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ABSTRACT

The activatedras oncogene can transform various mammalian cellshasdbeen
implicated in development of a high population oélignant human tumors. The
mechanism by which Ras induces tumor progressidmigever, not fully elucidated.
In this report, we found that the levels of neurananine nucleotide exchange factor
(NGEF) mRNA and protein are significantly increasied oncogenic H-RasV12-
transformed NIH3T3 cells. The levels of NGEF mRN#&lgrotein were decreased in
H-RasV12-transformed cells transient transfecteith & dominant negative form H-
RasN17, and treatment of ERK and PI3K inhibitors tleaignificant suppression of
oncogenic H-Ras-induced NGEF expression. In additthe expression of NGEF

were capable of activating the small GTPase (RholR@dc42), and transfection of



NGEF siRNA into H-RasV12-transformed cells resuliech decrease in the activity
of small GTPase (Rho, Racl, Cdc42).

To investigate the biological function of oncogenic H-Rakiced NGEF expression,
we examined whether NGEF is involved in oncogeni®a$-mediated increase in
cancer progression. We found that the abilities elluar proliferation, colony
formation in soft agar and aggregation of NGEF egping cells were significantly
increased as compared with those of empty vecémstected cells. The abilities of
cellular proliferation, colony formation and aggréga of H-RasV12-transformed
NIH3T3 cells were significantly suppressed by tfaoson of NGEF siRNA. We
further demonstrated that the transfection of NGERNA into H-RasV12-
transformed NIH3T3 cells led to suppressionrofitro cellualr migration, invasion
and angiogenesis. In addition, NGEF siRNA transtét¢ieRasV12-transformed cells
exhibited significant reduction of animal tumor gtb, angiogenesis and metastasis,
wherase control siRNA transfectants did not. Morgogédencing of NGEF in H-
RasV12-transformed cells led to increase of animal sursat@ These results suggest
that NGEF is a novel downstream target proteinrafogenic H-Ras, and oncogenic
H-Ras-induce NGEF expression may be importantfoslencogenic H-Ras-mediated

tumor progression.



|. INTRODUCTION

1. RAS PROTEINS FUNCTION AS MEMBRANE-ASSOCIATED GTP ASE
SWITCHES
The three humamas genes encode four highly homologous 188-189 amiid a
(21kDa) proteins: H-Ras, N-Ras, K-Ras4A and K-Ras@lie to alternative
exonutilization) proteins (Barbacid, 1987). Mutated genes are associated with 30%
of all human cancers, with highest frequencies aatsat with pancreatic, lung, and
colon carcinomas. These mutated genes encode structurally mutated proteins, most
commonly with single amino acid substitutions aidaes 12, 13, or 61. H-Ras, N-
Ras and K-Ras have identical sequences coveringftbetor, exchange factor and
guanine-nucleotide-binding domains. The only regiorhefRas isoforms that exhibits
significant sequence divergence is the final 24idies of the protein, the
hypervariable region (HVR), which exhibits approxieig 10-15% conservation

compared with >90% identity over the N-terminal 165 resdiggure.l).

100%

Hypervariable region

r

I'f Lipid modification

Linker domain
domain

Membrane-targeting

H-Ras HELEELNPPDESGPRGSCOCMS CE[CVL S| Farmnmesyl, palmitate
M-Ras YRMEELNSSDDGTQGCMGLP|(CVVM| Farnesyl, palmitate
K-Ras4A YRLEKEISKEEKTPGZCVEIKECIIM| Farnesyl, palmitate
K-Ras4B HEEKMSKDGEEEEKEESEKETEICWVIM| Farnesyl

Fig.1. Ras hypervariable region




1.1 Ras functions as a GTP/GDP-regulated molecular shvitc

Ras proteins are GTPases that act as moleculach&sit transmitting signals from
activated receptors to downstream effectors to atediell proliferation, survival and
differentiation (Figure.2). Ras proteins cycle betwea GTP-bound (active) and
GDPbound (inactive) state (Bourne et al., 1990). stimg cells, approximately 5% of
Ras proteins are GTP-bound. Upon activation by eati@ar stimuli, there is a rapid
and transient increase (up to 70%) in Ras-GTP levels.

