as a link between mitogen-activated protein kinase and
translation initiation [see comments]. Science, 1994. 266(5185): p. 653-6.

Haycock, J.W., et al., ERKI and ERK2, two microtubule-associated protein 2

kinases, mediate the phosphorylation of tyrosine hydroxylase at serine-31 in situ.
Proc Natl Acad Sci U S A, 1992. 89(6): p. 2365-9.

Bergmann, A., et al., The Drosophila gene hid is a direct molecular target of Ras-

dependent survival signaling [see comments]. Cell, 1998. 95(3): p. 331-41.

Greenberg, MLE., L.A. Greene, and E.B. Ziff, Nerve growth factor and epidermal
growth factor induce rapid transient changes in proto-oncogene transcription in PCI2

cells. J. Biol. Chem., 1985. 260: p. 14101-14110.

Traverse, S., et al., EGF triggers neuronal differentiation of PCI2 cells that
overexpress the EGF receptor. Current Biology, 1994. 4: p. 694-701.

Vossler, MR, et al., cAMP activates MAP kinase and Elk-1 through a B-Raf- and
Rapl-dependent pathway. Cell, 1997. 89(1): p. 73-82.

Jaiswal, R.K., et al., Nerve growth factor-mediated activation of the mitogen-
activated protein (MAP) kinase cascade involves a signaling complex containing B-

Raf and HSP90. J. Biol. Chem., 1996. 271(39): p. 23626-9.

Ihara, S., K. Nakafuma, T. Fukana, M. Hibi, S. Nagata, T. Hirano and Y. Fukui, Dual
control of neurite outgrowth by STAT3 and MAP kinase in PCI2 cells stimulated
with interleukin-6. The EMBO Journal, 1997. 16(17): p. 5345-5352.

95



191.

192.

193

194.

195.

196.

197-

198.

199.

200.

Mandel, G., et al., Selective induction of brain type Il Na+ channels by nerve growth
Jactor. Proc Natl Acad Sci U S A, 1988. 85(3): p. 924-8.

Fanger, G.R., et al., ras-independent induction of rat brain type II sodium channel
expression in nerve growth factor-treated PCI12 cells. J Neurochem, 1993, 61(5): p.
1977-80.

D'Arcangelo, G. and S. Halegoua, A branched signaling pathway for nerve growth
Jactor is revelaed by src-, ras-, and raf-mediated gene inductions. Mol. Cell. Biol.,
1993. 13: p. 3146-3155.

deSouza, S., et al., A novel nerve growth factor-responsive element in the
stromelysin-1 (transin) gene that is necessary and sufficient for gene expression in

PCi2 cells. J. Biol. Chem., 1995. 270: p. 9106-9114.

Tanaka, S., et al., C3G, a guanine nucleotide-releasing protein expressed
ubiguitously, binds to the Src homology 3 domains of CRK and GRB2/ASH proteins.
PNAS, 1994. 91: p. 3443-3447.

Reedquist, K.A., et al., Stimulation through the T cell receptor induces Chl

association with Crk proteins and the guanine nucleotide exchange protein C3G. 1.
Biol. Chem., 1996. 271(14): p. 8435-8442.

Uemura, N., et al., The BCR/ABL oncogene alters interaction of the adapter proteins
CRKL and CRK with cellular proteins. Leukemia, 1997. 11(3): p. 376-385.

Tanaka, S., T. Ouchi, and H. Hanafusa, Downstream of Crk adaptor signaling
pathway: activation of Jun kinase by v-Crk through the guanine nucleotide exchange
protein C3G. Proc Natl Acad Sci U S A, 1997. 94(6): p. 2356-61.

Hirsch, D.D. and P.J.S. Stork, MAP kinase phosphatases inactivate stress-activated
protein kinase pathways in vivo. Journal of Biological Chemistry, 1997. 272: p. 4568-
4575.

Boussiotis, V.A., er al., Maintenance of human T cell anergy: blocking of IL-2 gene
transcription by activated Rapl. Science, 1997. 278(5335): p. 124-8.

96



201.

202.

203.

204.

205

206.

207.

208.

209.

210.

