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ABSTRACT

In this study, we assessed the contributions of plasma membrane (PM) microdomain
targeting to the functions of H-Ras and R-Ras. These paralogues have identical effector-binding
regions, but variant C-terminal targeting domains (tDs) which are responsible for lateral
microdomain distribution: activated H-Ras targets to lipid ordered/disordered (Lo/Ld) domain
borders, and R-Ras to Lo domains (rafts). We hypothesized that PM distribution regulates Ras
effector interactions and downstream signaling. We used tD swap mutants, and assessed effects
on signal transduction, cell proliferation, transformation, and tumorigenesis. R-Ras harboring the
H-Ras tD (R-Ras-tH) interacted with Raf, and induced Raf and ERK phosphorylation similar to HRas. R-Ras-tH stimulated proliferation and transformation in vitro, and these effects were blocked
by both MEK and PI3K inhibition. Conversely, the R-Ras tD suppressed H-Ras-mediated Raf
activation and ERK phosphorylation, proliferation, and transformation. Thus, Ras access to Raf
at the PM is sufficient for MAPK activation and is a principal component of Ras mitogenesis and
transformation. Fusion of the R-Ras extended N-terminal domain to H-Ras had no effect on
proliferation, but inhibited transformation and tumor progression, indicating that the R-Ras Nterminus also contributes negative regulation to these Ras functions. PI3K activation was tDindependent; however, H-Ras was a stronger activator of PI3K than R-Ras, with either tD. PI3K
inhibition nearly ablated transformation by R-Ras-tH, H-Ras, and H-Ras-tR, whereas MEK
inhibition had a modest effect on Ras-tH-driven transformation but no effect on H-Ras-tR
transformation. R-Ras-tH supported tumor initiation, but not tumor progression. Whereas H-RastR-induced transformation was reduced relative to H-Ras, tumor progression was robust and
similar to H-Ras. H-Ras tumor growth was moderately suppressed by MEK inhibition, which had
no effect on H-Ras-tR tumor growth. In contrast, PI3K inhibition markedly suppressed tumor
iii

growth by H-Ras and H-Ras-tR, indicating that sustained PI3K signaling is a critical pathway for
H-Ras-driven tumor progression, independent of microdomains.
In the second phase of the study, we investigated the combinatorial use of two drugs
currently either in active use as anti-cancer agents (Rapamycin) or in clinical trials (OTX008), as
a novel strategy to inhibit H-Ras-driven tumor progression. H-Ras anchored to the plasma
membrane shuttles from the lipid ordered (Lo) domain to the lipid ordered/lipid disordered border
upon activation, and retention of H-Ras at these sites requires Galectin-1 (Gal-1). We have
previously found that genetically-mediated Lo sequestration of H-Ras inhibited MAPK signaling
but not PI3K activation. Here we show that inhibition of Gal-1 with OTX008 sequestered H-Ras in
the Lo domain, blocked H-Ras-mediated MAPK signaling, and attenuated H-Ras-driven tumor
progression in mice. H-Ras-driven tumor growth was also attenuated by treatment with mTOR
inhibitor Rapamycin, and this effect was further enhanced in tumors driven by Lo-sequestered HRas. These drugs also revealed bidirectional cross-talk in H-Ras pathways. Moreover, dual
pathway inhibition with OTX008 and Rapamycin resulted in nearly complete ablation of H-Rasdriven tumor growth. These findings indicate that membrane microdomain sequestration of H-Ras
with OTX008, coupled with mTOR inhibition, may support a novel therapeutic approach to treat
H-Ras mutant cancers.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction of Ras GTPases
1.1.1 Ras Subfamily

The Ras superfamily is comprised of over 150 small GTPases, which can bind and
hydrolyze guanine triphosphate (GTP). The original subfamily identified consists of three highly
homologous proteins, named H-, N-, and K-Ras (that consists of K-Ras4A and K-Ras4B splice
variants), which have overlapping yet nonredundant functions within the cell. In response to a
variety of extracellular signaling guanine exchange factors (GEFs) facilitate GTP binding, thus
propagating numerous downstream signaling pathways leading towards cell proliferation,
differentiation, and survival. Constitutively active Ras mutations have been shown to transform
numerous cells lines and form tumors within mice. Furthermore, Ras has been characterized in
human cancer; activating mutations have been found in ~30% of all human tumors and up to 90%
of pancreatic tumors screened (1-3).

1.1.2 Related-Ras Protein (R-Ras1)

A closely related subfamily of proteins, consisting of R-Ras1 (hereafter referred to as RRas), R-Ras2, and R-Ras3, display separate physiological roles within the cell. R-Ras propagates
signaling pathways which are characterized by haptotactic migration, motility, and survival (4, 5).
In addition, constitutively activated R-Ras can only slightly transform select cell lines, and has not
been characterized in any human tumors (6).
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1.1.3 Evolution of Ras genes

Evolutionarily, these subfamilies all derived from common precursors, and have adapted
unique functions within the cell. Interestingly, R-Ras contains an N-terminal 26 amino acid
extension (hereafter referred to as the RNex domain) which is not found in any other Ras proteins.
The function of this domain has not been fully elucidated. The relatively uncharacterized domain’s
origin is currently unknown; although it is conserved through mammalian evolution. In addition,
Ras proteins contain a C-terminal hypervariable domain (HVR) which aids in distinct posttranslational modifications and trafficking in the cell.
Paralogues H- and R-Ras of these closely related subfamilies have some common and
distinct downstream effectors which aide to their separate functions within the cell. The least
conservation in homology between H- and R-Ras are within the RNex domain and the HVR, which
are critical factors in the distinct isotypic signaling and cellular effects. The molecular determinants
which account for the separate biological functions remain elusive. Thus, studying the alterations
in the least conserved domains of these homologous proteins may contribute to further our
understanding of Ras tumorigenesis and isotypic signaling.

1.2 Structure of Ras/R-Ras
1.2.1 Primary Structure

Ras proteins are categorized within a large superfamily of GTPases, which bind guanine
nucleotides in the presence of the cofactor magnesium (7, 8). The primary structure of Ras
proteins contains a number of critical domains, including regions of high and low sequence
homology (Figure 1-1).
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i.

Effector binding domain

Crystal structures of Ras indicate that the exchange of guanine nucleotides GDP-to-GTP
results in an allosteric conformational change in adjacent regions, referred to as “switch I” and
“switch II” (9). The core effector binding domain is located within the switch I region. Switch I is a
loop structure which is exposed upon GTP binding, and is sometimes referred to as the effector
loop (10).

ii.

Hypervariable Regions

The Ras superfamily of proteins is highly conserved. The area which displays the least
sequence homology is located in the C-terminal region, named the HVR. Within the HVR lie
pertinent residues for distinct and isotype-specific post-translational modifications. These posttranslational modifications are responsible for the differential trafficking among various Ras
proteins (11-13).

iii.

Related-Ras N-terminus

The close relative of the original Ras subfamily is named the Related-Ras protein
subfamily. This subfamily is comprised of three members (R-Ras1, R-Ras2, R-Ras3), and all
contain isotype-specific N-terminal extensions. R-Ras2 (otherwise referred to as TC-21) and RRas3 (M-Ras) have 12 and 13 amino acid extensions respectively. R-Ras has a 26 amino acid
N-terminal extension that is both glycine-and proline-rich, which contains a putative noncanonical
class I Src Homology 3 Domain (SH3) binding motif (PGDP). SH3 binding motifs are small
consensus sequences (PxxP) which are capable of binding proteins that have an SH3 domain
such as adaptor or scaffolding proteins (14). The R-Ras N-terminal extension is relatively
3

uncharacterized, and not seen in any canonical Ras proteins (15). The R-Ras crystal structure
has been published; however, the reported structure lacks the first 22 amino acids and the Cterminal portion of the HVR including residues critical in dictating post-translational modifications
(16).

iv.

R-Ras and H-Ras comparison

R-Ras and H-Ras have a 55% primary sequence identity, and an identical core effector
domain (Figure 1-1). The least sequence homology is localized to the HVR regions, and the
unique R-Ras N-terminal extension. The HVRs account for distinct microdomain localization at
the plasma membrane, however it does not account for all the biological differences between Rand H-Ras (17). Constitutively active R-Ras deleted in the RNex domain has been shown be
deficient in Rac activation, and subsequently unable to induce a cell spreading phenotype (15).
Collectively, the alterations in both the N-terminal and C-terminal domains may account for the
biological alterations seen between H- and R-Ras (18).

4

Figure 1-1 Primary sequence alignment of H-Ras and R-Ras. Sequence alignment of H- and
R-Ras highlighting areas of highest and lowest homology. Green: Unique R-Ras N-terminal
extension. Pink: Core effector binding domain. Yellow: “switch I” and “switch II” regions. Cyan:
amino acids responsible for distinct membrane trafficking. The underlined amino acids indicate
the HVR. Asterisk (*): conserved amino acids

1.2.2 Post-translational Modifications
i.

Iso-prenylation & CaaX motif

The final 23/24 amino acids of canonical Ras constitute the HVR, which dictates the Ras
isotype-specific post-translational modifications (19). Notably, Ras proteins end in a cysteinealiphatic-aliphatic-X motif (CaaX), in which the X is usually serine, methionine, or glutamine
(Figure 1-2). After being translated via cytosolic ribosomes, the Ras isotype (H,K,N, and TC21) is
enzymatically isoprenylated with a 15-carbon farnesyl group by farnesyl transferase (Figure 1-2).
The farnesyl transferase binds Ras within the cytosol and attaches the lipid moiety to the cysteine
residue of the CaaX motif (20). Both R-Ras and M-Ras contain a cysteine-aliphatic-aliphaticLeucine (CaaL) motif (Figure 1-2). The CaaL motif drives covalent addition of a 20-carbon
geranylgeranyl lipid group to the cysteine residue via geranylgeranyl transferase (21). Both
5

farnesyl transferase and geranylgeranyl transferase attach the respective lipid group via an
irreversible thioether bond.

ii.

Proteolytic cleavage & Carboxymethylation

Once the Ras proteins are isoprenylated by either a farnesyl (H-,K-,N-, TC-21) or
geranylgeranyl (R-, M-) group the protein hydrophobicity is increased, thus causing higher affinity
to the endoplasmic reticulum for subsequent modification (Figure 1-2). Thereafter, the CaaX or
CaaL sequence targets Ras to the cytosolic surface of the endoplasmic reticulum where Ras and
a-factor converting enzyme (Rce1), proteolytically removes the –aaX tripeptide (22). Next, the
newly C-terminal prenylcysteine is targeted by isoprenylcysteine carboxyl methyltransferase
(Icmt), which methyl-esterifies the α carboxyl group (23). Covalently linked lipid moieties have
been shown to account for specific GEF activation. For example, Ras-GRF1 and Ras-GRF2 can
activate H-Ras, while Ras-GRF2 is unable to activate R-Ras specifically because of the
geranylgeranyl attachment (24, 25).
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Figure 1-2. Post-Translational Modifications of Ras. Ras proteins are translated by cytosolic
ribosomes, which are subsequently isoprenylated at the Cysteine of the CaaX or CaaL consensus
sequence. Isoprenylation increases affinity for the endoplasmic reticulum, where the protein
undergoes further modification. RceI proteolytically cleaves the –aaX or –aaL tripeptide, then Icmt
carboxy-methylates the newly prenylated Cysteine. Most Ras proteins also require palmitoylation,
catalyzed by the DHHC family of isoprenyl transferases, to leave the Golgi and traffic properly to
the plasma membrane. Different Ras isoforms laterally segregate at the plasma membrane, to
propagate downstream signaling. Upon depalmitoylation, Ras cycles back to the Golgi, where it
is capable of being palmitoylated many times during the half-life of the protein. Modified from (26)
and (27).
7

iii.

Secondary lipid membrane binding

The isoprenylated Ras proteins weakly bind endomembranes, yet a second motif within
the hypervariable region strengthens further membrane interaction and trafficking. One secondary
motif is the reversible addition of a 16 carbon palmitate group (28). Palmitoyl groups are added
to H-,N-,R- and splice variant K(A)-Ras. The more physiologically predominant splice variant
K(B)-Ras (hereafter referred to as K-Ras) contains a polylysine sequence which allows an
electrostatic interaction with the acidic headgroups of lipid bilayers (Table1). K-Ras traffics
through a poorly understood route which is Golgi-independent (29, 30). N- and K-(A)Ras are
monopalmitoylated and thus require a third HVR motif for plasma membrane association, which
consists of a stretch of hydrophobic residues (31). Canonical Ras palmitoylation (H-, N-, K(A)-)is
performed via a heterodimeric complex consisting of Palmitoyltransferase ZDHHC9 (DHHC9) and
Golgin subfamily A member 7 (GCP16) (32). DHHC9 is one member of a family of DHHC-motif
containing protein S-acyltransferases (PATs) (32). Alternatively, the precise function of GCP16 is
unclear. GCP16 is required for the heterodimeric complex localization, and plays a factor in
DHHC9 protein stability (33). Another DHHC family member, DHHC19, is responsible for
palmitate transfer to R-Ras, but not H-, N-, or K-(4A)Ras (34). Palmitoylated Ras proteins mainly
reside in recycling endosomes, which function as a shuttle along the post-Golgi exocytic pathway
to the plasma membrane. H-Ras is palmitoylated on two Cysteine residues, while N-Ras is
palmitoylated once (Table 1-1). Palmitoylation is required for proper recycling endosomal
targeting, and the lack of proper palmitoylation leads to improper localization (13). In addition to
H-, N-, and K-Ras4A, R-Ras also requires palmitoylation to exit from the Golgi, and properly traffic
anterograde via vesicles to the plasma membrane (35).
Palmitate groups are attached via a thioester bond which is inherently reversible. This
reversible addition of a lipid moiety allows for spatio-temporal regulation of Ras proteins.
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Depalmitoylating enzymes, such as acyl protein thioesterase I (AptI) or FKBP12, cleave the
thioester bond between the Cysteine residue and the palmitate. Palmitate removal reduces the
protein’s affinity for the plasma membrane, which triggers the Ras to recycle back to the Golgi
where it can be palmitoylated numerous times during the half-life of the protein (36-38).

Table 1-1. Ras Lipid Modifications

Ras isoform

C-Terminal prenylation
motif

Isoprenylation

Secondary Lipid Binding
Motif

Palmitoylation

H-Ras

CaaX

Farnesyl

Palmitoylation

2 sites

N-Ras

CaaX

Farnesyl

Palmitoylation, Hydrophobic
Residues

1 site

K-Ras4A

CaaX

Farnesyl

Palmitoylation, Hydrophobic
Residues

1 site

K-Ras4B

CaaX

Farnesyl

Electrostatic interaction

none

R-Ras

CaaL

Geranylgeranyl

Palmitoylation

1 site

1.3 Plasma membrane targeting
i.

Introduction

Lipid bilayers are comprised of subdomains that contain increased concentrations of
cholesterol and glycosphingolipids, which are referred to as the lipid ordered domain, or lipid rafts.
The fatty-acid side chains present in lipid ordered membranes tend to be more saturated than
those in the surrounding membrane. Due to the presence of cholesterol and fatty acid saturation,
a lipid ordered domain exhibits less fluidity than the surrounding plasma membrane. These
microdomains are distinct regions of the membrane that are characterized by displaying a
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resistance to extraction with nonionic detergents. A multitude of proteins involved in cell signaling
have been shown to reside within the lipid ordered microdomain, contributing to both a positive
and negative role in cell signaling. Lipid rafts may positively regulate signal transduction by
responding to agonist stimulation causing cluster formation, therefore leading to downstream
signal activation. Alternatively, they may negatively regulate signal transduction by spatially
segregating proteins, leading to reduced downstream activation (39).

ii.

Subcellular localization

Ras proteins perform non-redundant roles and exhibit isotype-specific signaling. The HVR
of different Ras proteins dictate the trafficking to distinct sub-membranous domains. Data
collected from a variety of experimental techniques including, biophysical, biochemical, and
electron microscopy studies show that interactions of Ras with the plasma membrane proteins
are dynamic (40-42). Biochemical and electron microscopy studies suggest that approximately
50% of the inactive form of H-Ras (GDP bound) is localized to lipid ordered domains, while
activated H-Ras (GTP bound) exits lipid ordered domains and preferentially resides in the lipid
disordered membrane (43). Recently, semi-atomic in silico simulations provided evidence which
indicates GTP bound H-Ras resides within the border between the lipid ordered/lipid disordered
domains (44). Similar to H-Ras, inactive (GDP bound) N-Ras is found in both lipid ordered and
lipid disordered membranes. Atomic force microscopy has shown GTP bound activated N-Ras is
likely at the lipid ordered/lipid disordered boundary, where it may help reduce line tension at the
phase boundary (45, 46). The independent studies publishing the trafficking of H-and N-Ras show
a similar trend. However N-Ras PM localization is more controversial, as experiments looking at
fluorescence recovery after photobleaching (FRAP) have reported GTP-bound N-Ras to reside
within lipid rafts, (41, 47) which underscores the importance in further investigation of N-Ras PM
localization. K-Ras traffics to the lipid disordered subdomain, regardless of activity state,
10

trafficking directly from the endoplasmic reticulum without modification from the Golgi. Despite the
electrostatic force generating the association with the plasma membrane, approximately 85% of
K-Ras is found to localize within the lipid disordered domain. Importantly, K-Ras generates signals
from the lipid disordered membrane that is spatially distinct from H-Ras (42, 48). Collectively, the
farnesyl lipid moiety appears to preferentially localize Ras proteins to the lipid disordered domain,
while the palmitate group prefers the lipid ordered domain. This trend accounts for similar
trafficking of H- and N-Ras to the lipid raft border, and for the nonpalmitoylated K-Ras to
preferentially propagate signals from the lipid disordered domain. R-Ras is geranylgeranylated
and palmitoylated (not farnesylated), and found to be localized to lipid ordered microdomains in
both active and inactive forms (GTP or GDP bound) (17, 44).
The process which regulates Ras localization to distinct microdomains at the plasma
membrane is largely unknown. However, recent reports indicate that Galectin proteins have been
demonstrated to play a critical role. Galectin proteins are a family of carbohydrate-binding
proteins, with high affinity for β-galactosides. Galectin overexpression has been observed in
several tumor types, and has been associated with tumor progression (49, 50). GTP-bound HRas has been demonstrated to selectively bind Galectin-1 (Gal-1), and GTP-bound K-Ras
selectively binds Galectin-3 (Gal-3) (51, 52). While Gal-3 does not directly bind to N-Ras,
increased Gal-3 expression simultaneously increases K-Ras signaling while decreasing N-Ras
activation (53). This is due to an interaction of the N-terminus of Gal-3 with Ras exchange factor,
RasGRP4, which diminishes N-Ras GTP loading (54). Coincidently, no Galectin proteins have
currently been shown to interact with N-Ras specifically.
In the case of H-Ras, Gal-1 contains a prenyl-binding pocket, which interacts with the
farnesyl group in GTP-H-Ras, independent of lectin function. This interaction is thought to alter
the orientation of the H-Ras globular domain with respect to the plasma membrane, and thereby
regulate lateral segregation of H-Ras and promote MAPK signaling (55, 56). Indeed, ectopic Gal1 overexpression or suppression increases or abrogates GTP-bound H-Ras nanoclustering,
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respectively (57). Thus, upon GTP-loading, the conformational shift of Ras promotes affinity for
Galectin binding, which subsequently allows lateral movement at the plasma membrane, allowing
for distinct signaling platforms (58).
Lateral separation at the plasma membrane dictates Ras-isotype specific signaling.
Activated H-Ras signals from the lipid disordered membrane, which has been shown to be
necessary for efficient activation of downstream effector Raf (43, 59, 60). Alternatively, activated
R-Ras resides within lipid ordered membranes. Initial reports using yeast two-hybrid screening
showed R-Ras could directly bind Raf-1 (61). However, subsequent studies show R-Ras does
not active the MAPK pathway, which may indicate a spatial regulation in R-Ras signaling (Figure
1-3) (62).