21T

Rameh, L.E. and L.C. Cantley, The role of phosphoinositide 3-kinase lipid products in
cell function. J. Biol. Chem., 1999. 274(13): p. 8347-50.

Vanhaesebroeck, B., et al., Phosphoinositide 3-kinases: a conserved family of signal

transducers. Trends Biochem Sci, 1997. 22(7): p. 267-72.

Leevers, S.J., B. Vanhaesebroeck, and M.D. Waterfield, Signalling through
phosphoinositide 3-kinases: the lipids take centre stage. Curr. Opin. Cell Biol., 1999.
11(2): p. 219-25.

Avruch, J., X.-F. Zhang, and J.M. Kyriakis, Raf meets Ras: completing the
framework of a signal transduction pathway. Trends Biochem. Sci., 1994. 19: p. 279-
283. '

Zheng, C.F., et al., Growth factor induced MEK activation is primarily mediated by
an activator different from c-raf. Biochemistry, 1994. 33(18): p. 5595-9.

Busca, R., ef al., Ras mediates the cAMP-dependent activation of extracellular

signal- regulated kinases (ERKs) in melanocytes. Embo J, 2000. 19(12): p. 2900-10.

Swanson, S.K.H., et al., Cyclosporin-mediated inhibition of bovine calcineurin by

cyclophilins A and B. Proc. Natl. Acad. Sci. USA, 1992. 89: p. 3741-3745.

Yamamori, B., et al., Purification of a Ras-dependent mitogen-activated protein
kinase kinase kinase from bovine brain cytosol and its identification as a complex of

B-Raf and 14-3-3 proteins. J. Biol. Chem., 1995. 270: p. 11723-11726.

Marais, R., et al., Differential regulation of Raf-1, A-Raf, and B-Raf by oncogenic ras
and tyrosine kinases. J. Biol. Chem., 1997. 272(7): p. 4378-83.

MacNicol, M.C., A.J. Muslin, and A.M. MacNicol, Disruption of the 14-3-3 binding
site within the B-Raf kinase domain uncouples catalytic activity from PCI2 cell
differentiation. J. Biol. Chem., 2000. 275(6): p. 3803-9.

Dudek, H., et al., Regulation of neuronal survival by the serine-threonine protein

kinase Akt. Science, 1997. 275(5300): p. 661-5.

g7



2.2

213.

214.

218,

216.

218.

219.

220.

221.

Hu, Q., et al., Ras-dependent induction of cellular responses by constitutively active

phosphatidylinositol-3 kinase. Science, 1995. 268(5207): p. 100-2.

Frevert, E.U. and B.B. Kahn, Differential effects of constitutively active
phosphatidylinositol 3-kinase on glucose transport, glycogen synthase activity, and
DNA synthesis in 3T3-L1 adipocytes. Mol. Cell. Biol., 1997. 17(1): p. 190-8.

Kauffmann-Zeh, A., et al., Suppression of c-Myc-induced apoptosis by Ras signalling
through PI(3)K and PKB. Nature, 1997. 385: p. 544-548.

Klippel, A., et al., A specific product of phosphatidylinositol 3-kinase directly
activates the protein kinase Akt through its pleckstrin homology domain. Mol. Cell.
Biol., 1997. 17(1): p. 338-44.

Lopez-Llasaca, M., et al., Linkage of G protein-coupled receptors to the MAPK
signaling pathway through Pl 3-kinase y. Science, 1997. 275: p. 394-397.

Cross, D.A., et al., Insulin activates protein kinase B, inhibits glycogen synthase
kinase-3 and activaies glycogen synthase by rapamycin-insensitive pathways in

skeletal muscle and adipose tissue. FEBS Lett, 1997. 406(1-2): p. 211-5.

Desbois-Mouthon, C., et al., Insulin differentially regulates SAPKs/JNKs and ERKs
in CHO cells overexpressing human insulin receptors. Biochem. Biophys. Res.
Commun., 1998. 243(3): p. 765-70.

Duckworth, B.C. and L.C. Cantley, Conditional inhibition of the mitogen-activated

protein kinase cascade by wortmannin. Dependence on signal strength. J. Biol.
Chem., 1997. 272(44): p. 27665-70.

Grammer, T.C. and J. Blenis, Evidence for MEK-independent pathways regulating
the prolonged activation of the ERK-MAP kinases. Oncogene, 1997. 14(14): p. 1635-
42.

King, W.G., et al., Phosphatidylinositol 3-kinase is required for integrin-stimulated
AKT and Raf-1/mitogen-activated protein kinase pathway activation. Mol. Cell.
Biol., 1997. 17(8): p. 4406-18.

98



)
)
-

225,

224

[0
[\®]
N

226.

227.

228.

7229,

2801

Sarbassov, D.D. and C.A. Peterson, Insulin receptor substrate-1 and
phosphatidylinositol 3-kinase regulate extracellular signal-regulated kinase-

dependent and -independent signaling pathways during myogenic differentiation.
Mol. Endo., 1998. 12(12): p. 1870-8.

Suga, J., et al., Differential activation of mitogen-activated protein kinase by insulin
and epidermal growth factor in 313-L1 adipocytes: a possible involvement of PI3-
kinase in the activation of the MAP kinase by insulin. Diabetes, 1997. 46(5): p. 735-
41.

Sutor, S.L., et al., A phosphatidylinositol 3-kinase-dependent pathway that
differentially regulates c-Raf and A-Raf. J. Biol. Chem., 1999. 274(11): p. 7002-10.

Takahashi-Tezuka, M., et al., Gabl acts as an adapter molecule linking the cytokine
receptor gpl130 to ERK mitogen-activated protein kinase. Mol. Cell. Biol., 1998.
18(7): p. 4109-17.

Nakamura, K., et al., Parietal cell MAP kinases: multiple activation pathways. Am J
Physiol, 1996. 271(4 Pt 1): p. G640-9.

Scheid, M.P. and V. Duronio, Phosphatidylinositol 3-OH kinase activity is not

required for activation of mitogen-activated protein kinase by cytokines. J. Biol.
Chem., 1996. 271(30): p. 18134-18139.

Shepherd, P.R., et al., Involvement of phosphoinositide 3-kinase in insulin
stimulation of MAP- kinase and phosphorylation of protein kinase-B in human
skeletal muscle: implications for glucose metabolism. Diabetologia, 1997. 40(10): p.
1172-7.

Takuwa, N., Y. Fukui, and Y. Takuwa, Cyclin DI expression mediated by
phosphatidylinositol 3-kinase through mTOR-p70(S6K)-independent signaling in
growth factor-stimulated NIH 373 fibroblasts. Mol Cell Biol, 1999. 19(2): p. 1346-58.

Wennstrom, S. and J. Downward, Role of phosphoinositide 3-kinase in activation of

ras and mitogen- activated protein kinase by epidermal growth factor. Mol. Cell.
Biol., 1999. 19(6): p. 4279-88.

99



231.

232.

253.

234.

285,

236.

237,

238.

239,

240.

241.

Cook, S.P., K.D. Rodland, and E.-W. McCleskey, A memory for extracellular Ca2+ by
speeding recovery of P2X receptors from desensitization. J. Neurosci., 1998. 18(22):
p. 9238-44.

Cardinaux, J.R., et al., Recruitment of CREB binding protein is sufficient for CREB-
mediated gene activation. Mol Cell Biol, 2000. 20(5): p. 1546-52.

Sun, P., et al., Differential activation of CREB by Ca2+/calm0a’ulin—dependent
protein kinases type 1l and type 1V involves phosphorylation of a site that negatively
regulates activity. Genes & Dev., 1994. 8: p. 2527-2539.

Franke, B., J.W. Akkerman, and J.L. Bos, Rapid Ca2+-mediated activation of Rapl
in human platelets. EMBO 1., 1997. 16(2): p. 252-9.

Tokuyasu, K.T., Use of poly(vinylpyrrolidone) and poly(vinyl alcohol) for
cryoultramicrotomy. Histochem. J., 1989. 21(3): p. 163-71.

Griffiths, G., et al., On the preparation of cryosections for immunocytochemistry. J.
Ultrastruct. Res., 1984. 89(1): p. 65-78.