Figure 1-3. The C-termini target H-Ras and R-Ras to different membrane microdomains.
The lipid ordered membrane (rafts) are distinct microdomains which have increased
concentrations of cholesterol and glycosphingolipids. Ras isoforms are laterally segregated at the
plasma membrane depending upon the post-translational modifications dictated by the HVR.
Shown above are the locations in which each isoform signals from upon GTP-loading. The
location specific signaling of H-Ras has been shown to be necessary for efficient activation of
downstream effector Raf, while PI3K activation can occur along the entire membrane.
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1.4 Ras Proteins (H,K,N)

The Ras subfamily of proteins are activated in response to a diverse array of upstream
extracellular signals such as growth factors, cytokines, hormones and neurotransmitters which
stimulate cell surface receptors that includes receptor tyrosine kinases (RTKs), non-receptor
tyrosine kinase-associated receptors, and G protein- coupled receptors (GPCRs) (Figure 1-4) (63,
64).

1.4.1 Role of Ras in signal propagation

Perhaps the most studied pathway of Ras activation involves the peptide mitogenstimulated RTK epidermal growth factor (EGF) receptor (EGFR) (64, 65). Upon stimulation the
EGFR dimerizes and undergoes autophosphorylation of tyrosine residues in its cytoplasmic
domain. These phosphorylation events enable binding for adaptor proteins such as Shc and/or
Grb2 via Src homology 2(SH2) or phosphotyrosine binding (PTB) domains (66). The tri-complex
Shc/Grb2/SOS has been implicated as the major pathway for EGF stimulation of Ras (67). Upon
interaction with the activated RTK, Shc becomes autophosphorylated which creates recognition
sites for the SH2 domain of Grb2. Grb2 is stably associated with sons of sevenless (SOS), a Ras
GEF. Thus, the Shc/Grb2/SOS or Grb2/SOS complex translocation to the plasma membrane
mediates an increase in GTP bound, active Ras (68, 69). Shc, Grb2 and SOS provide the link
between many types of activated cell surface receptors and Ras (70). Another receptor which
activates Ras proteins is the Tyrosine Kinase Receptor-A (TrkA), which is stimulated by the
neurotrophic factor nerve growth factor (NGF) (71).
Activation of Ras by different receptors has been shown to cause differential signaling.
For example, EGF stimulation has been shown to propagate downstream Ras signaling
transiently, while NGF stimulation allows for prolonged downstream signaling (72). This change
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in activation through different growth factors may be because of differential regulatory feedback
(73). However, the altered activation does create further changes in downstream signaling, which
will be highlighted in detail below. Once activated, Ras signals downstream through a cascade of
cytoplasmic proteins (Figure 1-4). Ras proteins are negatively regulated by GTPase-activating
proteins (GAP), which enhance the intrinsic GTPase activity of Ras to promote inactivation. The
GTP is hydrolyzed to GDP, which causes a conformational shift and effectively terminates
signaling (Figure 1-4). A number of GAP proteins have been identified, including p120-RasGAP
(RASA1) and the tumor suppressor neurofibromin (74, 75).
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Figure 1-4. Overview of the Canonical Ras Signaling Pathways. Ras is activated in response
to a variety of extracellular stimuli, which facilitate localization of guanine nucleotide exchange
factors (GEFs) to catalyze the replacement of GDP for GTP. Upon GTP-loading (activation) Ras
functions like a molecular switch, propagating a variety of downstream signal cascades leading
to proliferation, differentiation, altered gene expression, and other biological processes. The
intrinsic ability of RAS to hydrolyze GTP to GDP + Pi is catalyzed by a large family of GTPase
activating proteins (GAPs) including p120, which effectively turns off Ras signaling. Modified from
(76)
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1.4.2 Raf/MAPKinase Pathway

i.

Introduction

Decades of research has highlighted the importance of the MAPK pathway, which plays
a role in many physiological responses such as cell proliferation, apoptosis, and differentiation.
GTP-bound (active) Ras is able to form a high affinity complex with Raf-1, while GDP-bound
(inactive) Ras loses this affinity (77, 78). The Ras-Raf complex translocates the cytoplasmic Raf
to the plasma membrane, which subsequently activates Raf through a complex and currently
unelucidated mechanism (Figure 1-5) (79). Once the Raf kinase is activated, its enzymatic
function allows phosphorylation of two MAPK kinases, named MEK1 and MEK2. Raf directly
associates and activates MEK through its C-terminal catalytic domain (80). Activated MEK 1 and
2 are dually specific kinases which phosphorylate tandem residues in the TEY motif of the
respective substrate proteins. These proteins are named extracellular signal regulated kinases 1
and 2 (ERK1 and ERK 2), which can also be denoted as p44MAPK (ERK1) and p42MAPK (ERK2)
(Figure 1-5) (81). Upon ERK phosphorylation by MEK, the activated MAPKs can translocate to
the nucleus and activate numerous downstream transcription factors such as Elk-1 (82). ERK has
also been shown to activate cytosolic proteins such as serine/threonine kinase p90 ribosomal S6
kinase (p90RSK). p90RSK activation subsequently leads to the activation of the transcription
factor cyclic AMP-responsive element-binding protein (CREB) (Figure 1-5) (83).

ii.

Raf

Three Raf isoforms exist in mammals, named Raf-1 (or c-Raf), B-Raf, and A-Raf. They
share three conserved domains which include a Ras-Binding Domain (RBD), a negative
regulatory domain, and the kinase domain. The RBD is necessary for the interaction with Ras,
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and the distinct isoforms share a cysteine-rich domain (CRD) which aides in the binding of Ras.
Within the same region, Raf-1 contains an autoinhibitory domain in its N-terminus which is blocked
with the association of Ras (84). The second conserved domain harbors critical phosphorylation
sites (such as Ser259) which are involved in negatively regulating Ras association and Raf
activation (85). The third domain contains the catalytic domain of the protein, and contains positive
regulation phosphorylation sites (such as residues Thr491 and Ser494) (86). In the inactive state,
Raf-1 is hypothesized to be in a folded conformation in which the N-terminal auto-inhibitory
regulatory region blocks the catalytic domain (87). The process by which Raf-1 becomes activated
is not completed elucidated; however some critical steps in activation have been documented.
First, Raf-1 exists in complex with a protein called 14-3-3, which aides in stabilizing the inactive
conformation. Dephosphorylation releases 14-3-3 binding with Raf, causing a conformational shift
which unmasks the RBD and CRD and allows Ras to recruit Raf to the plasma membrane (88,
89). In the C-terminal conserved region near the kinase domain, phosphorylation sites Ser338
and Tyr341 have been shown to play a role in Raf activation. Src and JAK family of kinases have
been shown to phosphorylate Tyr341, while it has been hypothesized that S338 is
autophosphorylated after Raf dimerization (90-92). Raf homodimerization and heterodimerization
upregulate the kinase activity of Raf, however current evidence is vague at showing when
dimerization actually occurs (93, 94). Importantly, a negative feedback mechanism which
regulates MAPK signaling is mediated by downstream substrates back toward Ras activation.
ERK and RSK can phosphorylate SOS as part of the Grb2/SOS complex, which promotes
uncoupling of the RTK substrates (Figure 1-5) (95, 96).

iii.

MEK

Once activated, Raf phosphorylates MEK proteins at residues Ser218 and Ser222, thus
propagating the mitogenic signal (97). The protein Kinase suppressor of Ras (KSR) aids in the
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activation of MEK, by acting like both a scaffold and kinase, which is required for activation. The
KSR protein was previously shown to coordinate the assembly of a Raf-MEK-ERK complex (98).
However more recently, it was shown that B-Raf allosterically stimulates KSR2 kinase activity,
after heterodimerization of a Raf-KSR complex (99). In addition, ERK kinases have been shown
to provide a negative feedback mechanism on MEK 1, by phosphorylating Ser292 which
propagates heterodimerization with MEK 2 and subsequently downregulates the signal
transduction (100). Ultimately, the activated MEK proteins propagate the mitogenic signal by
phosphorylating the TEY motif of ERK 1/2 (Thr202/Tyr204 and Thr185/Tyr187 respectively),
allowing for a conformational shift and full enzymatic activation.

iv.

ERK

Upon activation, ERK 1/2 can translocate to the nucleus where it will phosphorylate and
activate a multitude of transcription factors such as Elk-1, c-Ets-1, and c-Ets-2, c-Myc, c-Jun, and
c-Fos (Figure 1-5) (101, 102). ERK also has the ability to activate further kinases in the cytoplasm,
such as p90 RSK1, MAP kinase-interacting kinase 1 (MNK1), and 2 (MNK2) (103-105). P90RSK
can translocate to the nucleus and potentiate transcription (106). MNK proteins may modulate
translation by binding and phosphorylating eukaryotic translation initiation factor 4E (eIF4E),
which is a component of the translation initiation machinery (107). The various transcription
factors regulated by ERK or RSK then alter gene expression to induce cellular phenotypes like
cell proliferation, apoptosis, and differentiation (Figure 1-5).
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Figure 1-5. Overview of mitogen activated protein kinase (MAPK) signaling pathway. Upon
activation, Ras binds and translocates Raf to the plasma membrane. Activation of Raf
subsequently starts a signal cascade which leads to MEK and ERK activation. Activated ERK can
translocate to the nucleus and alter transcription, or phosphorylate other cytosolic proteins which
push the cell towards proliferation and differentiation. Downstream ERK has been shown to turn
off signaling by negatively regulating MEK. In addition, both Rsk and ERK can phosphorylate RasGEF SOS, which destabilizes its interaction with the RTK and terminates signaling. Modified from
(76)
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1.4.3 PI3Kinase Pathway

i.

Introduction

Another well-characterized pathway of Ras signaling involves phosphoinositide 3-kinases
(PI3Ks), which play a role in cellular growth, adhesion, survival, motility, and transformation (108,
109). The PI3Ks are comprised of heterodimeric lipid kinases with a catalytic and an
adaptor/regulatory subunit, made up of separate genes and alternative splicing. The PI3K family
of enzymes are organized into three main classes (class I, II, and III), and various subgroups have
been categorized based on their primary structure, substrate specificity, and regulation (110).
Class I PI3K is the best characterized family, and most clearly implicated in human cancer. The
catalytic subunits for the class I PI3Ks are p110α, p110β, p110γ, and p110δ (111, 112). The p110
subunits are broken into two classes; one which binds a p85 regulatory subunit (class IA: p110α,
p110β, and p110δ) and the other which does not (class IB-p110γ).
The regulatory p85 subunit serves a dual role by protecting p110 from degradation while
inhibiting enzymatic activity. However, once RTKs become stimulated, p85 PI3K mediates p110
translocation to the plasma membrane, relocating the heterodimer to propagate downstream
signaling (113, 114).

ii.

PI3K Activation

PI3K activation can occur in multiple ways, which begin with extracellular activation of
RTKs. One method of PI3K activation is by the regulatory p85 subunit directly binding to
phosphorylated YXXM motifs (Tyrosine-X-X-Methionine: X is any amino acid) within the RTK,
which triggers the P110 subunit to be catalytically active. A second form of activation has been
characterized by a scaffolding protein named Gab1, which binds regulatory p85 PI3K and
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associates with the EGF receptor both directly and indirectly through adaptor protein Grb2. Gab1
is recruited to the plasma membrane in response to EGFR activation, that is eventually turned off
by conversion of Phosphatidylinositol (3,4,5)-triphosphate (PIP3) to Phosphatidylinositol 4,5bisphosphate (PIP2) by Phosphatase and tensin homolog (PTEN), which triggers Gab1
dissociation from the plasma membrane (115). Finally, a third method of PI3K activation is through
Ras (Figure 1-6). Adaptor protein Grb2 creates a cascade by binding and activating the Ras GEF
SOS, thus activating downstream Ras and p110. Ras binds the catalytic p110 subunit of PI 3kinase in a GTP-dependent manner which can stimulate PI3-kinase activity independently of p85
(116, 117). Moreover, Grb2 can exist within the cell in complex with SOS, Gab1, and Ras which
would bring these various PI3K activators in close proximity (118). It is unclear which of these
pathways predominates in physiological situations; however there is evidence that RTK activation
of the p85 subunit and Ras activation of the p110 subunit are complementary, and synergistically
activates the pathway (119).

iii.

Second Messenger PIP3

Upon activation, PI3K generates the second messenger PIP3 from PIP2. The second
messenger PIP3 facilitates downstream signaling by recruiting proteins that contain a pleckstrin
homology (PH) domain to the plasma membrane. PI3K activation and subsequent production of
PIP3 propagate various downstream pathways that regulate a number of cellular functions
including those involved in tumor development and progression (Figure 1-6) (120). PTEN
dephosphorylates PIP3 to PIP2 which reverses PI3K signaling (121).
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iv.

Akt

One particularly significant downstream signaling cascade is the recruitment and
activation of Akt/PKB (Figure 1-6). Akt activation is a multistep process in which residues Thr308
and Ser473 become phosphorylated. Initially, 3-Phosphoinositide-dependent protein kinase-1
(PDK1) and Akt are recruited to the plasma membrane in a PIP3-dependent manner.
Experimentally, PDK1 has been shown to phosphorylate Akt at Thr308, while the kinase for
Ser473 has remained subject to controversy. Recently, evidence strongly suggests that
mammalian target of rapamycin (mTOR) in complex with GβL and Rictor (which is collectively
referred to as mTORC2) phosphorylates Ser473 (122-124). Akt promotes cell survival via
negative regulation of numerous pro-apoptotic family members. For example, Akt can
phosphorylate Bcl-2 family members BAD and BAX, rendering them incapable of their active
functions (Figure 1-6) (125, 126).
Another important downstream signaling protein of Akt is mTOR in a complex with GβL
and Raptor (named mTORC1). This is a multi-step signaling pathway which begins with Akt
phosphorylating tuberous sclerosis 2 (TSC2). TSC2 is GAP protein for GTPase Ras homolog
enriched in brain (Rheb), which predominately forms a heterodimeric pair with tuberous sclerosis
1 (TSC1). Upon phosphorylation the TSC1/TSC2 complex becomes destabilized, thereafter
inhibiting GAP activity for Rheb (127). This event relieves a negative regulatory affect, allowing
Rheb to activate the mTORC1 complex (128, 129). The mTORC1 complex phosphorylates S6
Kinase 1 (S6K1) and 4E-BP1, which play a role in the regulation of cell growth and proliferation
(130). Downstream S6K1 activation ultimately forms a negative feedback loop by inhibiting insulin
receptor-substrate function, thus decreasing PI3K activation (Figure 1-6) (131, 132).
Akt also promotes cell survival by negatively regulating Forkhead box O (FOXO). FOXO
is a transcription factor that drives apoptosis and cell cycle arrest by regulating proteins like BIM,
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and Cyclin dependent kinase inhibitors such as p21 (133). Akt phosphorylates FOXO, which
inhibits the transcriptional functions, and promotes the interaction with 14-3-3 protein. The 14-33 protein holds FOXO in an inactive state, and binding results in nuclear exclusion and targets
degradation by the ubiquitin proteasome pathway (134).

v.

Rac activation

Another downstream signaling protein in the PI3K pathway is the GTPase Rac. Rac
exchange factors can be activated by both extracellular and intracellular signaling. Signaling from
the extracellular matrix can activate Rac through a variety of exchange factors such as T cell
lymphoma invasion and metastasis (Tiam), Kalirin, or Vav. In addition, intracellular signals can
stimulate Rac activation. For example, Arf6 can stimulate the Rac GEF downstream of Crk-180
homologue (DOCK180).
The PI3K pathway activates many of these GEFs, however this introduction will focus on
the Rac-GEF Tiam1. Tiam1 contains an N-terminal PH domain, which binds to the PI3K pathway
secondary signal PIP3. Therefore, the PI3K pathway has been implicated in the control of Rac
through translocation and activation Tiam1 (135, 136). In addition, Ras has been shown to bind
Tiam1 directly through an RBD, which binds in a GTP-dependent manner (137). The activated
Rac complex (GTP-bound) will then facilitate a number of downstream actions, which aid in
cytoskeletal regulations and lamellipodia formation.
Rac stimulates actin remodeling by acting through adaptor protein Insulin receptor
substrate p53 (IRSp53), to link the scaffolding protein WASP-family verprolin-homologous
proteins (WAVE2) (138, 139). The WAVE protein coordinates the activity of the actin-related
protein 2/3 complex (Arp2/3 complex) which nucleates actin polymerization (140). Actin is
stabilized by activated Rac indirectly, through stimulation of p21-activated kinase 1 (PAK). PAK’s
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downstream substrate LIM is a kinase, which phosphorylates cofilin to inhibit its ability to cut actin
(141). These alterations in the cytoskeleton lead to cell spreading and support migration.