Pestina, T.I., C.W. Jackson, and P.E. Stenberg, Abnormal subcellular distribution of
myosin and talin in Wistar Furth rat platelets. Blood, 1995. 85(9): p. 2436-46.

Averill, S., et al., Immunocytochemical localization of trkA receptors in chemically
identified subgroups of adult rat sensory neurons. Eur. J. Neurosci., 1995. 7(7): p-
1484-94.

Molliver, D.C., et al., Presence or absence of TrkA protein distinguishes subsets of
small sensory neurons with unique cytochemical characteristics and dorsal horn

projections. J Comp Neurol, 1995. 361(3): p. 404-16.

Ladiwala, U, et al., p75 neurotrophin receptor expression on adult human

oligodendrocytes: signaling without cell death in response to NGF. J. Neurosci.,
1998. 18(4): p. 1297-304.

Nakamura, M., et al., Effect of wortmannin and 2-(4-morpholinyl)-8-phenyl-4H-1 -
benzopyran-4-one (LY294002) on N-formyl-methionyl-leucyl-phenylalanine-induced

100



242.

243.

244,

245.

246.

247.

248.

249.

250.

phospholipase D activation in differentiated HL60 cells: possible involvement of

phosphatidylinositol 3-kinase in phospholipase D activation. Biochem. Pharmacol.,
1997. 53(12): p. 1929-36.

Dugan, L.L., et al., Differential effects of cAMP in neurons and astrocytes. Role of
B-raf. J. Biol. Chem., 1999. 274(36): p. 25842-8.

Martin, K.C., et al., MAP kinase translocates into the nucleus of the presynaptic cell
and is required for long-term facilitation in Aplysia. Neuron, 1997. 18(6): p. 899-912.

Dugan, L.L., et al., Rapid suppression of free radical formation by nerve growth

Jactor involves the mitogen-activated protein kinase pathway. Proc. Natl. Acad. Sci.
USA, 1997. 94: p. 4086-4091.

Shaywitz, A.J. and MLE. Greenberg, CREB: a stimulus-induced transcription factor
activated by a diverse array of extracellular signals. Annu Rev Biochem, 1999. 68: p.
821-61.

Ginty, D.D., A. Bonni, and M.E. Greenberg, Nerve growth factor activates a Ras-
dependent protein kinase that stimulates c-fos transcription via phosphorylation of

CREB. Cell, 1994. 77(5): p. 713-25.

Xing, I., et al., Nerve growth factor activates extracellular signal-related kinase and
p38 mitogen-activated protein kinase pathways to stimulate CREB serine 133
phosphorylation. Mol. Cell. Biol., 1998. 18: p. 1946-1955.

Maehama, T. and J.E. Dixon, The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. J. Biol. Chem., 1998. 273(22): p. 13375-8.

Myers, ML.P., et al., The lipid phosphatase activity of PTEN is critical for its tumor
supressor function. Proc. Natl. Acad. Sci. USA, 1998. 95(23): p. 13513-8.

Ramaswamy, S., ef al., Regulation of GI progression by the PTEN tumor suppressor
protein is linked to inhibition of the phosphatidylinositol 3-kinase/Akt pathway.
Proc. Natl. Acad. Sci. USA, 1999. 96(5): p. 2110-5.

101



251.

25%:

233

254.

255.

256,

257.

258.

259.

Reynolds, A.J., S.E. Bartlett, and I.A. Hendry, Signalling events regulating the

retrograde axonal transport of 1251- beta nerve growth factor in vivo. Brain Res,
1998. 798(1-2): p. 67-74.

Grimes, M.L., et al., Endocytosis of activated TrkA: evidence that nerve growth
Jactor induces formation of signaling endosomes. J Neurosci, 1996. 16(24): p. 7950-
64.

Grimes, M.L., E. Beattie, and W.C. Mobley, A signaling organelle containing the nerve
growth factor-activated receptor tyrosine kinase, TrkA. Proc Natl Acad Sci U S A,
1997. 94(18): p. 9909-14.

Rakhit, S., S. Pyne, and N.J. Pyne, The platelet-derived growth factor receptor
stimulation of p42/p44 mitogen-activated protein kinase in airway smooth muscle

involves a G- protein-mediated tyrosine phosphorylation of Gabl. Mol Pharmacol,
2000. 58(2): p. 413-20.

Bhattacharyya, A., et al., Trk receptors function as rapid retrograde signal carriers in

the adult nervous system. J. Neurosci., 1997. 17(18): p. 7007-16.

Maudsley, S., et al., The beta(2)-Adrenergic Receptor Mediates Extracellular Signal-
regulated Kinase Activation via Assembly of a Multi-receptor Complex with the

Epidermal Growth Factor Receptor. J Biol Chem, 2000. 275(13): p. 9572-9580.

Pierce, K.L., er al., Role of endocytosis in the activation of the extracellular signal-
regulated kinase cascade by sequestering and nonsequestering G protein-coupled

receptors. Proc. Natl. Acad. Sci. USA, 2000. 97(4): p. 1489-94.

Vieira, A.V., C. Lamaze, and S.L.. Schmid, Control of EGF receptor signaling by
clathrin-mediated endocytosis. Science, 1996. 274(5295): p. 2086-9.

Chow, J.C., G. Condorelli, and R.J. Smith, Insulin-like growth factor-I receptor
internalization regulates signaling via the Shc/mitogen-activated protein kinase

pathway, but not the insulin receptor substrate-1 pathway. J. Biol. Chem., 1998.
273(8): p. 4672-80.

102



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Ehlers, M.D., et al., NGF-stimulated retrograde transport of trkA in the mammalian
nervous system. J Cell Biol, 1995. 130(1): p. 149-56.

Riccio, A, et al., An NGF-TrkA-mediated retrograde signal to transcription factor
CREB in sympathetic neurons. Science, 1997. 277(5329): p. 1097-100.

Tsui-Pierchala, B.A. and D.D. Ginty, Characterization of an NGF-P-TrkA retrograde-
signaling complex and age-dependent regulation of TrkA phosphorylation in
sympathetic neurons. J. Neurosci., 1999. 19(19): p. 8207-18.

Zhang, Y., et al., Cell Surface Trk Receptors Mediate NGF-Induced Survival While
Internalized Receptors Regulate NGF-Induced Differentiation. J Neurosci, 2000,
20(15): p. 5671-5678.

Ray, E. and A K. Samanta, Dansyl cadaverine regulates ligand induced endocytosis of

interleukin-8 receptor in human polymorphonuclear neutrophils. FEBS Lett., 1996.
378(3): p. 235-9.

Schlegel, R., et al., Amantadine and dansylcadaverine inhibit vesicular stomatitis

virus uptake and receptor-mediated endocytosis of alpha 2-macroglobulin. Proc. Natl.
Acad. Sci. USA, 1982. 79(7): p. 2291-5.

Schutze, S., et al., Inhibition of receptor internalization by monodansylcadaverine

selectively blocks p55 tumor necrosis factor receptor death domain signaling. J. Biol.
Chem., 1999. 274(15): p. 10203-12.

Altschuler, Y., et al., Redundant and distinct functions for dynamin-1 and dynamin-2
isoforms. J. Cell. Biol., 1998. 143(7): p. 1871-81.

Gagnon, A.W., L. Kallal, and J.L. Benovic, Role of clathrin-mediated endocytosis in

agonist-induced down-regulation of the beta2-adrenergic receptor. J. Biol. Chem.,
1998. 273(12): p. 6976-81.

Whistler, J.L. and M. von Zastrow, Dissociation of functional roles of dynamin in

receptor-mediated endocytosis and mitogenic signal transduction. J. Biol. Chem.,
1999. 274(35): p. 24575-8.



270.

24 L

272,

2 %

274.

203.

276.

HPT.

2778.

279.

Senger, D.L. and R.B. Campenot, Rapid retrograde tyrosine phosphorylation of trkA

and other proteins in rat sympathetic neurons in compartmented cultures. J. Cell
Biol., 1997. 138(2): p. 411-21.