1.4.4 PI3Kinase and MAPK pathway cross-talk

The PI3K and MAPK pathways interact in numerous ways, which may both
negatively and positively regulate downstream cellular responses (142). Akt is activated in
response to the PI3Kinase pathway, which has an ability to directly bind and phosphorylate Raf
(at Ser259). The phosphorylation of Ser 259 negatively regulates the MAPK pathway. The Aktmediated phosphorylation of Raf allows for the binding partner 14-3-3 to inhibit Raf, and this
interaction may shift the cellular response of breast tumor tissue from cell cycle arrest to
proliferation through an incompletely understood feedback mechanism (143). Alternatively, in
cultured mouse fibroblasts, constitutive Raf-MEK1 signaling leads to a negative feedback loop of
Ras and PI3Kinase signaling, causing Akt inhibition through Ephrin receptor Eph2A. The RasPI3Kinase inhibition from Raf-MEK1 activation is necessary for Ras-induced cell cycle arrest
(144). The PI3K pathway activates PAK, which is involved in cytoskeletal dynamics. PAK is
regulated by the Rho family of GTPases, and capable of phosphorylating Raf (145). This PAK1
dependent phosphorylation of Raf1 may regulate Raf localization to the mitochondria (146).
Alternatively, signals from these different pathways have also been shown to converge on
common downstream proteins or act synergistically. Both PI3K/Akt and MAPK/ERK are able to
inactivate the proapoptotic protein BAD (147). In addition, Raf-MAPK signaling in epithelial cells
strongly induces transcription of autocrine expression of EGF-like growth factors, such as HBEGF, TGFα, and amphiregulin. This autocrine signaling can be a potent inducer of Ras and
PI3Kinase, and is implicated in protection of the cells from apoptosis in response to extracellular
matrix (ECM) detachment (148).
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Figure 1-6. Overview of phosphatidylinositol 3 kinase (PI3K) signaling pathway. Upon
activation, Ras can activate the p110 catalytic subunit of PI3K, which is a lipid kinase that
phosphorylates PIP2 to PIP3. PIP3 recruits proteins that harbor a PH domain such as Akt. Akt
pushes the cell toward survival by negatively regulating a multitude of pro-apoptotic proteins such
as BAX or BAD. Akt also inhibits the Rheb GAP protein TSC2. An increase in active Rheb leads
to mTORC1 activation, which regulates multiple proteins that results in increased protein
translation. PTEN dephosphorylates PIP3 back to PIP2, and effectively shuts off PI3K signaling.
Modified from (76).
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Collectively, canonical Ras signaling relies on the various regulatory mechanisms
between the PI3K and MAPK pathways. The down-regulating or synergism observed in the
various studies lead the cell towards different fates. This may be due to cell-type, or a culmination
of other signals. However, the cross-talk of Ras signaling adds a layer of complexity to our
understanding and interpretation of results.

1.4.5 RalGEF Pathway

i.

Introduction

The RalGDS family is comprised of 4 members; RalGDS, RGL, RGL2/Rlf and RGL3. Two
yeast hybrid screenings and pull down studies have shown that all the different RalGDS proteins
can interact with members of the Ras family (149-152). All the RalGDS family members share a
common structure, and display the highest sequence homology in three critical domains: a
CDC25 homology domain, Ras Exchange Motif (REM) domain, and a C-terminal RBD (Figure 17) (153). RalGDS acts as a guanine exchange factor for Ral, by stimulating the GDP/GTP
exchange. The GEF properties associated with the RalGDS family come from the CDC25
homology domain. CDC25 is a GEF for Ras in yeast cells, where it regulates the conversion of
the inactive GDP-bound form of Ras to the active GTP-bound form (154). Therefore RalGDS
functions as a mediator in cross-talk between Ras and Ral GTPases, by association with Ras via
its C-terminal RBD in a GTP-dependent manner (155). In vitro studies show that the CDC25
homology domain is sufficient for RalGDS catalytic activity, while in vivo studies show the
requirement for the upstream REM domain (153, 156). The N-terminal region of RalGDS
(potentially the REM domain) has been reported to associate with the catalytic domain and thus
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blocks GEF activity which may be regulated by phosphorylation by Protein Kinase C (PKC) (157,
158).

ii.

Ras RalGDS interaction

Upon the interaction of activated Ras and RalGDS, the complex is translocated to the
plasma membrane where further downstream signaling occurs (Figure 1-7). Importantly, RalGDS
does not undergo a conformational shift, rather this complex functions by allowing access of
RalGDS with Ral at the membrane (155, 159). Once Ral is activated in a RalGDS-dependent
manner, it subsequently interacts with numerous effectors such as; Sec5, Filamin, RalBP1, and
ZONAB, and likely other proteins yet to be identified. Through these interactions, Ral proteins
regulate endocytosis, exocytosis, actin organization, and control of gene expression (Figure 1-7)
(160-162). Within the literature there is currently debate on the role of RalGEFs in Ras-mediated
transformation. Although initial studies in mice had indicated a relatively minor role for RalGEFs
in Ras-mediated transformation, following studies indicated a crucial role of RalGEFs in promoting
Ras-mediated transformation and tumorigenic growth of human cells. This difference may be in
part because of potential variation in mice and human Ras-transformation, which could have
some distinctive underlying mechanisms. In addition, studies which reduce RalGEF function show
a diminished effect on cell transformation (163-165). RalGDS null mice are viable, however
histological analysis has implicated that proper RalGDS signaling is required for normal apoptosis
of papillomas in response to mitogenic signals (166).

iii.

Cross talk

Cross-talk between the separate Ras effector PI3K pathway has been shown to increase
the GEF activity of RalGDS. EGF-mediated activation of PI3K promotes the association of the N27

terminus of the PDK1 with the N-terminus of RalGDS. Currently it is not known whether the Nterminal domains directly interact or if a scaffold protein links them. The PDK1-RalGDS interaction
relieves the auto-inhibition of RalGDS, which does not require the catalytic domain of PDK1 (158).
Collectively, after Ras-dependent movement of RalGDS to the membrane, PDK1 (activated via
Ras/PI3K/PIP3/PDK1 pathway) is within proximity to associate by some unknown mechanism,
which enhances RalGEF catalytic activity.
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Figure 1-7. Overview of Ral- guanine exchange factor (Ral GEF) signaling pathway. Upon
activation, Ras can bind RalGEFs via a RBD, which triggers translocation of the protein complex
to the plasma membrane. At the membrane, the RalGEF encounters Ral, leading towards
nucleotide exchange and downstream signaling. In vitro the RalGEF protein only requires a
CDC25 homology domain for catalytic activity, while in vivo studies demonstrate that the upstream
REM domain is needed. Activation of Ral alters gene expression, and regulates
endocytosis/exocytosis. Modified from (76).
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1.5 Related-Ras Protein

1.5.1 Signaling

R-Ras has an identical core effector binding domain to canonical Ras protein H-Ras.
However, the extended effector interface is not completely identical, which may partially account
for different effector proteins and binding affinities. R-Ras has both overlapping and distinct
effectors compared to H-Ras, which will be highlighted below. Thus, R-Ras and H-Ras regulate
distinct downstream signaling and cellular processes (167). Also, R-Ras has been reported to be
negatively regulated by phosphorylation at Tyr66, which is not observed in canonical Ras proteins
(168, 169).

i.

R-Ras in MAPK pathway

Within the literature, two-hybrid yeast studies have verified that R-Ras can bind Raf-1 in
a GTP-dependent manner in vitro (61). However, the R-Ras/Raf-1 interaction has not been
observed in vivo. (62) R-Ras is localized to lipid ordered domains, in both active and inactive
conformations. Activated H-Ras signals from the lipid disordered membrane, which has been
shown to be necessary for efficient activation of Raf (42, 43, 48, 59, 60). Therefore, we speculate
that differential trafficking in membrane microdomains between activated H-Ras and R-Ras may
explain how R-Ras can bind Raf-1 in vitro, but not in vivo.
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ii.

R-Ras in the PI3-Kinase pathway

R-Ras is a potent PI3-Kinase activator. While both H-Ras and R-Ras can activate the
PI3K pathway, only R-Ras is capable of leading to a cell spreading and migration phenotype,
which is propagated via activation of Rac (Figure 1-8). Additionally, active R-Ras has been shown
to dramatically increase focal adhesion formation, by upregulation of focal adhesion kinase (FAK)
phosphorylation upon collagen stimulation or clustering of the α2β1 integrin, even in the absence
of increased ligand binding. This observation has been attributed to downstream signaling from
the R-Ras/PI3K pathway (170). Interestingly, deletion of the N-terminal domain of R-Ras
abolishes the ability for R-Ras to induce cell-spreading, while stimulating β3-integrin dependent
cell migration (15). R-Ras deleted in the N-terminus does not stimulate Rac, which abrogates the
R-Ras cell-spreading phenotype, while β3-integrin dependent cell migration was partially blocked
by a PI3K inhibitor. These results demonstrate the R-Ras isotype-specific signaling requires the
RNex domain for proper PI3K signaling.
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Figure 1-8. Overview of Related-Ras1 signaling pathway. R-Ras is activated in response to
extracellular stimuli, which facilitate localization of guanine nucleotide exchange factors (GEFs)
to catalyze the replacement of GDP for GTP. Upon GTP-loading (activation) R-Ras functions like
a molecular switch, propagating a variety of downstream signal cascades leading to cell spreading
and migration, cytoskeletal rearrangement, and Ral-mediated exocytosis. Modified from (76).
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iii.

R-Ras in the Ral-GDS pathway

R-Ras is able to bind RalGDS in a GTP-dependent manner in vitro using a two-yeast
hybrid analysis (171). RalGEF binding domains are similar to c-Raf1, which are comprised of a
ββαββαβ ubiquitin-like fold. Unlike c-Raf, R-Ras has been demonstrated to bind with RalGEF
proteins in vivo. The R-Ras-Rgl/Rlf interaction has been reported to positively regulate RalAmediated exocytosis (172).

iv.

R-Ras unique effectors

R-Ras has some shared and distinct signaling with other related proteins such as
H-Ras (Figure 1-8). A database derived from constitutively active and dominant negative tandem
affinity purification (TAP) tagged R-Ras and H-Ras revealed R-Ras effectors distinct from H-Ras
(173). RalA binding protein (RalBP1 or RLIP76) interacts with R-Ras in a GTP-dependent
manner, and subsequently stimulates Rac through activation of Arf6 to enhance cell spreading
and migration (174). Arf6 regulates Rac activation via recruitment of Rho–family GEFs such as
Kalirin (175). In addition, Oxysterol-binding protein-related protein 3 (ORP3) interacts with R-Ras,
but not with H-Ras (173). ORP3 overexpression leads to a formation of a polarized cell-surface
protrusion, which is inhibited with overexpression of dominant negative R-Ras suggesting a role
of ORP3 in cytoskeletal regulation and cell polarity (176). These unique protein interactions may
account for the unique cellular functions of R-Ras, which are markedly distinct from those of
canonical Ras.
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1.5.2 Cellular Functions of R-Ras

The unique signaling of R-Ras lends to its specific physiological effects on the cell. While
H-Ras has been demonstrated to suppress integrin activation, R-Ras has been shown to
specifically reverse this effect (177). In addition, R-Ras has also been shown to promote focal
adhesion formation, increase cell motility and cell spreading (59).

i.

Activation of Integrins

Integrins regulate several cellular processes and signaling cascades. Extracellular ligands
bind and induce conformational changes of the integrin, which allows downstream activation of
signaling proteins such as Ras, Rac, Rho, CDC42, and FAK in a process termed “outside-in”
signaling (178). In addition, integrin ligand binding affinity can be regulated by internal signaling
pathways, which is termed “inside-out” signaling (179).
Constitutively active R-Ras can convert suspension cell lines into highly adherent cells,
and assemble increased fibronectin matrix. Introduction of a dominant negative R-Ras into
adherent cells reduces the adhesiveness of the cells, indicating the ability to modulate integrin
ligand-binding activity (180). H-Ras and the MAPK pathway suppresses integrin high affinity state
by a transcription-independent function, which can be specifically reversed by R-Ras (177, 181).
Studies utilizing chimeras of H-/ R-Ras have demonstrated that the specific ability of R-Ras to
reverse H-Ras suppression of integrins is capable of being conferred to H-Ras by switching the
C-terminus (59). Specifically, amino acids 175-203 of R-Ras are critical for integrin activation in
Chinese hamster ovary (CHO) cells (17). R-Ras has been reported to be phosphorylated in its
effector binding domain at residue Tyr66. Interestingly, this unique post-transcriptional
modification, potentially driven by Src kinases, has been shown to suppress the ability of R-Ras
to activate integrins (168, 169) (Figure 1-9).
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FAK and p130Cas are focal adhesion proteins which can become phosphorylated in
response to R-Ras signaling, even in the absence of ligand binding. The signaling from R-Ras to
these focal adhesion proteins have Src-dependent and Src-independent components, which has
not been fully elucidated (170).

Figure 1-9. Cellular functions of R-Ras. Left panel- Ras-MAPK induced suppression of
Integrins is specifically reversed by R-Ras. HVR switched Ras/R-Ras reverses this affect. Right
panel- R-Ras expression promotes lamellipodia formation with few retraction events, leading to a
cell spreading phenotype. This eliminates random migration, while integrin-dependent migration
toward chemo attractants is upregulated.
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ii.

Cell Motility

Cell movement is a complex multi-step process which arises from temporal-spatial cues,
resulting in cell adhesion, asymmetric polarization, and dynamic responses which regulate the
actin cytoskeleton to drive cell movement. Cell haptotaxis describes migration toward or along a
gradient of chemoattractants or adhesion sites in the extracellular matrix. R-Ras is known to
modulate integrin affinity, which is critical for cell-ECM adhesion and subsequent biological
functions such as cell migration and motility.

a. Random Migration

Active R-Ras plated on collagen abrogates random migration, while dominant negative RRas increases random migration compared to control. Active R-Ras displays extensive ruffling;
however without retraction events, random cell migration was blocked (182). Active R-Ras
regulates cell motility by spatial regulation of Rho GTPases Rac and Rho (182, 183). Therefore,
R-Ras negatively regulates random cell migration (Figure 1-9).

b. Haptotactic Migration

Conversely, activated R-Ras increases integrin-mediated haptotactic migration and
invasion of breast epithelial cells through collagen. Interestingly, R-Ras induces an increased
cellular adhesion and haptotactic migration on collagen, but not fibronectin, through downstream
PI3Kinase signaling (4). R-Ras binding protein, RLIP76, is required for adhesion-induced Rac
activation leading to cell migration (174). An R-Ras N-terminal truncation mutant does not have
the ability to activate Rac, and thus R-Ras-mediated cell spreading is abrogated. However, the
N-terminal extension has been implicated as a negative regulator of cell migration by stimulation
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of a β3 integrin-dependent mechanism (15). These data indicate that R-Ras negatively regulates
random cell migration and positively regulates haptotactic migration, and that the RNex domain
is critical for the ability of R-Ras to induce its effects on cell motility.

iii.

Cell Spreading

Constitutively activated R-Ras causes cells to extend lamellipodia, with few retraction
events; thus, activated R-Ras enhances cell spreading (184). Various mechanisms have been
postulated to induce this cell spreading phenotype.
R-Ras activates the PI3K pathway, and downstream GTPase Rac, which induces
lamellipodia formation (185, 186). A second suggested pathway of cell spreading is through
interaction with RLIP76, which regulates Rac activity through adhesion-induced activation of Arf6
(174).
Another proposed pathway of R-Ras induced cell spreading is through interaction with
effector protein PLCε (Phospholipase Cε). The R-Ras- PLCε interaction is GTP-dependent, and
leads to the formation of IP3 (Inositol (1,4,5) triphosphate) and DAG (diacylglycerol). IP3 is a small
molecule which triggers release of calcium stored in the endoplasmic reticulum. Increased
intracellular calcium can play a role with actin dynamics, and has been shown to regulate
translocation and activation of Rac (184, 187-190).

1.5.3 Related-Ras Associated Pathologies

To date, R-Ras activation mutations have not been associated with any human cancer.
Two distinct mouse knockout models have been developed and characterized.
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The first knockout mouse model showed that R-Ras deficient mice are phenotypically
normal, yet display enhanced neointimal thickening and restenotic lesions after arterial injury.
Tumor implantation in R-Ras-/- mice showed an increased level of angiogenesis within the tumor,
which implicates a role of R-Ras in blood vessel homeostasis (191). In addition, R-Ras is essential
for the establishment of functional blood vessels within tumors. R-Ras deficient mice display
impaired tumor vessel maturation and plasma leakage, which identifies a novel role in tumor
vascularization and blood vessel maturation (192) (Figure 1-13).
The second knockout mouse also characterized a phenotypically normal mouse, which
led them to challenge the mouse with tumor implantation. Induced tumors in the R-Ras-/- mice
formed with shorter latency, and created larger tumors compared to control. The result implicated
a role of R-Ras in the immune system, which led the investigators to test dendritic cell (DC)
functions. Dendritic cells are antigen-presenting cells that initiate antigen-specific responses.
Indeed, R-Ras deficient mice had an impaired maturation and subsequent signaling of bone
marrow dendritic cells, which correlated with reduced Akt phosphorylation. Thus, they
demonstrate that R-Ras has an ability to regulate cell-mediated immunity (193) (Figure 1-13).

1.6 Cellular Functions of Ras

1.6.1 Ras associated transformation of cells

Ras proteins play a role in growth factor-mediated proliferation. This correlation is mainly
attributed to the activation of transcription factor c-myc, which is typically associated with cellular
transformation and oncogenesis (Figure 1-10). Both the MAPK and PI3K pathways play a critical
role in Ras-mediated activation of c-myc.
The synthesized myc protein is unstable resulting in a short half-life. The inherent half-life
of myc protein can be lengthened by posttranslational modifications, which enhance stability.
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Downstream MAPK kinase ERK phosphorylates Ser62, which greatly enhances myc stability
(Figure 1-10). Subsequently, the ubiquitously expressed protein GSK3 can phosphorylate Thr58
(only after Ser62 is phosphorylated). Phosphorylation at Thr58 triggers phosphate removal at
Ser62, which potently induces degradation of myc. Ras activates the PI3K pathway in parallel to
MAPK, which leads to Akt activation. Akt is able to inhibit GSK3 through phosphorylation (Figure
1-10) (194). Collectively, the MAPK and PI3K pathways create a synergistic effect on c-myc
activation, by increasing the protein stability and inactivating the repressor protein GSK3 (195,
196).
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Figure 1-10. Ras induced Proliferation. Ras plays a role in growth factor-mediated proliferation
of cells. This correlation has been attributed to the stability of transcription factor myc. The intrinsic
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short half-life is increased through downstream MAPK signaling, while degradation is diminished
through PI3K signaling. Figure modified (76).