Ure, D.R. and R.B. Campenot, Retrograde transport and steady-state distribution of
1251-nerve growth factor in rat sympathetic neurons in compartmented cultures. J.

Neurosci., 1997. 17(4): p. 1282-90.

Huang, C.S., et al., Nerve growth factor signaling in caveolae-like domains at the

plasma membrane. J. Biol. Chem., 1999. 274(51): p. 36707-14.

Daaka, Y., et al., Essential role for G protein-coupled receptor endocytosis in the
activation of mitogen-activated protein kinase. J. Biol. Chem., 1998. 273(2): p. 685-
8.

Lenferink, A.E., et al., Differential endocytic routing of homo- and hetero-dimeric
ErbB tyrosine kinases confers signaling superiority to receptor heterodimers. Embo J,

1998. 17(12): p. 3385-97.

Waterman, H., et al., Alternative intracellular routing of ErbB receptors may

determine signaling potency. J Biol Chem, 1998. 273(22): p. 13819-27.

Zapf-Colby, A., D. Hsu, and J.M. Olefsky, Comparison of the intracellular itineraries
of insulin-like growth factor-1 and insulin and their receptors in Rat-1 fibroblasts.
Endocrinology, 1994. 134(6): p. 2445-52.

Zapf-Colby, A. and J.M. Olefsky, Nerve growth factor processing and trafficking
events following TrkA- mediated endocytosis. Endocrinology, 1998. 139(7): p. 3232-
40.

Ceresa, B.P. and S.L. Schmid, Regulation of signal transduction by endocytosis. Curr.
Opin. Cell Biol., 2000. 12(2): p. 204-210.

Choy, E., et al., Endomembrane trafficking of ras: the CAAX motif targets proteins to
the ER and Golgi. Cell, 1999. 98(1): p. 69-80.

104



280.

281.

282.

283.

284.

285.

286.

287

288.

289.

Magee, T. and C. Marshall, New insights into the interaction of Ras with the plasma
membrane. Cell, 1999. 98(1): p. 9-12.

Kouhara, H., e al., A lipid-anchored Grb2-binding protein that links FGF-receptor
activation to the Ras/MAPK signaling pathway. Cell, 1997. 89(5): p. 693-702.

Meakin, S.0., et al., The signaling adapter FRS-2 competes with Shc for binding to
the nerve growth factor receptor TrkA. A model for discriminating proliferation and
differentiation. J Biol Chem, 1999. 274(14): p. 9861-70.

Ichiba, T., et al., Enhancement of guanine-nucleotide exchange activity of C3G for
Rap1 by the expression of Crk, CrkL, and Grb2. ] Biol Chem, 1997. 272(35): p.
22215-20.

Nosaka, Y., er al., CrkL mediates ras-dependent activation of the Raf/ERK pathway
through the guanine nucleotide exchange factor C3G in hematopoietic cells stimulated
with erythropoietin or interleukin-3. J Biol Chem, 1999. 274(42): p. 30154-62.

Saragovi, HU., et al., A TrkA-selective, fast internalizing nerve growth factor-

antibody complex induces trophic but not neuritogenic signals. J Biol Chem, 1998.
273(52): p. 34933-40.

Rizzo, M.A., et al., The recruitment of Raf-1 to membranes is mediated by direct

interaction with phosphatidic acid and is independent of association with Ras. J Biol
Chem, 2000. 275(31): p. 23911-8.

Sajan, M.P., et al., Protein kinase C-zeta and phosphoinositide-dependent protein
kinase-1 are required for insulin-induced activation of ERK in rat adipocytes. J. Biol.
Chem., 1999. 274(43): p. 30495-500.

Sun, H., et al., Regulation of the protein kinase raf-1 by oncogenic ras through

phosphatidylino&itol 3-kinase, Cdc42/Rac and Pak. Curr Biol, 2000. 10(5): p. 281-4.

Scheid, M.P. and J.R. Woodgett, Protein kinases: six degrees of separation? Curr
Biol, 2000. 10(5): p. R191-4.

105



290.

291.

203,

294.

295.

296.

O

298.

299,

300.