1.6.2 Differentiation

Prolonged activation of Ras has been shown to play a role in differentiation (197). Studies
using growth factor NGF in undifferentiated neuronal cells (PC12 cell line) first demonstrated this
phenomenon (198). NGF exposure activates the TrkA receptor, which promotes PC12 cells to
leave the cell cycle, extend neurites, become electrically excitable, and express typical neuronal
markers (199). Subsequently, the prolonged Ras activation induces differentiation by a process
involving c-Jun activation, which can be inhibited by expression of oncogenic transcription factor
c-myc (Figure 1-11) (200). Current literature implicates that different downstream pathways may
be responsible for c-jun activation. Prolonged ERK activation and Ral-GEF (Rlf) have been
independently shown to play critical events in c-jun phosphorylation and subsequent activation
(Figure 1-11) (197, 201, 202).
ERK proteins cannot phosphorylate recombinant c-jun in vitro, suggesting the effect is
indirect (203). The MAPK effect may be due to other transcriptional changes, or downstream
cytosolic ERK substrate Rsk, that can phosphorylate c-jun in vitro (Figure 1-11). Another
suggested pathway indicates the recently discovered Raf binding partner Apoptosis signalregulating kinase 1 (ASK1) may play a role. The stress-induced pro-apoptotic protein kinase
ASK1 can activate the JNK pathway, leading to activation of c-jun and cell differentiation (204,
205).
Alternatively, the Ral-GEF member Rlf has been shown to phosphorylate critical sites of
c-jun (Ser63 and Ser73). Growth factor-induced, Ras-mediated phosphorylation of c-Jun is
abolished using inhibitory mutants of the RalGEF-Ral pathway which suggests the Ral-GEF-Ral
pathway is also critical in Ras-dependent c-jun activation (Figure 1-11) (202).
40

NGF

RalGEF
(Rlf)

MEK

ERK

RSK
Rac
Activation

MAPK
Cascade

Akt
Signaling

Nucleus
Jun

Differentiation

Figure 1-11. Ras-Induced Differentiation. NGF induces prolonged downstream MAPK signaling
leading towards Jun expression leading to differentiation. ERK cannot phosphorylate Jun directly,
however cytosolic kinase Rsk has been demonstrated to phosphorylate Jun in vitro. Alternatively,
Rlf has been shown to phosphorylate Jun, indicating a role of the Ral-GEF pathway in Ras
mediates differentiation. Figure modified from (76).
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1.6.3 Survival and apoptosis

Ras has reportedly been associated with both a senescent and pro-survival nature. The
differences observed between these reports may be due to different cell types. However the
complex relationship between Ras-induced cell survival is likely due to the numerous downstream
signaling cascades activated by Ras.
Studies which highlight enhanced Ras-associated-growth arrest have typically been done
in lymphocytes or fibroblasts in responses to various stressors, such as tamoxifen or tumor
necrosis factor (TNF) treatment (Figure 1-12) (206, 207). One paper described Ras promoting
apoptosis or growth arrest of fibroblasts without inducing any additional stressors (208).
Constitutively activated Ras can induce expression of cyclin-dependent kinase (CDK) inhibitor
Cyclin-dependent kinase inhibitor 2A (p16 INK4A) through a mechanism which involves tumor
suppressor p53, which provokes early cell senescence (Figure 1-12) (209). Ras expression in
conjunction with either a cooperating oncogene or inactivation of tumor suppressors, such as p53
or p16, prevents Ras-induced senescence (209).
Alternatively, a large amount of literature implicates a pro-survival aspect to oncogenic
Ras signaling. These studies are typically derived using epithelial or myeloid cell lines. Oncogenic
Ras expression protects cultured epithelial cells from apoptosis induced by detachment from
extracellular matrix (210). Human colorectal tumors (carcinomas) harnessing oncogenic Ras
signaling have been shown to have inhibited apoptosis, which may have led to favor tumor
progression (211). The physiological effect seen is a culmination of different signals which are
activated via Ras. The PI3K pathway activates Akt, which promotes cell survival by its ability to
inactivate pro-apoptotic factors like BAD (Figure 1-12) (126). NFκB is a transcription factor which
is enhanced by oncogenic Ras, which is known to play a role in pro-survival (212).
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Collectively, apoptosis is differentially regulated by the various downstream signaling of
activated Ras. The fate of the cell may be lineage-specific, or be a culmination of other stressors
leading to signaling which favors survival, apoptosis, cell cycle arrest, or senescence.

Figure 1-12 The Role of Ras in Cell Survival. Ras has reportedly been associated with both a
senescent and pro-survival nature. Typically the senescence phenotype is described in
lymphocytes or fibroblasts which have been subjected to a stressor. Constitutively activated Ras
can induce expression of a CDK inhibitor to provoke senescence. Alternatively, a role of Ras in
cell survival has been typically associated with epithelial or myeloid cells. The PI3K pathway
negatively regulates pro-apoptotic proteins, leading towards cell survival. The fate of the cell may
be lineage-specific, or be a culmination of other stressors leading to signaling which favors
survival, apoptosis, cell cycle arrest, or senescence.
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1.7 Prevalence in Human Cancer and KO Mouse Phenotypes

1.7.1 Oncogenic Ras

Ras proteins involvement in physiological processes such as cellular proliferation,
differentiation, and survival aide in correlation observed with pathological processes such as
cancer. In human tumors oncogenic Ras appears to be mutated in specific hotspots, which are
typically residues 12, 13 or 61. In K-Ras 86% of mutations are in the Gly12 residue, whereas only
1% of mutations are seen at Gln61. H-Ras mutations are most frequently observed to be in
residue Gly12 (~54%), followed by Gln61 (~35%). Interestingly, the highest N-Ras mutations are
observed in Gln61 (~60%), followed by Gly12 (~24%) and Gly13 (13%) (213). These mutated
hotspots allow the Ras proteins to remain constitutively activated. The G12 or G13 mutations
render the Ras to be GAP insensitive, and the Q61 mutation decreases the GTPase activity while
stabilizing the GTP-bound protein conformation to form a ‘fast-cycling’ activating mutation. Ras
mutations have been characterized in cancerous tissues which include various carcinomas and
melanomas throughout the body. Moreover, mutations which disrupt proper upstream or
downstream Ras signaling share similar phenotypical results. These rasopathies may target Ras
GAP proteins or RTK phosphatases, which usually lead to an increased risk for Ras-associated
cancers (214, 215).

1.7.2 Phenotype of KO mice

To clarify the role of Ras genes in vivo, a variety of mouse models have been created.
Both H-Ras and N-Ras knockout mice grow normally and are fertile (216, 217). H-Ras-null mice
produce fewer skin tumors following 12-O-tetradecanoylphorbol-13-acetate (TPA) treatment,
which suggests an important role in the initiation of skin tumor development (216). H-Ras/N-Ras
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double knockout mice (H-Ras-/- & N-Ras-/-) grow normally, are fertile, and appeared to have no
alterations in neuronal development; thus, H- and N-Ras are dispensable for survival in mice
(218). Moreover, the palmitoylated splice variant of K-Ras(4A), is dispensable for normal mouse
development, and to date there have been no reports of histopathological abnormalities (219).
However, K-Ras deletions are lethal. Mice do not last through the embryonic stage, dying between
12-14 days of gestation (E12-E14) from fetal liver defects (220) (Figure 1-13). A mouse model
which is N-Ras null, and heterozygous for K-Ras (N-Ras

-/-

& K-Ras

-/+

) exhibit abnormal

hematopietic development and most animals die between day E10-E12 (220). Mice which contain
the H-Ras gene into the K-Ras loci are born at an expected mendelian frequency. These mice
show no detectable level of K-Ras, indicating that H-Ras could be sufficient for the K-Ras function
in early embryogenesis, however these mice display dilated cardiovascular pathologies including
a dilated heart and hypertension (221).

Figure 1-13 Phenotypes of Ras knockout mice. Diagram depicting phenotypes of various Rasnull mice.
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1.7.3 Targeting Ras in cancer

Ras is functionally a central hub, propagating multiple pathways to drive cell proliferation.
Due to its clear implications in cancer, it has long been a target for pharmalogical inhibition. There
have been a variety of approaches taken to combat oncogenic signaling. The most straightforward
approach would be to directly target Ras, though this has proven to be quite a challenge (222).
Furthermore, Ras binds with GTP with an affinity in the picomolar range (223). The search for
efficient small molecules which bind to the surface of Ras proteins has been challenging, and was
once thought of as ‘undruggable’ (224). This is due to the globular domain of Ras, which does not
have an easily accessible active site or pocket to which molecules are likely to bind (225). Despite
technical obstacles, there are continued efforts to explore directly targeting Ras. Few screened
inhibitors have shown promising efficacy past pilot in vitro experiments (224, 226, 227).
Given the difficulties in targeting Ras directly, the initial efforts focused on intervention of
Ras signaling through blocking post-translational modification. Therapeutics designed to interfere
with Ras prenylation can be divided into at least two groups. One strategy is development of
peptidomimetics that compete with unmodified Ras for farnesyltransferase. Another would be
nonpeptidomimetics, such as farnesylpyrophosphate (FPP) analogs, which compete for binding
to the farnesyltransferase protein (228-230). Collectively, small molecule inhibitors which
inactivate the enzymatic function of farnesyltransferase are labeled FTIs (farnesyltransferase
inhibitors). Treatment with FTIs (such as SCH 66336) inhibit cell growth in a variety of cancer cell
lines when treated in vitro and in vivo tumor xenografts (231). Subsequently, many studies
focused on the effect of FTIs on H-Ras, showing great efficacy in disrupting membrane
association, and blunting colony formation in soft agar (232, 233). Despite a conglomerate of data
showing blunted cancer growth using various in vitro systems, clinical trials using FTIs alone have
had particularly poor outcomes (231, 234, 235). Upon further investigation, cells treated with FTIs
that harbor mutations in either the K-Ras or N-Ras oncogene can be alternatively prenylated, by
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attachment of a geranylgeranyl group (236, 237). This led to a new need for developing a class
of inhibitors for Geranylgeranyltransferase (GGTIs), though monotherapy or in conjunction with
FTIs are not effective due to toxicity issues (238). A class of inhibitors targeting both
farnesyltransferase (FTase) and geranylgeranyltransferase (GGTase) (such as L-778, 123) were
developed and failed to make it through phase I clinical trials. Despite dual inhibition, similar to
treatment with FTIs, Ras activity was not inhibited (239).
Another strategy to targeting Ras in cancer has been through inhibition of effector
pathways directly downstream of Ras. Efforts have largely focused on either the MAPK or PI3K
pathways. Sorafenib was the first Raf inhibitor to be approved by the US Food and Drug
Administration (FDA) for treatment of carcinomas (240, 241), though its effects appear largely
due to inhibition of tumor angiogenesis (242). However, tumors bearing B-Raf activation
mutations (such as the most common V600E) do not benefit from treatment with sorafenib, due
to the reduced affinity from change in tertiary structure (243). This finding facilitated the
development for inhibitors targeting CA B-Raf, such as Vemurafenib (PLX4032), which is an ATPcompetitive inhibitors for B-Raf V600E (244). While successfully inhibiting the mutant Raf, the
therapeutic enhances dimer formation and transactivation of the nonmutant Raf dimer,
subsequently causing a paradoxical increase in signaling (245). Only recently has a new
generation of Raf inhibitor has become available, so called ‘paradox-breaking’ Raf inhibitors. This
presents an exciting new avenue, which is expected to make its way to clinical trials within the
next few years (246).
Increased activity in PI3K signaling is commonly seen in cancer, and p110α is critical for
Ras-driven tumorigenesis (142, 247). Interestingly, Ras and p110α often have activating
mutations in some cancers, such a colorectal cancer (248-250). Quite a few therapeutic agents
have been developed to target proteins along this axis which are currently under clinical
evaluation. The mTORC1 complex is targeted by Rapamycin analogs, everolimus and
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temsirolimus, and were the first therapeutics of their kind to be FDA approved to treat cancer
(251, 252). Rapamycin potently inhibits mTOR, and is FDA approved for its immunosuppressant
properties, and more recently to treat lymphangioleiomyomatosis (LAM) (253, 254). Other
developed inhibitors currently in clinical trials include targeting of either specific class I PI3kinases isoforms, or so-called ‘pan-PI3K’ inhibitors (which can bind α, β, δ, γ) (255-257). Despite
some preclinical promise, using PI3K-pathway drugs as a monotherapy often leads to acquired
resistance (257-259).
Often single-pathway inhibitors will induce feedback to the opposite pathway (reference1.4.4-MAPK and PI3K cross-talk). As such, the lack of in vivo efficacy in targeting either the MAPK
or PI3K pathway independently has driven the idea of combinatorial therapies. Studies utilizing in
vitro systems or animal models which use treatments blocking both pathways have shown some
preclinical success, which increases enthusiasm for potential clinical success (259-261).

1.8 Conclusion

R- and H-Ras are paralogues with 55% sequence identity. The largest differences in
primary structure are contained in the C-terminal HVRs, and a unique 26 amino acid RNex domain
not found in other Ras proteins. Despite sequence homology and an identical effector binding
domain, these proteins perform vastly different functions. H-Ras stimulates proliferation and
differentiation. Conversely, R-Ras regulates integrin activation, motility, migration, angiogenesis,
and cell spreading. These differences are likely due to different downstream signaling through
effector proteins.
R- and H-Ras have some shared signaling, such as the PI3Kinase pathway. The
Ras/PI3Kinase interaction can occur along any point on the plasma membrane, regardless of the
membrane microdomain composition. Downstream of the R-Ras-PI3Kinase interaction is Rac
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activation, leading to enhanced lamellipodia formation and cell spreading, which is not observed
downstream of the H-Ras-PI3Kinase interaction. The R-Ras 26 amino acid N-terminal extension,
which is not seen in H-Ras, is indispensable for efficient activation of Rac, which alludes to a
critical role of the RNex domain in R-Ras signaling, and may account for the distinct functional
effects of R-Ras and H-Ras via PI3K pathways. Therefore, investigation of the relatively
unexplored RNex domain in R-Ras-specific functions may help elucidate the molecular
determinants which separate the physiological role of H- and R-Ras.
These paralogues also display distinct signaling. H-Ras can activate the MAPK pathway
via translocation of Raf, while R-Ras cannot in vivo. H-Ras signaling from the lipid disordered
membrane is necessary for efficient Raf activation. Lateral segregation, dictated by the C-terminal
HVRs and subsequent modifications, may account for differential access to effector proteins, such
as Raf. The HVRs in the C-termini direct vesicular trafficking of R- and H-Ras to distinct
membrane microdomains, but are insufficient to account for the unique phenotypes of these Ras
proteins. Therefore, investigation of the C-terminal HVR may elucidate a molecular mechanism
which accounts for the isotype-specific trafficking and downstream signaling.
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CHAPTER 2

REGULATION OF H-RAS-DRIVEN MAPK SIGNALING, TRANSFORMATION AND
TUMORIGENESIS, BUT NOT PI3K SIGNALING AND TUMOR PROGRESSION, BY
PLASMA MEMBRANE MICRODOMAINS.

2.1 Introduction
The Ras superfamily is comprised of over 150 small GTPases, which can bind and
hydrolyze guanine triphosphate (GTP). The proto-oncogenic homologues most prominently
associated with cancers, H-, N-, and K-Ras, are ubiquitously expressed and have overlapping yet
non-redundant functions (1-3, 220). Ras propagates growth factor signaling pathways regulating
cell proliferation, differentiation, angiogenesis, and survival (1-3). Ras proteins cycle between an
active GTP-bound and an inactive GDP-bound state. Constitutively active (CA) (i.e., GTP-locked)
Ras mutations are highly transforming and induce tumor formation (262), and the combined set
of activating Ras mutations altogether are associated with as high as ~30% of human
malignancies (263). However, each isotype displays tissue type specificities in cancers, indicating
context-dependent modes of action (263). Thus, the molecular mechanisms of isotypic Ras
oncogenesis are still not completely understood (1-3).
Related-Ras 1 (R-Ras) is a highly conserved Ras paralogue with limited mitogenic
signaling properties. R-Ras functions include cell motility, survival and vascular quiescence,
distinct from other Ras paralogues (4, 5, 35, 170, 177, 264). CA R-Ras weakly transforms select
cell lines, and activating mutations are not prominent in human malignancies (6, 265). However,
despite identical effector binding domains, H- and R-Ras support distinct effector signal outputs,
suggesting contributions from other domains in the regulation of Ras-effector interactions and
signaling. H- and R-Ras paralogues are most divergent in the termini: a 26 amino acid N-terminal
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extension in R-Ras which is absent from H-Ras, and in the C-terminal hypervariable domains
(HVR), which harbor membrane targeting domains (tDs) at the C-termini. The R-Ras N-terminal
domain regulates R-Ras-dependent cell migration, but has not been associated with mitogenic
signaling (15). Activated H-Ras interacts in cells with Raf kinase and facilitates its activation,
which propagates phosphorylation of cytosolic kinases MEK and ERK, driving cell proliferation
(77-79). R-Ras is capable of binding Raf in vitro; however this interaction either does not occur or
is of low affinity in cells, believed to account for the weak transforming function of R-Ras (61, 62).
The mechanism for these distinct behaviors is not understood but may reflect distinct properties
based on the HVRs.
Ras proteins are initially synthesized as globular, cytoplasmic polypeptides, which
undergo a series of irreversible lipid modifications within the C-terminal tDs that increase the
hydrophobicity of the C-termini and support anchorage of the Ras proteins to ER membranes and
subsequent transport to the Golgi, prior to delivery to the plasma membrane (PM) (266). The KRas tD contains Lys-rich sequences which enhance charge-based PM interactions (267). In
contrast, the tDs in H-, N- and R-Ras also contain adjacent target sites for reversible
palmitoylation by a thioester linkage (C181 and C184 in H-Ras, C213 in R-Ras) (25, 268).
Palmitoylation occurs at the Golgi (32, 34), and is required for sorting into post-Golgi vesicles and
vesicular transport to the PM; depalmitoylation at the PM by cognate palmitoyl (acyl) thioesterases
completes the cycle by driving retrograde recycling to the Golgi (12, 13, 29, 35, 38, 269). Ras
isotypes also have distinct distributions in microdomains at the PM, driven by guanine nucleotide
loading as well as palmitoylation (11-13, 270). H-Ras is anchored to the lipid ordered (Lo, i.e., lipid
raft) membrane while GDP loaded, and is shuttled to the lipid ordered/lipid disordered (Lo/Ld)
border upon GTP loading (43, 44, 46). R-Ras preferentially anchors within the Lo domain,
regardless of activation state (17, 44). These membrane microdomain preferences are supported
by electron microscopy and in silico simulations (17, 43, 44). Efficient activation of Raf by H-Ras
requires signaling from the Ld membrane (43, 59, 60). We hypothesized that the lateral membrane
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distributions of H-Ras and R-Ras are primary drivers of their distinct mitogenic and oncogenic
properties. In this study we investigated the spatial regulation of Ras/Raf interaction and signal
propagation by plasma membrane microdomain Ras targeting, and the contributions of
microdomain-dependent signaling to Ras-induced cell proliferation and tumorigenesis.

2.2 Materials and methods
Antibodies, reagents and cDNAs
GFP (sc-9996), Raf (sc-133, sc-227) antibodies and purified recombinant MEK-1 (sc-4025) were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). AKT (AH01112) and Phospho-AKT
(S473) (44623G) were from Invitrogen (Waltham, MA, USA). p42/44 MAPK (ERK1/2), pp44/42
MAPK (ERK T202/Y204), and ppMEK (S217/221) antibodies were from Cell Signaling
Technology (Danvers, MA, USA). Fluorophore-conjugated secondary antibodies were from LICOR Biosciences (Lincoln, NE, USA). LY 294002 was purchased from LC laboratories (Woburn,
MA, USA). U0126 was purchased from Alfa Aesar (Ward Hill, MA, USA). Restriction
endonucleases were obtained from New England Biolabs (Ipswich, MA, USA). pEGFP-C1 was
from Clontech Laboratories. GFP-R-Ras constructs were made as described in (35). GFP-H-Ras
G12V was a gift from K. Svoboda (Addgene plasmid 18666). GFP-H-Ras (1-174)G12V- R-Ras
(204-218) was generated from GFP-H-RasG12V by PCR. GFP-RNex-H-Ras was generated by
insertion of the first 26 amino acids of R-Ras from an R-Ras N-terminal domain construct originally
described in (271), into the GFP-H-Ras background.
Cell culture and transfection
NIH3T3 and HEK293 cells were obtained from American Type Culture Collection (Manassas, VA,
USA). NIH3T3 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Cellgro)
supplemented with 10% Bovine Calf Serum (BCS), 4 mM L-glutamine, 4500 mg/ml glucose, 50
U/ml penicillin, 50 µg/ml streptomycin sulfate and 1% nonessential amino acids (Sigma-Aldrich,
St. Louis, MO, USA) at 37°C in 5% CO2. HEK293 cells were maintained in DMEM supplemented
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with 10% Fetal Bovine Serum (FBS). Cells were analyzed 24–48 h after transfection. For stable
transfectants, transfected NIH3T3 cells were selected in media containing 2 µg/ml G418 Sulfate
(Geneticin). Colonies were sub-cloned after 2 weeks and transgene expression was confirmed
by Western blot analysis.
Protein precipitation with perchloric acid
Cells lysates were collected and Bradford protein assays (Thermo Scientific, Waltham, MA, USA)
were used to determine protein concentration. Total protein was precipitated with 6.6 M perchloric
acid added to each sample for a final concentration of 0.66 M. Samples were incubated for 20
min at -20°C and centrifuged at 4ºC at max rpm for 15 min. Pellets were rinsed with water and
centrifuged again, and resuspended in SDS buffer for SDS-PAGE.
Immunoprecipitations and western blotting
Cells were cultured in complete DMEM and, in some cases, serum starved by culturing in
DMEM/0.2% serum. Cells were rinsed 2x in PBS, and cell lysates were harvested by scraping in
lysis buffer [10 mM Tris-Cl, pH 7.5, 100 mM NaCl, 2 mM MgOAc, 0.5% Nonidet P-40, 10 µM GTP,
1 mM Na3VO4, 20 µM β-glycerophosphate, 1 mM NaF, plus a cocktail of protease inhibitors
(Roche)]. Insoluble material was removed by centrifugation. Fractions of the lysates were
separated

by

SDS-PAGE,

followed

by

Western

blotting

with

antibodies.

For

immunoprecipitations, supernatants were pre-cleared by incubation with Protein G-coupled
sepharose beads (Roche, Madison, WI, USA) for 1 h at 4°C. Cleared lysates were incubated with
2 µg of antibody suspensions for 16 h at 4°C, followed by antibody capture on protein Gsepharose beads for 1 h. Antibody-bound complexes were precipitated by centrifugation, washed
and separated by SDS-PAGE, followed by western blotting with relevant antibodies.
Raf kinase assay
NIH3T3 transfectants were maintained in serum-starved conditions and lysed as described
above, followed by Raf-1 immunoprecipitation with specific antibodies. G-sepharose beads were
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washed 2x with kinase buffer (20 mM MOPS, pH 7.2, 25 mM β-glycerophosphate, 5 mM EGTA,
1 mM Na3VO4, 1 mM dithiothreitol) before addition of kinase buffer containing 75 mM MgCl2, 0.5
mM ATP, and 0.4 µg recombinant MEK. Samples were incubated at 30ºC on a rocker. Kinase
reaction was stopped at 30 minutes by being boiled in SDS sample buffer.
Cell proliferation
Cells were seeded at 1x104 cells per well in 1% serum. Cells were collected by trypsinization and
counted at 5 hours for the initial time point, and represented as a ratio of total/initial cells for all
other indicated time points. In some cases, 20µM LY294002 or 30µM U0126 was added to the
culture medium. Cells were harvested and counted at the indicated times.
Sucrose gradient cell fractionation
NIH3T3 cells were scraped and washed with PBS (with protease inhibitors), resuspended and
lysed in 0.5 M Na2CO3 (pH 11.0) as described previously (43). Briefly, cells were passed through
a 23-gauge needle 15 times, sonicated, and centrifuged at 39,000 rpm in a SW41TI rotor in a 1045% (w/v) step sucrose gradient. Ten 950-µl fractions were collected from the top sucrose layer,
and equivalent total protein fractions were separated by SDS-PAGE and examined by western
blotting. Tumor lysates were dounce homogenized in buffer containing protease inhibitors, passed
10 times through an 18-g. needle, and processed as described above.
Cell transformation
5 x 104 cells were mixed with Noble agar such that the final agar concentration was 0.3%,
supplemented with 10% fetal bovine serum. This mixture was loaded into a 60-mm dish containing
0.6% Noble agar. Cells were fed every 4 days with 100 µl of medium containing 10% calf serum.
In some cases, either 20µM LY294002 or 30µM U0126 was added to both the top and bottom
layer of agar, and media was replaced every 4 days with media containing 10% fetal bovine serum
with the same concentration of inhibitor. After 14 days cells were fixed with 10% MeOH/10%
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acetic acid for 10 minutes. Plates were stained with 0.01% crystal violet for one hour, and colonies
were visualized after light washes.
Tumorigenicity in nude mice
Female NU(NCR)-Foxn1nu mice (Charles River, Wilmington, MA, USA) at 6 to 7 weeks of age
were divided into 5 groups of 2 animals each. Cells for allografts were harvested and suspended
in Hanks balanced salt solution (Thermo Scientific) at a density of 5x106/ml, and 200 µl of the cell
suspension was injected subcutaneously into each flank. In some cases, either 75 mg/kg
LY294002, 30 mg/kg U0126, or vehicle only was administered every 72 hours. Vehicle mice were
given 200 µL of 5% DMSO. Tumor dimensions were measured using calipers and tumor volume
was calculated using the formula Volume = long axis x short axis2 x 0.52(272). Mice were
euthanized at 20 d post-injection, and resected tumors were fixed in 4% paraformaldehyde, and
stored in PBS with 0.02% sodium azide. All animal experiments followed protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at Temple University.
Statistical analysis
Western blots and colony size/number were analyzed using imageJ software. Student’s t-test was
used for all statistical data analysis. Under 5% probability was considered significant. Results are
representative of 3 independent experiments unless indicated otherwise.

2.3 Results
The H-Ras tD is both necessary and sufficient for palmitoylated Ras/Raf interaction, Raf-1
activation, and MAPK signal propagation in cells.
We created targeting domain (tD) switch mutants between H- and R-Ras on the
constitutively active background (H-Ras(G12V), R-Ras(G38V)), in which the final 15 amino acids
were swapped (Figure 2-1), as GFP fusions at the Ras N-terminus. We confirmed the tDdependent membrane microdomain distributions of these variants by sucrose fractionation (273).
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As predicted, active H-Ras was only partially enriched in Cav-1-positive (Lo domain) fractions,
while highly enriched in dense Cav-1-negative fractions. R-Ras was enriched in Cav-1-positive
fractions, confirming that activated H-Ras targets to the Lo/Ld border while activated R-Ras is
primarily sequestered in the Lo domain. H-Ras harboring the R-Ras tD (hereafter referred to as
H-Ras-tR) was highly enriched in Cav-1-positive fractions as observed previously (17), while RRas harboring the H-Ras tD (R-Ras-tH) was minimally in Cav-1 fractions, and was highly enriched
in the dense Ld fractions (Figure 2-1). Thus, the H-Ras targeting domain (tH) and the R-Ras
targeting domain (tR) enforced isotypic lateral targeting of Ras proteins to the Lo/Ld border or Lo
domain, respectively.
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Figure 2-1. Ras targeting domain swap mutants determine plasma membrane microdomain
localization. A) Schematic representation of GFP-Ras expression constructs used in these
studies. R-Ras-tH, R-Ras(1-203)H-Ras(175–189); H-Ras-tR, H-Ras(1-174)-R-Ras(204-218);
RNex-H-Ras, R-Ras(1-26)-H-Ras(1-189). Black bar, R-Ras G domain; gray bar, H-Ras G
domain; underline, palmitoylation sites. B) NIH3T3 cells stably expressing the indicated GFP-Ras
variants were fractionated by ultracentrifugation using a step-gradient from 10-45% sucrose
followed by immunoblotting with α-GFP antibodies. α-Cav-1 was used as a lipid raft marker. All
blots representative of three independent experiments.
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R-Ras can bind Raf-1 in vitro; however, R-Ras/Raf-1 interaction and downstream
signaling has not been observed in cells (61, 62). To test whether membrane microdomain
localization was responsible for this property of R-Ras, we investigated the effect of mistargeted
H- and R-Ras on Raf interaction in cells. NIH3T3 cells stably expressing GFP-Ras variants at
similar protein levels (Figure 2-2) were lysed and subject to immunoprecipitation (IP) with GFP
antibodies. Endogenous Raf-1 co-precipitated with H-Ras but was absent from R-Ras IP
fractions, confirming that H-Ras but not R-Ras interacts with Raf-1 in these cells (62, 274). In
contrast to R-Ras, Raf-1 was enriched in GFP-R-Ras-tH precipitate fractions. Conversely, the
interaction of H-Ras with Raf-1 was abrogated with H-Ras harboring the tR (Figure 2-2). Thus,
plasma membrane microdomain localization is a critical determinant in Ras/Raf-1 interaction in
cells and the tH supports Ras/Raf-1 interaction. To address whether interaction of Ras with Raf
correlated with Raf-1 activation, we assessed Raf-1 kinase activity in serum-deprived cells
expressing Ras variants. Endogenous Raf-1 isolated (by IP) from cells expressing H-Ras and RRas-tH, but not R-Ras or H-Ras-tR, was capable of phosphorylating recombinant MEK in vitro
(Figure 2-2). Thus, the H-Ras targeting domain is both necessary and sufficient for Ras-mediated
Raf-1 recruitment to the membrane and interaction of a Ras protein with Raf-1 in cells, and this
interaction facilitates Raf-1 activation.
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Figure 2-2 H-Ras targeting domain dictates Raf-1 interaction and activation. A) NIH3T3
murine fibroblasts were transfected with GFP-tagged Ras variants as indicated, and GFP fusion
proteins were immunoprecipitated (IP) from cell lysates (Input) using specific antibodies, followed
by immunoblotting with GFP antibodies. B) Raf kinase assay. Cells were transfected as indicated
and serum-starved. Raf activity was assessed as described in Materials and Methods.
Immunoblotting of the IP fraction with a-Raf antibodies is shown in the lower panel.
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To investigate downstream signaling of the tD mutants, we assessed phosphorylation of
ERK and AKT (ppERK and pAKT, indicating MEK and PI3K activation, respectively) in serumstarved cells expressing Ras tD variants. R-Ras did not stimulate ERK phosphorylation,
consistent with previous reports (62). Conversely, H-Ras as well as R-Ras-tH stimulated
phosphorylation of ERK in serum-starved cells. H-Ras-tR yielded a marked reduction in ppERK
compared with H-Ras, although these phosphorylation events were not completely blocked
(Figure 2-3). Thus, H-Ras stimulation of ERK phosphorylation is tD-dependent. We observed
similar results in HEK293 cells transiently transfected with GFP or the GFP-Ras variants,
indicating that Ras-tD-dependent MAPK signaling is not cell type-specific (Figure 2-4). Moreover,
R-Ras, R-Ras-tH, H-Ras and H-Ras-tR each promoted robust AKT phosphorylation, regardless
of the tD, but H-Ras was a more potent activator of PI3K than R-Ras (Figure 2-3). Thus, the Ras
tH domain regulates Ras access to Raf-1 in cells, and facilitates activation of the MAPK pathway.
In contrast, both H-Ras and R-Ras can activate PI3K independent of microdomain localization.
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Figure 2-3. Ras targeting domains dictate MAPK, but not PI3K, signaling. A) Representative
blots depicting phosphorylation of ERK and AKT in Ras-expressing cells after 72 h serum
starvation. B) Quantification of ERK activation, shown as fold change in phospho-ERK: total ERK
ratios compared to GFP control (“Vector”) + s.e.m. C) Quantification of AKT activation, shown as
fold change in phospho-AKT: total AKT ratios compared to GFP control (“Vector”) + s.e.m. . *, p
< 0.05; **, p < 0.003. All blots representative of five independent experiments.
61

Figure 2-4. Ras targeting domains dictate MAPK signaling in HEK293 cells; both R-Ras and
H-Ras stimulate AKT in HEK293 cells. A) HEK293 cells were transiently transfected with GFPtagged Ras variants as indicated, and assessed for ERK and AKT activation after 72 h culture in
low serum conditions. Phospho:total ratios are shown above the respective blots as a ratio to
GFP. Representative of four independent experiments. B,C) Fold change in phospho-ERK:total
ERK or phospho-AKT:total AKT ratios compared to GFP control + s.e.m. *, p < 0.01; **, p < 0.05.
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Figure 2-5. The H-Ras tD modulates Ras-mediated proliferation in HEK293 cells. HEK293
cells were transiently transfected with the indicated Ras variants, serum-starved, and seeded in
triplicate wells at 5x104 cells/well in media with low serum. Cells were harvested and counted at
72 h. Cells were harvested and counted 5 hr after seeding for 0 hr time points. Representative of
three independent experiments. *, p < 0.001.
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The H-Ras tD is the major determinant for Ras-induced cell proliferation.

We investigated the effect of Ras targeting on cell proliferation. Cells stably expressing
the Ras chimeras were maintained in low serum conditions, and cell growth was assessed over
72 hours. These conditions resulted in inhibited cell growth and maintenance in G0/G1 in GFPand R-Ras-expressing cells, as well as H-Ras-tR cells, as evidenced by DNA staining and FACS,
whereas H-Ras and R-Ras-tH cells showed population shifts towards S/G2, suggesting induction
of mitogenesis in these cells. Each population had few dead cells, but minor effects of the Ras
variants on cell death could not be ruled out (Figure 2-6). However, any effect of Ras-induced
apoptosis would be selected against because the stable cells were made from an immortalized
cell line, and the total cell populations continued to stay in the cell cycle. To assess the ability of
the Ras variants to promote cell proliferation, Ras-expressing cells were maintained in low serum
conditions and cell population counts were monitored over time. Cell growth was significantly
retarded by low serum conditions in control cells expressing vector (GFP) alone, whereas both
H-Ras- and R-Ras-tH-expressing cells proliferated rapidly under these conditions. R-Ras and HRas-tR expression had little effect on stimulating cell growth over control (Figure 2-7). To
investigate whether these proliferation effects were cell-type specific, we monitored proliferation
of HEK293 cells in low serum, after transient transfection with Ras variants. These cells showed
similar trends in proliferation as the stably-expressing Ras NIH3T3 cells: R-Ras-tH and H-Ras
potently stimulated proliferation, whereas R-Ras and H-Ras-tR did not (Figure 2-5). Thus, H-Rastypic targeting supports Ras-induced cell proliferation, while R-Ras-typic targeting does not
support proliferation.

64

Figure 2-6. Cell cycle analysis of Ras stable cells. Cells stably expressing the GFP or indicated
GFP-Ras variants were maintained in low serum growth conditions for 72 h, then labeled with
DAPI nuclear stain. DNA copy number was assessed by fluorescence-activated cell scanning
(FACS). Populations were gated for live single cells as shown; forward scatter (FSC)/side scatter
(SSC) central panels show live cell brackets, lower panels show single cell gates. Brackets
indicate predicted cell cycle phases. The proportions of each cell population in S/G2 phases are
shown below each DAPI histogram. Representative of two independent experiments.
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Figure 2-7. The H-Ras targeting domain is necessary and sufficient for a Ras protein to
promote cell proliferation. 1x10e4 NIH3T3 mouse fibroblasts stably expressing indicated Ras
mutants were seeded in triplicate wells in media with low serum, and cells were harvested and
counted at the indicated intervals. Initial time point is 5 hours after plating. Proliferation is
represented as fold change of total cell number/initial reading. *, p < 0.01; **, p < 0.002.
Representative of five independent experiments.