Zimmermann, S. and K. Moelling, Phosphorylation and regulation of Raf by Akt
(protein kinase B). Science, 1999. 286(5445): p. 1741-4.

Rommel, C., et al., Differentiation stage-specific inhibition of the Raf-MEK-ERK
pathway by Akt. Science, 1999. 286(5445): p. 1738-41.

Guan, K.L., et al., Negative regulation of the serine/threonine kinase B-Raf by Akt.
J Biol Chem, 2000.

Jackson, T.R., et al., Initiation and maintenance of NGF-stimulated neurite

outgrowth requires activation of a phosphoinositide 3-kinase. J Cell Sci, 1996.
109(Pt 2): p. 289-300.

Kimura, K., et al., Neurite outgrowth of PC12 cells is suppressed by wortmannin, a
specific inhibitor of phosphatidylinositol 3-kinase. J Biol Chem, 1994, 269(29): p.
18961-7.

Kita, Y., et al., Microinjection of activated phosphatidylinositol-3 kinase induces
process outgrowth in rat PCI2 cells through the Rac-JNK signal transduction
pathway. J Cell Sci, 1998. 111(Pt 7): p. 907-15.

Barberis, L., et al., Distinct roles of the adaptor protein She and focal adhesion
kinase in integrin signaling to ERK. J Biol Chem, 2000. 275(47): p. 36532-40.

Zwartkruis, F.J., et al., Extracellular signal-regulated activation of Rapl fails to
interfere in Ras effector signalling. Embo J, 1998. 17(20). p. 5905-12.

York, R.D., et al., Role of phosphoinositide 3-kinase and endocytosis in nerve
growth factor-induced extracellular signal-regulated kinase activation via Ras and

Rapl. Mol Cell Biol, 2000. 20(21): p. 8069-83.

Kao, S., et al., Identification of the mechanisms regulating the differential activation
of the mapk cascade by epidermal growth factor and nerve growth factor in PCI2
cells. J Biol Chem, 2001. 276(21): p. 18169-77.

Mochizuki, N., et al., Spatio-temporal images of growth-factor-induced activation of

Ras and Rapl. Nature, 2001. 411(6841): p. 1065-8.

106



301.

302.

O8]
]
(O]

304.

305.

306.

307.

308.

309.

310.

511,

Wu, C., C.F. Lai, and W.C. Mobley, Nerve growth factor activates persistent Rapl
signaling in endosomes. J Neurosci, 2001. 21(15): p. 5406-16.

Okada, S., et al., Insulin regulates the dynamic balance between Ras and Rapl
signaling by coordinating the assembly states of the Grb2-SOS and CrkIl-C3G
complexes. Embo J, 1998. 17(9): p. 2554-65.

Mayer, B., et al., Point mutations in the abl SH2 domain coordinately impair
phosphotyrosine binding in vitro and transforming activity in vivo. Mol. Cell. Biol.,
1992. 12: p. 609-618.

Ren, R., Z. Ye, and D. Baltimore, Abl protein-tyrosine kinase selects the Crk adapter
as a substrate using SH3-binding sites. Genes and Dev., 1994. 8: p. 783-795.

Gryz, E.A. and S.0. Meakin, Acidic substitution of the activation loop tyrosines in
TrkA supports nerve growth factor-independent cell survival and neuronal

differentiation. Oncogene, 2000. 19(3): p. 417-30.

Ong, S.H., et al., FRS2 proteins recruit intracellular signaling pathways by binding to
diverse targets on fibroblast growth factor and nerve growth factor receptors. Mol Cell
Biol, 2000. 20(3): p. 979-89.

Zhou, J. and J.T. Hsieh, The inhibitory role of DOC-2/DAB2 in growth factor
receptor-mediated signal cascade. DOC-2/DAB2-mediated inhibition of ERK
phosphorylation via binding to Grb2. J Biol Chem, 2001. 276(30): p. 27793-8.

Cavalli, V., M. Corti, and J. Gruenberg, Endocytosis and signaling cascades: a close
encounter. FEBS Lett, 2001. 498(2-3): p. 190-6.

Huang, E.J. and L.F. Reichardt, Neurotrophins: roles in neuronal development and

function. Annu Rev Neurosci, 2001. 24: p. 677-736.