Next, we addressed effector pathways important for Ras-tH-induced cell growth. Cultured
cells expressing the Ras chimeras were placed in low serum conditions in the presence of either
30 µM U0126 or 20 µM LY294002 (MEK and PI3K inhibitors, respectively) (Figure 2-9). We
confirmed that these inhibitors blocked their respective targets in these cells: LY294002 inhibited
pAKT but not ERK, and conversely, U0126 inhibited ppERK but not pAKT, in Ras cells (Figure 28). Whereas R-Ras-tH strongly promoted proliferation, we observed a marked reduction in R-RastH-driven cell growth with either LY294002 or U0126 treatment (Figure 2-9). Similarly, H-Rasinduced proliferation was drastically reduced by blockade of either PI3K or MEK, indicating that
both pathways are critical for Ras-induced cell proliferation.
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Figure 2-8. PI3K and MAPK inhibitors in Ras cells. NIH3T3 cells stably expressing the
indicated Ras variants were maintained in low serum conditions for 72 h, and the indicated
inhibitors were added at 48 h. LY294002, 20 µm; U0126, 30 µm. Cells were lysed and processed
for immunoblotting with the indicated antibodies. Representative of two independent experiments.
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In addition to the tDs, R-Ras and H-Ras are primarily distinguished by a non-conserved
26 amino acid N-terminal extended domain in R-Ras (“RNex”). To address a potential contribution
of this R-Ras domain to Ras-induced cell growth, we stably expressed a GFP-Ras fusion
harboring the RNex domain fused at the N-terminus to H-Ras(G12V) (hereafter referred to as
RNex-H-Ras) (Figure 2-1). RNex-H-Ras stable transfectants proliferated at a rate similar to HRas cells under low serum conditions, indicating that the RNex domain is not a major contributor
to Ras-induced cell growth (Figure 2-9). Thus, the Ras tD is the critical domain dictating Rasinduced cell growth, which requires both PI3K and MAPK pathway activation by Ras.

Figure 2-9. H-Ras targeting promotes cell proliferation, which is dependent on both MAPK
and PI3K signaling. 1x10e4 NIH3T3 mouse fibroblasts stably expressing indicated Ras mutants
were plated in the presence of either 20 µM LY294002 or 30 µM U0126 as indicated and counted
at 72 hrs. *, p < 0.01; **, p < 0.002. Representative of five independent experiments.
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The H-Ras tD modulates Ras-induced cell transformation.

To investigate the contributions of Ras targeting to cellular transformation, we evaluated
anchorage-independent growth by assessing colony formation of Ras stably transfected cells in
soft agar. R-Ras stable transfectants produced minimal colony formation, similar to the baseline
control. H-Ras supported formation of many large colonies, whereas H-Ras-tR expression yielded
significantly attenuated colony formation (Figure 2-10). Thus, sequestration of H-Ras in the Lo
domain attenuated but did not ablate its ability to promote cellular transformation. R-Ras-tH
stimulated colony formation, indicating a gain of function for R-Ras by fusion of the tH domain
(Figure 2-10). However, although R-Ras-tH expression yielded a modest increase in colony
formation compared to parental R-Ras, with both the number and size of the colonies greater than
those produced by R-Ras cells, the R-Ras-tH colonies were fewer in number and smaller than
those formed by H-Ras (Figure 2-10,2-11). Colony formation by RNex-H-Ras-expressing cells
was similar to that in R-Ras-tH cells, indicating that the RNex domain negatively regulates tHtargeted Ras-induced colony formation (Figure 2-10,2-11).
MEK inhibition partially inhibited colony formation in H-Ras and Ras-tH cells, but had no
effect on the already diminished colony growth by H-Ras-tR cells. In contrast, PI3K inhibition
ablated Ras-induced colony formation by H-Ras, R-Ras-tH, and H-Ras-tR cells (Figure 2-10,211). Together these data demonstrate that Lo/Ld targeting by the tH domain facilitates Rasinduced cellular transformation through both PI3K and MEK signaling, and sustained PI3K
signaling is a major determinant for Ras-driven transformation.
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Figure 2-10. The H-Ras tD modulates Ras induced cell transformation. 5x104 cells were
seeded into 0.3% agar for 14 days, and cells were fixed and imaged, and colony formation
counted as number of colonies per 2 mm grid. *, p < 0.001; **, p < 2x10-6. n.s., not significant. n
= 6.
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Figure 2-11. Effect of MAPK and PI3K signaling in H-Ras-tD-induced transformation. 5 x
104 cells were seeded into 0.3% agar for 14 days, and cells were fixed and imaged. Area of
colonies per 2 mm grid were measured using ImageJ software. Average total areas per grid are
shown + s.e.m. *, p < 0.001; **, p < 2x10-6. n.s., not significant. n = 6. The values for the histogram
are shown below in tabular form, ± s.e.m.

Roles of the targeting domains in Ras-mediated tumorigenesis and tumor progression.

The distinct effects of Ras lateral membrane distribution on MAPK signaling, cell
proliferation, and transformation in vitro suggested a critical role of Ras microdomain localization
at the plasma membrane in Ras-induced tumorigenesis. To address this possibility, we employed
a tumor allograft model in which athymic mice were injected s.c. in each flank with Ras stable
cells, and resultant tumors were resected after 20 days (275). We assessed membrane
microdomain distribution of H-Ras variants in tumor lysates ex vivo, and found that the tR shifted
H-Ras to the Lo domain, indicating that the predicted membrane microdomain distributions of
these Ras variants were upheld in the tumor cells in vivo (Figure 2-12). Cells expressing GFP
alone produced no detectable tumors in any mice (Figure 2-13, Table 2-1). R-Ras-expressing
cells produced few tumors (i.e., tumors only formed at 2 out of 13 allograft sites), and tumors that
did form were < 2 mm in diameter and appeared avascular, consistent with previous observations
with R-Ras (6, 167, 265, 276) (Figure 2-13, Table 2-1). In contrast, R-Ras-tH cells produced
tumors at 50% of injection sites, and average tumor mass in these cases was ~2.3-fold higher
than those generated by cells expressing R-Ras, indicating that fusion of the tH domain enhances
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tumorigenesis by R-Ras. However, tumors produced by R-Ras-tH cells were small – one-tenth
the size of tumors produced by H-Ras cells (Table 2-1) – suggesting a specific role for robust
PI3K activation in Ras-induced tumor progression (see Figure 2-3). H-Ras cells formed large
tumors at every injection site. RNex-H-Ras cell tumors grew at a slower rate than H-Ras cell
tumors (Figure 2-13), reflecting diminished colony formation in soft agar by the RNex fusion
(Figure 2-10), and indicating that the RNex domain negatively regulates both H-Ras-driven
transformation and tumor growth. Interestingly, H-Ras-tR cell lines formed tumors at every
injection site, all of which were significantly larger than those generated by either of the R-Ras
counterparts, and which more closely resembled H-Ras tumors (Figure 2-13, Table 2-1). This was
a surprising result, as we anticipated that tumor promotion by H-Ras-tR would be attenuated
compared with H-Ras. Thus, Ras targeting is a critical factor for Raf-1 interaction, activation,
MAPK signaling, and cell transformation in vitro as well as tumor initiation in vivo; however,
another determinant outside of the Ras targeting domain is necessary for Ras-induced in vivo
tumor progression.

Figure 2-12. Membrane microdomain localization of Ras variants ex vivo. Cells stably
expressing the indicated Ras variants were injected as a bolus allograft into the flanks of athymic
mice. After 20 days, tumors were excised, and tumor lysates were fractionated by
ultracentrifugation using a step-gradient from 10-45% sucrose. Cav-1 was used as a lipid raft
marker.
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Figure 2-13. H-Ras is tumorigenic even with the R-Ras tD. Cells stably expressing the
indicated Ras variants were injected as a bolus allograft into the flanks of athymic mice. A) Upon
detection, tumor dimensions were measured every 72 hrs for volume calculation. B) After 20 days,
tumors were excised. Average tumor mass is shown + s.e.m. *, p < 0.05. n = 10.
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To investigate signaling pathways important for Ras-driven tumorigenesis, either U0126
or LY294002 was administered i.p. every 72 hours starting at the time of seeding Ras cells, and
tumor growth was monitored using calipers. Inhibition of MEK by U0126 administration resulted
in ~70% attenuation of tumor growth by H-Ras cells, but had no effect on tumor growth by H-RastR cells. However, blockade of PI3K by administration of LY294002 substantially inhibited growth
of both H-Ras and H-Ras-tR tumors (Figure 2-13). Thus, MAPK and PI3K signaling contribute to
H-Ras-driven transformation and tumor progression, whereas PI3K activation is the major
pathway driving tumor progression by lipid raft-sequestered H-Ras, which is deficient in MAPK
signaling.
The effects of the tD swaps on Ras-induced signaling, proliferation, transformation and
tumor progression are summarized in Table 2-2. Taken together, these data indicate that Ras
membrane microdomain distribution regulates Raf pathway signaling and Ras-induced cell
proliferation, and both MAPK and PI3K pathways are important for Ras-induced proliferation and
transformation. However, Ras-induced PI3K signaling is tD-independent, and this pathway is
required to mediate H-Ras-induced tumor progression.

2.4 Discussion
The results of this study demonstrate key roles of membrane microdomain targeting of
Ras in signal transduction and stimulation of cell proliferation, transformation, and tumor
progression. H-Ras-typic targeting to the Lo/Ld border at the plasma membrane was sufficient to
support R-Ras/Raf interaction, and to facilitate activation of Raf-1 and ERK, providing a molecular
mechanism for distinct MAPK signaling by H- and R-Ras. Moreover, Ras-induced proliferation
was tD-dependent, indicating that Ras signaling from the Lo/Ld border is a critical determinant of
Ras mitogenesis, and this function required both MAPK and PI3K pathway activation. However,
PI3K activation by H-Ras was tD-independent, and H-Ras with repressed MAPK activation by Lo
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sequestration was competent to promote tumor growth comparable to H-Ras, in a PI3Kdependent manner. Together, these studies demonstrate that the targeting domain of H-Ras
supports the ability of a Ras protein to drive MAPK signaling and cell proliferation, while PI3K
activation is Ras tD-independent and is the major determinant of Ras-induced tumor progression.

Table 2-1. Summary of tumor allografts derived from Ras-tD chimera cells. Mice were
allografted with a bolus injection of cells stably expressing each Ras chimera into each flank, and
the number of solid tumors formed per allograft are shown. Masses of resected tumors are shown
± s.e.m.

Table 2-2. Summary of Ras mutants and their effects on signal transduction and cellular
outcomes in low serum, and tumorigenic efficiency in athymic mice. - = undetectable
activity, + = weak, but detectable activity, +++ = very strong activity. ND= not determined.
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Microdomain targeting of H-Ras and R-Ras was the critical determinant for Ras/Raf
interaction. Early reports established that R-Ras was capable of binding Raf-1 in vitro (61), though
later studies indicated that this interaction does not occur in vivo (62), alluding to spatial
segregation of R-Ras and Raf-1 at the plasma membrane. Indeed, mistargeting R-Ras with
swapped regions from the H-Ras HVR abrogates many of R-Ras’ unique biological responses,
including modulation of integrin activation, focal adhesion targeting, and reactive oxygen species
production, indicating a dominant role of the HVRs for functional distinctions between these
proteins (17, 59, 60, 277, 278). In the current study, H-Ras sequestered within rafts via the tR
domain did not robustly induce Raf-1 kinase activity or ERK phosphorylation, consistent with
previous observations (43, 60). The marked reduction but incomplete ablation of H-Ras-induced
MAPK signaling by the tR may reflect a scenario in which Ras-tR is enriched in Lo domains, but
is not completely sequestered from the Lo/Ld border where Raf can be accessed, which may
account for conflicting reports on whether R-Ras supports minimal ERK activation, or none (62,
279, 280). This notion is supported by sucrose gradient fractionation data which show that a small
portion of tR-targeted Ras (R-Ras or H-Ras-tR) localized to the Lo/Ld border or Ld domain. In an
earlier study, H-Ras harboring an N-terminal raft-targeting domain from Lck was shown to activate
ERK comparable to H-Ras(V12) in NIH3T3 cells (281). This discrepancy may reflect distinct
orientation of the Ras effector binding loop by membrane association with an N-terminal, as
opposed to a C-terminal tag, which could alter effector interactions (282, 283). Thus, microdomain
distribution appears to be the major determinant of Raf interaction and activation by H-Ras, and
is sufficient for a Ras protein to propagate MAPK signaling.
Distinct from MAPK signaling, PI3K activation by H-Ras was tD-independent, and these
distinctions correlated with different pathway dependencies for H-Ras-induced proliferation,
transformation, and tumor progression. Ras microdomain-dependent Raf interaction and MAPK
signaling corresponded to Ras mitogenesis, consistent with a requirement for Ras in Raf
membrane recruitment and MEK/ERK and its roles in proliferation (97, 284-287). However, PI3K
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pathway activation was also required for Ras-induced mitogenesis, indicating that both effector
pathways are important for Ras stimulation of proliferation. Unlike cell proliferation, however,
transformation by Ras reflected a much stronger dependence on PI3K signaling rather than
MAPK signaling. The RNex domain, which is not conserved and is unique to R-Ras, negatively
regulated H-Ras-driven transformation and tumor progression, demonstrating that microdomain
localization is not the only factor separating H- and R-Ras functions. In a recent study, mice
harboring Ras-binding mutations in the p110α subunit of PI3K showed diminished H-Ras-induced
AKT phosphorylation and transformation of cells ex vivo despite no reduction in ERK
phosphorylation, supporting the notion that PI3K signaling is the major pathway for Ras-induced
transformation, consistent with our results (247, 288). These mice also showed defective K-Rasdriven tumorigenesis, which may reflect K-Ras-specific mechanisms of tumor promotion (247).
Similarly, depletion of RalA, a major effector of RalGDS, diminished H-Ras-induced
transformation and inhibited tumorigenesis, although RalA depletion had no effect on cell growth
in vitro (289), underscoring that Ras-induced transformation and tumor promotion rely on distinct
pathways from Ras mitogenesis. Moreover, we found that weak MAPK signaling was sufficient to
support tumor initiation (R-Ras-tH), but not tumor progression. Ras-induced tumor progression
was supported by MAPK-deficient, PI3K-competent H-Ras-tR, but not by R-Ras-tH, which did not
activate PI3K, and Ras tumor progression was blocked in all cases by inhibition of PI3K. Together,
our data indicate that pathway activation driving Ras-induced cell proliferation does not
correspond directly to Ras-mediated tumor progression, which specifically required sustained
PI3K pathway activation by Ras. Thus, while plasma membrane microdomain localization of Ras
is critical for Ras-driven MAPK signaling and proliferation, and contributes to transformation, PI3K
activation is Ras microdomain-independent and is the major driver pathway of Ras-induced tumor
progression.
Misregulated PI3K signaling occurs frequently in human cancers (112, 290)
Overstimulation of PI3K signaling may promote resistance to clinical therapies, which has sparked
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interest to improve current therapies or find new drug targets (291-294). Notably, EGFR
mutations, which are also common in human cancers, can stimulate PI3K signaling directly by
Ras-independent pathways (295-297), which adds to the importance of misregulated PI3K
signaling in oncogenesis. Our data support the notion that PI3K activation is a dominant pathway
of Ras tumorigenesis, and is therefore an attractive target for increased efficacy in therapeutic
intervention of H-Ras- and EGFR-mutant cancers.
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CHAPTER 3

INHIBITION OF GALECTIN-1 SENSITIZES H-RAS-DRIVEN TUMOR PROGRESSION
TO RAPAMYCIN TREATMENT.

3.1 Introduction
The Ras genes most prominently associated with cancers, H-, N-, and K-Ras, are
ubiquitously expressed and have overlapping yet non-redundant functions (298). Ras proteins
cycle between an active GTP-bound and an inactive GDP-bound state. Active Ras stimulates
mitogenic and survival signal transduction by coupling to effectors including Raf kinase for
propagation of the MAPK pathway (Ras/Raf/MEK/ERK), and PI3K pathways (299). CA mutations
are highly transforming and induce tumor formation (262), and the combined set of somatic or
inherited activating Ras mutations altogether are associated with as high as ~30% of human
malignancies (263, 298).
The mTORC1 complex functions as a point of convergence from multiple signaling
networks, and aberrant signaling has been implicated in pathologies including cancer (300). The
prototypic pathway of mTOR activation is through the PI3K/Akt pathway. PI3K is a phospholipid
kinase that is activated by multiple mechanisms, such as interaction with activated Ras
oncogenes, or by directly coupling to receptor tyrosine kinase complexes. However, the mTORC1
complex is also subject to Akt-independent activation. For example, mTOR is activated by
mitogenic signaling through activation of the Ras/MEK/ERK pathway. The PI3K/Akt or
Ras/MEK/ERK pathways induce phosphorylation of distinct residues in the mTORC1 negative
regulator, TSC2, each resulting in activation of the mTORC1 complex (300).
During the life-cycle of Ras proteins, a series of lipid modifications within the C-terminal
targeting domains support anchorage of the Ras proteins to lipid bilayers such as the plasma
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membrane (PM) (266). Localization within membrane microdomains at the PM is a critical factor
in Ras signaling, and is isotype-specific. H-Ras anchors to lipid rafts, also known as the Lo
domain, while inactive (GDP bound), and is shuttled to the Lo/Ld border and forms nanoclusters
upon activation by GTP coupling, such that effector signaling by interaction with GTP-H-Ras
emanates from these sites (43).
The process which regulates this shuttle is largely unknown, though at least one scaffold
protein, Gal-1, has been identified as a critical part of this process. Gal-1 belongs to a family of
carbohydrate-binding proteins, with high affinity for β-galactosides. It has been established that
Gal-1 interacts with the farnesyl group in GTP-H-Ras, independent of lectin function. As such, the
interaction is thought to alter the orientation of the H-Ras globular domain with respect to the
plasma membrane, and thereby regulate lateral segregation of H-Ras and promote MAPK
signaling (55, 56). Thus, Galectin-1 plays a key role in maintaining H-Ras in the active state by
translocation of H-Ras to the Lo/Ld border upon GTP-loading.
We have recently found that activated H-Ras which harbors the targeting domain of RRas, a non-mitogenic paralogue (H-Ras-tR), is sequestered within the Lo domain. This
sequestration of H-Ras from the Lo/Ld border resulted in attenuated Raf/MEK/ERK activation,
while retaining PI3K signaling. Whereas Lo sequestration blocked H-Ras-induced cell
proliferation and transformation, H-Ras-tR-transformed cells were competent for tumor initiation
and progression in allograft mouse models, indicating a need for further investigation (Figure 212).
Whether Ras-driven tumor maintenance requires continued expression of mutant Ras (socalled oncogene addiction) remains unclear (301). Ras has long been a target for
pharmacological inhibition in cancer therapies. However, effective small molecule inhibitors for
direct Ras inhibition has proven to be challenging, due to difficulty in locating targetable binding
pockets on the surface. Moreover, targeting Ras by blunting post-translational events such as
farnesyl-transferase inhibitors (FTIs) showed promising initial preclinical results, but ultimately led
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to poor clinical significance (302). This has prompted efforts at targeting Ras effectors, most
notably in either the Raf/MEK/ERK or PI3K/Akt/mTOR pathways. MAPK-based inhibitors have
encountered obstacles in reducing tumor burden, either as a result of paradoxical feedback loops
which increase signaling such as the case of the B-Raf inhibitor, vemurafenib, or innate/acquired
resistance (303). A number of inhibitors targeting the PI3K/Akt/mTOR axis have been under
evaluation, with varying efficiency. Collectively, monotherapies have shown suboptimal efficacy,
which has led to recent efforts at combination therapies targeting both the MAPK and PI3K
pathways. Herein, we investigated disrupting the Lo/Ld border plasma membrane microdomain
localization of H-Ras through Gal-1 inhibition using OTX008, in combination with Rapamycin - a
potent mTOR inhibitor - as a novel approach to combat H-Ras-driven tumorigenesis.

3.2 Materials and methods
Antibodies, reagents and cDNAs
Anti-pp44/42 MAPK (ERK T202/Y204), and pS6 (240/244) antibodies were from Cell Signaling
Technology (Danvers, MA, USA). Cav-1 antibody was from BD Biosciences (Franklin Lakes, NJ,
USA). Fluorophore-conjugated secondary antibodies were from LI-COR Biosciences (Lincoln,
NE, USA). LY 294002 was from LC laboratories (Woburn, MA, USA). Rapamycin was from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). OTX008 was from Axon Medchem (Groningen,
Netherlands). U0126 was from Alfa Aesar (Ward Hill, MA, USA). Prolong Gold antifade mounting
reagent was from Life Technologies (Carlsbad, CA, USA). GFP-Ras constructs were made as
described in (35). GFP-H-Ras G12V was a gift from K. Svoboda (Addgene plasmid 18666).
Cell culture
Stable Ras transfectants were generated as previously described on a NIH3T3 fibroblast
background (Chapter 2). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Cellgro) supplemented with 10% Bovine Calf Serum (BCS), 4 mM L-glutamine, 4500 mg/ml
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glucose, 50 U/ml penicillin, 50 µg/ml streptomycin sulfate and 1% nonessential amino acids
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C in 5% CO2.
Western blotting
In some cases cells were serum starved by culturing in DMEM/0.2% serum for 72 hrs. Cells were
rinsed 2x in PBS, and cell lysates were harvested by scraping in lysis buffer [10 mM Tris-Cl, pH
7.5, 100 mM NaCl, 2 mM MgOAc, 0.5% Nonidet P-40, 10 µM GTP, 1 mM Na3VO4, 20 µM βglycerophosphate, 1 mM NaF, plus a cocktail of protease inhibitors (Roche). Insoluble material
was removed by centrifugation. Fractions of the lysates were separated by SDS-PAGE, followed
by Western blotting with antibodies.
Tumorigenicity in nude mice
Female NU(NCR)-Foxn1nu mice were from Charles River (Wilmington, MA, USA) at 6 to 7 weeks
of age. Cells for allografts were harvested and suspended in Hanks balanced salt solution
(Thermo Scientific) at a density of 5x106/ml, and 200 µl of the cell suspension was injected
subcutaneously into each flank. In some cases, either 5 mg/kg Rapamycin, 5 mg/kg OTX008, or
vehicle alone was administered (Rapamycin every 24 hours, OTX008 every 48 hours). Vehicle
mice were given 200 µL of vehicle (5% PEG 400, 5% Tween-80 in aqueous solution) daily. Tumor
dimensions were measured using calipers and tumor volume was calculated using the formula
Volume = long axis x short axis2 x 0.52(272). Mice were euthanized at 20 d post-injection, and
resected tumors were fixed in 4% paraformaldehyde, and stored in PBS with 0.02% sodium azide
for IHC or flash frozen for sucrose gradient cell fractionation. All animal experiments followed
protocols approved by the Institutional Animal Care and Use Committee (IACUC) at Temple
University.
Sucrose gradient cell fractionation
Resected tumors were dounce homogenized, suspended in 0.5 M Na2CO3 (pH 11.0, with
protease inhibitors), and fractionated as described (43). Briefly, cells were passed 15 times
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through a 23-gauge needle, sonicated, and centrifuged at 39,000x rpm in a SW41TI rotor in a 1045% (w/v) step sucrose gradient. Fractions were collected from the top sucrose layer, and
equivalent total protein fractions were separated by SDS-PAGE and examined by western
blotting.
Immunohistochemistry
Primary tumors from 6-8-week-old athymic nude mice were harvested, fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned into 5 µm horizontal sections. Sections
were dried 2-4 hours in a 60°C oven after collection onto charged slides. Sections were
rehydrated through graded ethanol to ddH2O. Sections were rinsed in ddH2O, and then incubated
with 0.4% pepsin for 20 min at 37ºC. Primary antibodies were added at a dilution of 1:200 in the
blocking serum overnight at 4ºC. Fluorescent-stained sections were washed with TBS, and then
incubated with DAPI, mounted under coverslips with Prolong Gold, and observed using a NikonEclipse E800 epifluorescent microscope (20x objective lens; n.a. = 0.75) connected to a Q
Imaging RETIGA EXi camera.

3.3 Results
Both the MAPK and PI3K pathways regulate mTORC1 signaling. We considered whether
mTORC1 pathways represented a point of convergence for H-Ras signaling. We examined
phosphorylation of the mTORC1 substrate, S6 kinase, in cells transformed with H-Ras or Losequestered H-Ras-tR. H-Ras induced robust S6 phosphorylation (pS6) at Serine 240/244 in cells
maintained in low serum growth conditions, and addition of the PI3K inhibitor, LY294002, ablated
H-Ras-induced pS6, as expected. However, treatment of H-Ras cells with the MEK inhibitor,
U0126, also diminished pS6. Interestingly, H-Ras-tR cells, in which H-Ras-induced ERK
phosphorylation is inhibited (Figure 2-3), also showed attenuated pS6 in low serum, comparable
to H-Ras expressing cells treated with U0126 (Figure 3-1). Thus, H-Ras Lo sequestration and
inhibition of MEK blocks H-Ras-induced mTORC1 signaling.
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Figure 3-1. H-Ras-tR attenuates mTORC1 signaling, and sensitizes tumors to mTOR
inhibition. A) Cells transformed with the indicated GFP-H-Ras variants were serum-starved and
treated with either vehicle (DMSO) or the indicated drug overnight, (20 µM LY294002 or 30 µM
U0126) prior to lysis and western blotting. Western blot antibodies were against pS6 (240/244),
and Cav-1 (total). B) Cells stably expressing the indicated Ras variants were injected as a bolus
allograft into the flanks of athymic mice. Upon detection, tumor dimensions were measured every
24 hrs for volume calculation. Rapamycin was administered at 5 mg/kg daily starting at day 1.
Results are shown as means ± s.e.m. *, p < 0.05; **, p < 0.02. n = 2.
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Due to diminished basal mTORC1 signaling in H-Ras-tR cells, we considered whether
tumor growth by these cells would be sensitized to treatment with an mTOR inhibitor. We
employed a tumor allograft model in which athymic mice were injected s.c. in each flank with a
bolus of cells expressing either a GFP-H-Ras variant or with GFP vector control. GFP cells
produced no detectable tumors. Beginning at day 1, mice were treated with either mTOR inhibitor
Rapamycin or with vehicle, and upon initial detection, tumor volumes were measured daily using
calipers. H-Ras and H-Ras-tR cells each supported robust tumor growth, as we have observed
previously (Figure 3-1). Rapamycin treatment resulted in attenuated tumor growth with H-Rastransformed allografts compared with vehicle control; however, H-Ras-tR-driven tumors were
more sensitive to Rapamycin treatment, with minimal tumor growth over the 20 d experimental
time frame (Figure 3-1). Resected tumors were fixed, sectioned and stained by IHC, which
confirmed inhibition of pS6 in H-Ras tumor cells with Rapamycin treatment. pS6 was diminished
in H-Ras-tR tumors compared with H-Ras, similar to effects in serum-starved cells (Figure 3-2).
To address the effect of Rapamycin treatment on H-Ras/MAPK signaling, we assessed
phosphorylation of ERK (ppERK) in H-Ras cell tumors by IHC. Surprisingly, we observed a
marked reduction in ppERK in H-Ras cell tumors from mice subjected to Rapamycin treatment.
However, Rapamycin treatment had no effect on the already limited ppERK in H-Ras-tR cell
tumors (Figure 3-3). Thus, genetically enforced Lo sequestration attenuates H-Ras-induced
mTORC1 signaling, and sensitizes H-Ras-driven tumors to Rapamycin treatment.
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Figure 3-2. Rapamycin treatment ablates H-Ras-tR induced ERK and S6 phosphorylation.
Representative images of H-Ras and H-Ras-tR tumor sections. Tumors from mice treated with
either vehicle or Rapamycin were resected, and subjected to IHC with the indicated antibodies.
DAPI images were taken from the same section as ppERK, to indicate cell densities.
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We considered whether pharmacological inhibition of Gal-1 would alter H-Ras PM
membrane microdomain localization, and thereby disrupt oncogenic H-Ras signaling in a manner
similar to genetic modulation of the H-Ras targeting domain (i.e., H-Ras-tR). To address this, we
utilized OTX008, a small molecule inhibitor of Gal-1, which has been demonstrated as an anticancer agent (304, 305). We assessed membrane microdomain distribution of H-Ras in resected
tumors from mice given an allograft of GFP-H-Ras cells with either OTX008 or vehicle, and found
that OTX008 treatment resulted in enrichment of H-Ras in Lo domains similar to H-Ras-tR, as
indicated by co-sedimentation with Lo marker Cav-1 (Figure 3-4).
To investigate a more translational approach, we assessed the effects of combined
treatment using mTOR inhibitor Rapamycin, with Gal-1 inhibitor OTX008, on H-Ras-induced
tumor growth. We observed a marked inhibition of tumor growth with either treatment individually
(Figure 3-5). However, delivery of both inhibitors provided an additive effect on limiting tumor
volume, resulting in nearly undetectable tumor growth by H-Ras-transformed cells (Figure 3-5).
This striking result indicates that these inhibitors target independent H-Ras oncogenic pathways,
and that combined mTOR/Gal-1 inhibition results in cytostasis of H-Ras-driven tumor cells.
Staining from resected tumors verified that Rapamycin inhibited mTORC1 signaling, and OTX008
inhibited ppERK, in H-Ras tumors. Interestingly, Rapamycin treatment also attenuated ERK
phosphorylation in H-Ras tumors, and this ERK inhibitory effect was enhanced by combination
with OTX008 treatment (Figure 3-6). Similar to H-Ras-tR, H-Ras-driven tumors treated with
OTX008 had attenuated mTORC1 signaling as indicated by pS6 (Figure 3-6). Thus, OTX008
treatment results in sequestration of GTP-H-Ras within the Lo domain, inhibition of MAPK
signaling, and sensitizes tumors driven by CA H-Ras to Rapamycin. The effects of Ras variants
and drug treatments are summarized in Table 3-1, and illustrated in Figure 3-7. Together, these
findings support a novel strategy to combat H-Ras-driven tumor progression, by combinatorial
therapy with clinically viable pharmacological inhibitors.
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Figure 3-3. Quantification of ERK and S6 phosphorylation after treatment with Rapamycin.
Average mean fluorescence intensities of images as in (Figure 3-2). Mean grey values in
unaltered images were calculated using ImageJ software. n.s. = not significant; *, p < 0.05. n = 6.
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Figure 3-4. Galectin-1 inhibitor, OTX008, enriches active H-Ras within lipid rafts. Cells stably
expressing the indicated Ras variants were injected as a bolus allograft into the flanks of athymic
mice receiving either A) vehicle or B) OTX008. After 20 days, tumors were excised, and tumor
lysates were fractionated by ultracentrifugation using a step-gradient from 10-45% sucrose. Cav1 was used as a lipid raft marker.
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Figure 3-5. Rapamycin and OTX008 combinatorial treatment yields additive anti-tumor
effects in H-Ras-driven tumors. Tumors were seeded in mice and subject to drug treatments
as described in Materials and Methods, and tumor volumes were measured daily. Results are
shown as means ± s.e.m. n.s. = not significant; *, p < 0.05; **, p < 0.01. n = 6.
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Figure 3-6. Quantification of ERK and S6 phosphorylation after treatment with OTX008,
Rapamycin, or both combined. H-Ras transformed cells were seeded in mice and subject to
drug treatments as indicated. After resection tumors were fixed and subject to IHC. Histograms
representing quantification of staining intensities of A) pS6 or B) ppERK. *, p < 10-5.
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Figure 3-7. Schematic of Ras signaling and tumorigenesis in response to inhibition of
Galectin-1 and mTOR. Galectin-1 inhibition using OTX008 results in H-Ras mistargeting to the
PM and disruption of MAPK signaling. Rapamycin treatment potently reduces mTOR signaling,
and tumor progression. Combinatorial use of these inhibitors results in an additive effect over
either monotherapy.
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Table 3-1. Summary of Ras mutants and effects of anticancer therapeutics on signal
transduction and tumorigenic efficiency in athymic mice.
- = undetectable activity, +/- = very weak, but detectable activity, += weak activity, +++ = very
strong activity.

3.4 Discussion
The results of this study support a novel therapeutic design to combat solid tumor
progression in H-Ras-driven oncogenesis. Whereas Rapamycin treatment attenuated H-Rasdriven tumor growth, genetic sequestration of H-Ras in lipid rafts sensitized H-Ras tumor cells to
Rapamycin. Treatment with Gal-1 inhibitor OTX008 in H-Ras cell tumor-bearing mice
recapitulated the mistargeting effect of H-Ras genetic mutant, H-Ras-tR. Previous studies have
shown that OTX008 treatment reduced proliferation and invasion of cancer cells in culture (304),
and our data support this notion specifically by inhibition of H-Ras-driven tumor growth in vivo.
Moreover, combinatorial treatment with Rapamycin and OTX008 ablated H-Ras-driven tumor
progression, thus yielding an additive effect over either monotherapy, and providing a potential
clinically viable approach to treat mutant H-Ras cancers through previously uncharacterized
means.
The scaffold function of Gal-1 supports retention of GTP-H-Ras at the Lo/Ld border
through mechanisms that are incompletely understood. Ectopic expression of Gal-1 has been
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demonstrated to divert Ras signaling to the Raf/MEK/ERK effector pathway, at the expense of
PI3K (306). Our data support this finding, as Gal-1 inhibition by OTX008 treatment attenuated
ERK activation in H-Ras tumors. This effect may be attributed to the inability of lipid raftsequestered H-Ras to recruit and activate Raf-1 kinase, similar to effects of the genetic mutant
H-Ras-tR (Figure 2-2). Genetically sequestering H-Ras within the Lo domain reduced S6
phosphorylation, which was not observed in OTX008 treatment. While OTX008 treatment
enriched H-Ras-Cav-1 positive fractions, it is unexpected that Cav-1-positive fractions
consistently spun at higher sucrose densities (Figure 3-4). Moreover, tumors from mice treated
with OTX008 or tumor cells in vitro consistently formed two distinct fractions which were Cav-1
positive. This suggests Gal-1 inhibition may disrupt proper PM assembly, or affect lipid raft
turnover. These observations suggest additional properties of OTX008 treatment, which need to
be further explored. Thus, Gal-1 inhibition blocks H-Ras-induced ERK activation, potentially by
destabilizing H-Ras-GTP retention at the Lo/Ld border where Raf is recruited.
Development of anti-Ras therapeutic agents has turned towards targeting elements
downstream of Ras, mainly either the PI3K or MAPK pathways (301, 302, 307). While several
such approaches have been moderately effective, recent efforts have focused on preclinical
evaluation of combination therapies. The present study demonstrates that Gal-1 inhibition
sensitizes H-Ras mutant tumors to Rapamycin. Our results further indicate that H-Ras oncogenic
signaling may reflect bidirectional cross-talk between the PI3K/mTOR and the Raf/MEK/ERK
pathways, and that dual inhibition may ablate tumor progression by synergistic blockade of these
survival and proliferation pathways. Inhibition of Gal-1 using OTX008 is currently under clinical
evaluation, and our data support its function as a therapeutic which may reduce progression of
mutant H-Ras-driven solid tumors. Moreover, preclinical and clinical trials support using mTOR
inhibitors to combat Ras- propagated cancer (272, 308). The present study demonstrates the use
of combining two clinically viable small molecule inhibitors as a putative strategy for inhibiting
mutant H-Ras-driven tumor progression.
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CHAPTER 4
RAS REGULATION OF ANGIOGENESIS IS INDEPENDENT OF PLASMA
MEMBRANE MICRODOMAIN LOCALIZATION

4.1 Introduction
Related-Ras 1 (R-Ras) is a highly conserved Ras paralogue with limited mitogenic
signaling properties relative to the proto-oncogenic paralogues. R-Ras signaling pathways
studied to date have been associated with cell motility, survival and vascular quiescence, distinct
from other Ras paralogues (4, 5). CA R-Ras weakly transforms select cell lines, and activating
mutations are not prominent in human malignancies, despite conservation in sequence and
structure in the effector-binding domains (6, 265).
In Chapter 2 it is established that the C-terminal tD of H-Ras dictates Raf-1 interaction and
propagation of the MAPK. Despite differences in MAPK signaling, facilitation of PI3K is
independent of PM microdomain localization (Figure 2-3). While R-Ras promotes PI3K (observed
through phosphorylation of AKT), H-Ras induces PI3K much more substantially (p<0.05).
Moreover, there is a well-established link between misregulated PI3K and mTOR signaling in
pathologies including cancer, which promotes tumor growth and angiogenesis (309-312).
Ras targeting with the -tH domain was critical for MAPK signaling and cell transformation
in vitro; however, the tumor allograft model showed a Ras targeting-independent effect on tumor
progression in vivo. These observations seemed paradoxical, as colony formation in soft agar
typically predicts tumorigenesis in vivo. Tumors that were produced by the R-Ras-tH cell line were
avascular, and did not grow larger than 2 mm in diameter (Figure 2-12). We found that this antiangiogenic, growth-inhibited effect of R-Ras-tH was dominant during tumor progression, as RRas-tH cell-derived tumors resected 50 days after allograft seeding still showed minimal
neovascularization and low tumor mass (results not shown). These results suggested that the
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anti-angiogenic effects of R-Ras signaling (191) may play a dominant role in Ras-mediated tumor
progression, such that tD-dependent Ras transformation is insufficient to support robust tumor
growth in the case of R-Ras suppression of angiogenesis. Conversely, we hypothesized that rapid
tumor growth and potent tumor neovascularization by H-Ras-tR cells may reflect H-Ras
stimulation of angiogenesis (313, 314), which may overcome limited tumorigenic capacity of the
allograft cells supported by the -tR.