Watson, F.L., et al., TrkA glycosylation regulates receptor localization and activity. )
Neurobiol, 1999. 39(2): p. 323-36.

Molliver, D.C., et al., unpublished observations. .

107



812k

313.

314.

315.

316.

315

318.

ShY,

320.

S22

Beattie, E.C., et al., A signaling endosome hypothesis to explain NGF actions:
potential implications for neurodegeneration. Cold Spring Harb Symp Quant Biol,
1996. 61: p. 389-406.

Patapoutian, A. and L.F. Reichardt, Trk receptors: mediators of neurotrophin action.
Curr Opin Neurobiol, 2001. 11(3): p. 272-80.

Campenot, R.B., NGF and the local control of nerve terminal growth. J. Neurobiol.,
1994. 25: p. 599-611.

Wendland, B., S.D. Emr, and H. Riezman, Protein traffic in the yeast endocytic and

vacuolar protein sorting pathways. Curr Opin Cell Biol, 1998. 10(4): p. 513-22.

Kuruvilla, R., H. Ye, and D.D. Ginty, Spatially and functionally distinct roles of the

PI3-K effector pathway during NGF signaling in sympathetic neurons. Neuron, 2000.
27(3): p. 499-512.

Miller, W.E. and R.J. Lefkowitz, Expanding roles for beta-arrestins as scaffolds and
adapters in GPCR signaling and trafficking. Curr Opin Cell Biol, 2001. 13(2): p. 139-
45.

Stork, P.J.S., personal communication. .

Xing, L., et al., c-Src signaling induced by the adapters Sin and Cas is mediated by
Rapl GTPase. Mol Cell Biol, 2000. 20(19): p. 7363-77.

Anneren, C., ef al., GTK, a Src-related tyrosine kinase, induces nerve growth factor-
independent neurite outgrowth in PCI2 cells through activation of the Rapl pathway.
Relationship to Shb tyrosine phosphorylation and elevated levels of focal adhesion
kinase. J Biol Chem, 2000. 275(37): p. 29153-61.

Wilde, A., et al., EGF receptor signaling stimulates SRC kinase phosphorylation of
clathrin, influencing clathrin redistribution and EGF uptake. Cell, 1999. 96(5): p-
677-87.

Rosen, L.B., et al., Membrane depolarization and calcium influx stimulate MEK and

MAP kinase via activation of Ras. Neuron, 1994, 12(6): p. 1207-21.

108



323.

324.

325.

320

328.

329,

330.

Rusanescu, G., et al., Calcium influx induces neurite growth through a Src-Ras

signaling cassette. Neuron, 1995, 15(6): p. 1415-25.

Farnsworth, C.L., et al., Calcium activation of Ras mediated by neuronal exchange

factor Ras-GRF. Nature, 1995. 376(6540): p. 524-7.

Egea, J., C. Espinet, and I.X. Comella, Calcium influx activates extracellular-
regulated kinase/mitogen- activated protein kinase pathway through a calmodulin-

sensitive mechanism in PC12 cells. J Biol Chem, 1999. 274(1): p. 75-85.

Grewal, S.S., et al., Neuronal calcium activates a Rap! and B-Raf signaling pathway

via the cyclic adenosine monophosphate-dependent protein kinase. J Biol Chem,
2000. 275(5): p. 3722-8.

Bading, H., D.D. Ginty, and M.E. Greenberg, Regulation of gene expression in

hippocampal neurons by distinct calcium signaling pathways. Science, 1993,
260(5105): p. 181-6.

Gallin, W.J. and MLE. Greenberg, Calcium regulation of gene expression in neurons:

the mode of entry matters. Curr Opin Neurobiol, 1995. 5(3): p. 367-74.

Rosen, L.B., D.D. Ginty, and M.E. Greenberg, Calcium regulation of gene expression.
Adv Second Messenger Phosphoprotein Res, 1995. 30: p. 225-53.

Ginty, D.D., Calcium regulation of gene expression: isn't that spatial? Neuron, 1997,
18(2): p. 183-6.

109