4.2 Materials and methods
Antibodies, reagents and cDNAs
Proteome Angiogenesis Array Kit (ARY015) was from R&D systems (Minneapolis, MN, USA).
Fluorophore-conjugated secondary antibodies were from LI-COR Biosciences (Lincoln, NE,
USA). GFP-R-Ras constructs were made as described in (35). GFP-H-Ras G12V was a gift from
K. Svoboda (Addgene plasmid 18666). GFP-H-Ras (1-174)G12V- R-Ras (204-218) was
generated from GFP-H-RasG12V by PCR.
Cell culture and transfection
Bovine aortic endothelial cells (BAECs) and NIH3T3 cells were obtained from American Type
Culture Collection (Manassas, VA, USA). NIH3T3 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Cellgro) supplemented with 10% Bovine Calf Serum (BCS), 4 mM Lglutamine, 4500 mg/ml glucose, 50 U/ml penicillin, 50 µg/ml streptomycin sulfate and 1%
nonessential amino acids (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in 5% CO2. BAECs were
maintained in endothelial cell growth medium (DMEM/F, Cellgro, Manassas, VA, USA)
supplemented with 20% FBS, 5% microvascular growth supplement, 50 U/ml penicillin, and 50
µg/ml streptomycin sulfate in a humidified, 5% CO2 atmosphere at 37°C.
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Conditioned medium production and cell growth
Cells were cultured in DMEM consisting of serum-free medium (SH30243.02, HyClone)
supplemented with 10 ng/ml recombinant epidermal (rEGF) (Millipore, Billerica, MA, USA), and
10 µg/ml human plasma fibronectin (Millipore), but without serum, for 48 h before culture medium
was collected and processed. All media were filtered through a 0.2 µm borosilicate filter and
stored at -80°C prior to being thawed and used.
In vitro cord formation
A total of 1400 µl of growth factor-reduced Matrigel (BD, Franklin Lakes, NJ, USA) was added to
each well of a 24-well tissue culture plate, and the plates were incubated at 37°C for 30 min to
solidify the gel. BAECs were seeded at 1x105/well in 1 ml of conditioned medium. After 6 and 24
h, the center of each well was imaged using an E300 microscope.
Antibody Array
Conditioned media was placed on nitrocellulose membrane containing captured antibodies
according to manufacturer’s instructions. After appropriate wash steps strepavidin conjugated
Alexa Fluor-680 was used to detect antibody cocktail. The array data were normalized to the
background and quantified by measuring the sum of the intensities of the pixels within the spot
boundary pixel area using image analysis software (ImageJ).

4.3 Results
We hypothesized that expression of R-Ras or H-Ras in tumor cells may affect tumor
neovascularization by modulating the Ras cell secretome, and thereby regulate the
transactivation of vascular endothelial cells necessary for angiogenesis, independent of effects of
Ras membrane targeting on tumor cell growth and transformation. To investigate this possibility,
we collected conditioned medium from the Ras chimeric stable cell lines cultured in minimal
media, and tested the angiogenic effects of the Ras cell secretome on bovine aortic endothelial
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cells (BAECs) seeded on Matrigel in vitro, by assessing the stimulation of cord formation by the
BAECs in the presence of Ras cell conditioned media. After adding the Ras cell conditioned media
to BAECs, a marked difference of effects on BAEC cord formation was evident within 6 hours
(Figure 4-1). R-Ras or R-Ras-tH conditioned media showed minimal endothelial transactivation
of BAECs, as relatively few cords formed by 6 h, and this effect persisted up to 24 h. These data
indicate that R-Ras either did not promote pro-angiogenic factors, or induced anti-angiogenic
signaling even with the tH. Conversely, conditioned media derived from either H-Ras or H-RastR cells induced robust cord formation by BAECs as early as 6 h, persisting up to 24 h (Figure 41). Thus, the secretome from H-Ras expressing cells potently induces transactivation of
endothelial cells, while R-Ras expressing cells do not induce endothelial cell transactivation, and
this effect is independent of Ras microdomain localization. Together, these data indicate that
while Ras targeting plays a role in cellular transformation and tumorigenesis, subsequent tumor
progression requiring neovascularization is influenced by the Ras-typic backbone independent of
the targeting domain, and is supported by H-Ras but suppressed by R-Ras.
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Figure 4-1. H- and R-Ras angiogenic paracrine signaling is independent of microdomain
localization. Conditioned media was collected from cells stably expressing the indicated Ras
chimeras. 1 x 105 bovine aortic endothelial cells (BAECs) were plated on growth factor-reduced
Matrigel solid matrices in a 24-well dish, in 1 mL conditioned media as indicated. Endothelial
branching and cord formation were imaged at 6 and 24 hours. A) Representative images from 3
independent experiments. B) Branch number per field + s.e.m.
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Figure 4-2. Angiogenesis array of H-Ras and R-Ras cell secretome. Conditioned media was
collected from cells stably expressing the indicated Ras chimeras. A) Quantification of relative
protein levels. Pixel density was normalized to background signal. All factors with positive result
(>0) shown. B) To reduce background signal, filter applied. Everything <10% of the maximum
value considered background. Below dotted line indicates background.

To address what factors are secreted from either R- or H-Ras expressing cells we used a
non-biased antibody array to detect pro- or anti-angiogenic factors in conditioned medium derived
from stable Ras transfectants (Figure 4-2). The mouse proteome profiler array was capable of
detecting relative levels of 53 different angiogenesis-related proteins, including both angiogenic
and anti-angiogenic factors. Conditioned media derived from H-Ras expressing cells contained
trace amounts of 62% of the tested conditions, while R-Ras derived media contained less than
34% (Figure 4-2). To minimize the background noise we applied a filter whereas everything below
10% of the maximum value was ignored. Strikingly, a multitude of factors emerged as vastly
different within the secretome of H-Ras and R-Ras. Notably, H-Ras had >2.5-fold increase of
MMP9. Moreover, the H-Ras secretome had at least 5 proangiogenic factors that were absent (or
considered background) in the R-Ras secretome including; VEGF-B, NOV (CCN3), MMP3,
Coagulation Factor III Tissue Factor, and Amphiregulin (Figure 4-2).

4.4 Discussion
The results of this chapter demonstrate modularity in Ras-typic signaling, by which the
Ras tD determines mitogenic signaling driving transformation (Chapter 2), whereas the Ras
globular domain determines angiogenic function by the Ras cell secretome, which is a critical
factor for tumor progression. In chapter 2, the presented data shows H-Ras-typic targeting to the
Lo/Ld border at the plasma membrane was sufficient to support R-Ras/Raf interaction, and Raf101

1, MEK and ERK activation in cells, providing a molecular mechanism for distinct signaling by Hand R-Ras. However, allograft tumor growth studies revealed distinct properties contributing to
Ras-induced tumor progression. In chapter 2, we demonstrated the Ras globular domain has no
effect on PI3K signaling, and here we denote a tD-independent role in propagating angiogenic
paracrine signaling, which may account for tD-independent effects on tumor progression. Thus,
the unique targeting domain of H-Ras supports the ability of a Ras protein to drive MAPK signaling
and cellular effects including proliferation and transformation in vitro, while Ras-induced tumor
progression

requires

targeting

domain-independent

paracrine

signaling

to

induce

neovascularization.
There is increasing evidence that tumor cells communicate with non-transformed host
cells. Solid tumor growth can be separated into two stages, avascular and vascular. In the
initiation stage, solid tumors are capable of receiving the proper supply of nutrients to allow growth
through simple diffusion. As tumors progress, growth larger than only a few millimeters require
more nutrients then what can be supplied through diffusion. Thereafter, tumor cells capable of
recruiting host endothelium to stimulate new capillaries provides an essential step for tumor
vascularization and propagation. R-Ras-tH expressing cells produced a higher frequency of sizelimited tumors per allograft compared to parental R-Ras (Table 2-1). Taken together, this
suggests that Lo/Ld targeted R-Ras is competent in initiating a solid tumor, while being unable to
support subsequent neovascularization and tumor propagation. In agreement with our findings,
R-Ras has been reported to negatively regulate vessel integrity of tumor vascularization, while
promoting vascular cell quiescence (191, 192). However, our findings further describe a
deficiency of R-Ras in supporting angiogenic signaling not only in the endothelium, but also
through paracrine signaling from R-Ras-transformed cells. Therefore, while mislocalized R-Ras
was capable of driving cell growth and transformation, the size-limited tumors are likely due to the
inherent anti-angiogenic nature of R-Ras signaling.
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Given our observations, we speculated that H-Ras was capable of inducing highly
vascularized tumors, despite the limited signaling through the MAPK pathway, due to a robust
ability to communicate with the surrounding host cells. H-Ras has previously been demonstrated
to stimulate tumor angiogenesis, and here we report that H-Ras-induced paracrine angiogenesis
signaling was independent of plasma membrane microlocalization (313, 315). Thus, while lipid
raft-targeted H-Ras does not promote cell growth or transformation, H-Ras signaling can
sufficiently induce large and highly vascularized solid tumors in our allograft model, suggesting
that pro-angiogenic signaling is a primary determinant in tumor formation which is independent of
microdomain localization. An unbiased screen showed an abundance of angiogenic markers in
the H-Ras secretome. Proangiogenic and pro-survival signals from factors such as amphiregulin
and VEGF-B are likely critical to aid the robust tumor formation described in chapters 2 and 3.
The R-Ras secretome is devoid of these factors, implying tumor cells effect on the host endothelial
cells are paramount to facilitate the proper tumor microenvironment (316, 317).
The termed ‘angiogenic switch’ from H-Ras-transformed cells has been shown previously
to not signal through Raf-1/MAPK signaling. Instead, H-Ras-driven induction of VEGF has been
shown to be modulated by a phosphatidylinositol 3-kinase (PI3K) signaling pathway (318-320).
Production of a variety of other growth factors have also been implicated in H-Ras transformed
cells lines, including FGF, TGFα, TGFβ, and IGF-1 (321-324). As such, our reported effects of
endothelial cell transactivation further support H-Ras-dependent signaling can propagate proangiogenic signaling, which we observed was independent of microdomain localization.
Furthermore, our screen for cognate angiogenic factors was not exhaustive, and would require
further exploration to deduce biological significance of our findings.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

Human cancer is a complex and multi-step process. Each patient bearing a solid tumor
may present malignant growths from different places within the body, which have arisen from
different oncogene/tumor suppressors. True understanding of the processes driving this
uncontrolled growth is paramount to successfully treating patients. Decades of research have
formulated novel approaches and therapeutics to battle tumorigenesis seen in clinics today.
Research into the basic science behind oncogenesis and tumor propagation is a critical step in
advancement of new discoveries in prediction, prevention, diagnosis, and treatments at the
clinical level.
Herein, this body of text reveals a missing link in Ras-driven tumorigenesis. A plethora of
information has become available over the past decade showing the regulatory processes
regarding proper PM localization of Ras for proper signaling/function. Coincidentally, a closely
related paralogue of oncogenic Ras exists (R-Ras), which drives cytoskeleton rearrangement and
cell motility rather than cell cycle progression. This presents a unique model system in which we
can assess the function of Ras-driven proliferation. In 2001, John Hancock and colleagues were
the first to describe that Ras isotypes target to distinct places at the plasma membrane, which
was an initial step in revealing further complexities in Ras-driven cancer.
Despite an immense number of studies focusing on Ras signaling from the plasma
membrane, there is an incomplete body of knowledge. The overall goal of this study was to further
characterize the alterations in signaling, cellular effects, and tumor microenvironment following
somatic mutations in Ras.
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In chapter 2 we characterize a large distinction in downstream signaling and in vitro
transformation due to a spatial separation with at least one major effector of canonical Ras. The
initial hypothesis, that the lateral membrane distributions of H-Ras and R-Ras are primary drivers
of their distinct mitogenic and oncogenic properties, proved to be a more complex question then
initially anticipated. In agreement with current literature, Ras signaling and function is a
culmination of its ability to drive multiple pathways. Moreover, these pathways regulate a multitude
of transcription factors and more indirect or downstream effects. In chapter 4 we outline some
groundwork into the differences in tumor cell secretions and tumor cell/host endothelium
interactions.
So how can this body of knowledge help treat patients with Ras-driven cancer? Currently,
the most advantageous targeted therapies for Ras positive tumors are to treat with a cocktail of
therapeutics, namely targeting EGFR or VEGF. However effective the treatment may initially be,
it is common to develop an acquired resistance or secondary mutations which requires alternative
strategies. Preclinical data largely supports positive results using a cocktail of PI3K and MAPK
inhibitors, and a large number of inhibitors are currently in clinical trials. In chapter 3 we outline a
novel rationale and series of preclinical experiments to support an alternative strategy in H-Rasdriven tumors using clinically viable and commercially available therapeutics. The success seen
in our model system warrants further analysis as to whether this would be advantageous to
individuals which have developed resistance to the common targeted therapies.

Implications and future directions

Future efforts will serve to fill in many of the questions left unanswered from the presented
work. These include an in depth analysis of the Ras cell secretome and effect on the tumor
microenvironment. Our initial studies imply either a deficiency in proangiogenic factors, or
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abundance of anti-angiogenic factors would be released from R-Ras (and R-Ras-tH). Indeed,
neither was capable to induce endothelial cells to form cords in vitro, supporting this hypothesis.
Though an unbiased screen looking at 53 pro/anti-angiogenic factors presented no clear answer
to this question. Further, the major contributing factors which were identified for R-Ras and H-Ras
should be validated through different means, such as western blotting or ELISA. It would
strengthen the claims of ‘microdomain independent paracrine signaling’ to compare the releasate
of the R-Ras-tH and H-Ras-tR mutants to their parental Ras counterpart. Importantly, the
functional assay demonstrating cord formation strongly supports that the Ras paracrine signaling
profile is microdomain independent, though this remains to be directly tested. Furthermore, after
the angiogenesis array data is validated, it may present additional strategies to make the tumor
microenvironment unfavorable for further growth. For example, if VEGF-B secretion is
upregulated would the H-Ras tumors be larger? If VEGF-B were eliminated either genetically or
pharmacologically would it reduce or eliminate tumor formation? Moreover, if R-Ras expressing
cells were to secrete VEGF-B would it be capable of forming a tumor? Since we observed such
little growth potentiation and transformation in R-Ras cells, one may hypothesize an increase in
proangiogenic factors would have little or no effect. However, since R-Ras-tH cells displayed vast
potentiation of proliferation and transformation, and an increase in size-limited tumors, it is easy
to speculate that enforcing a proangiogenic factor may induce robust tumor formation.
One important caveat to the data generated for this dissertation is the use of
overexpression systems. We have demonstrated the protein levels to be equal between our stable
cell lines (Figure 2-2), and have diligently monitored the GFP over time to assure consistency in
results. Despite this, it is unclear exactly how much fold-difference each Ras chimera is being
expressed over endogenous H- or R-Ras. Moreover, with each chimera being highly expressed
and harboring activation mutations, it should be considered whether the PM is being overwhelmed
by Ras. Additionally, while substantial evidence exists showing Ras signaling predominately

106

emanates from the PM, it is possible that the Ras mutants could effectively signal on intracellular
vesicles while cycling between the Golgi and the PM.
Future studies should also include further mechanistic insight into the combination of
mTOR/Galectin-1 inhibition. Sucrose density fractionation supports inhibition of Gal-1 to
effectively mimic the H-Ras-tR genetic model presented. Interestingly, Gal-1 was shown to bind
H-Ras independent of its lectin function, so it is curious that inhibiting enzymatic function appears
to produce the predicted outcome. Moreover, it would strengthen the general mechanism to
demonstrate whether OTX008 treatment abrogates the H-Ras/Raf-1 interaction. In addition,
further characterization of OTX008 treatment on the plasma membrane should be explored. In
both extracted tumor lysates, and cell lines in vitro we observed two populations of Cav-1
containing fractions, and that the Cav-1 containing fractions were consistently in lighter density
fractions. This may imply loss of Gal-1 results in a destabilizing effect on PM microdomains. The
most straightforward experimental design would be to use additional lipid raft markers, as this
may present an unforeseen artifact of the inhibitor used. However, if PM microdomains are
destabilized, what effect would this have on other signaling? Would this present an
insurmountable obstacle for therapeutic use?
One of the largest considerations of this study is clinical relevance, in that H-Ras mutations
are considerably fewer than the other canonical Ras proteins N-Ras or K-Ras. However, K-Ras
positive tumors may still benefit from our therapeutic paradigm. Whereas H-Ras is localized to
the PM with Gal-1, K-Ras anchorage is supported by the Gal-3 scaffold. This suggests that
inhibition of Gal-3 and mTOR may mimic our H-Ras results. Scaffold proteins that specifically bind
N-Ras, and PM localization remain controversial, so implications in targeted therapies with the
mutated N-Ras isotype are currently less obvious. However, it is likely that an analogous
scaffolding protein which localizes N-Ras to the PM exists. This suggests that both N- and K-Rasdriven tumorigenesis may benefit through a modified form of the proposed targeted therapy.
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