Ras proteins have the intrinsic ability to unde@PP/GTP cycling. GTPase activity
hydrolyzes bound GTP in order to limit proliferaivsignaling, and nucleotide
exchange activity releases GDP to allow GTP bindind activation. However, these
intrinsic activities are too low for rapid GDP/GTdycling therefore two distinct
classes of regulatory proteins accelerate Ras iproteling (Bourne et al., 1990).
First, intrinsic GDP/GTP exchange is enhanced ange exchange factors (GEFS)
(Figure.2). Ras GEFs include Sos, RasGRF, and RasGRBn@& intrinsic GTPase
activity is stimulated by GTPase activating pragei{GAPS). These include pl120
RasGAP and neurofibromin, the gene product of th& Nifor suppressor protein.
Mutant Ras proteins are insensitive to GAP-induédd hydrolysis, rendering Ras
constitutively GTP-bound and active in the absence ofeslttdar signals (Figure.2).
1.2 Association with the plasma membrane is critical fordRfanction

In addition to GDP/GTP-binding, a second key requaet for Ras function is its



association with the inner face of the plasma meambr(Cox and Der, 1997). Ras
proteins are synthesized initially as cytosoliccihae proteins. They then undergo a
rapid series of posttranslational modifications fla@ilitate their association with the

inner face of the plasma membrane. These modifitsitérze signaled by a carboxyl

terminal CAAX tetrapeptide motif found on all Ra®ins, where C = cysteine, A =

aliphatic amino acid and X = serine or methioniniestFfarnesyltransferase (FTase)
catalyzes the addition of a C15 farnesyl isoprernoidhe cysteine residue of the

CAAX motif. Second, proteolysis of the AAX residuassmediated by endoprotease
activity. Finally, carboxymethylation of the now tamal farnesylated cysteine occurs.
H-Ras, N-Ras and K-Ras4A are modified further by carb@xyhinal palmitylation at

a cysteine residue(s) positioned upstream of thé&)XCAnotif, whereas the second

localization signal for K-Ras4B is provided by aihe-rich polybasic sequence. The
CAAX-mediated modifications, together with thesem&t signals, are necessary and
sufficient for plasma membrane localization and Rastfan.

The critical requirement for Ras association with pfasma membrane has prompted
considerable effort to identify pharmacologic ammives to block the CAAX-
mediated modifications to then block Ras functioiff, 1999; Cox, 2001). Of these
efforts, the development of FTase inhibitors (FThsls been the most intensively
evaluated and developed. Currently, several FTlsuader evaluation in phase /1l

clinical trials. However, a surprising outcome in thesereffloas been that, while FTls



have shown impressive anti-tumor activity in pneicial studies, FTIs are believed to
inhibit tumor growth by blocking the function offarnesylated protein(s) either in
addition to, or instead of, Ras. Therefore, inhibitofsRas signaling have been
considered as another approach to block Ras funatiaking a clear delineation of
the critical signaling events involved in Ras-mésliaoncogenes imperative for the

success of these efforts.

Hommones Growth Antigens Extracefiular
MNeurotransmitters Factors Cytokines Matrix

Yo, —p Cyloplasmic
- Signaling

= i

12, 13 001 |

Fig.2. The Ras pathway in cancer
1.3 Multiple Ras proteins
The different Ras isoforms share significant segaendentity (85%) and
biochemical function (common regulators and effex)toand mutated forms of each

show comparable transforming activities. This artteoevidence initially led to the
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belief that Ras proteins were functionally identiddowever, there are a limited
number of observations that suggest some functialifférences. For example,
mutations in Kras and N¥as occur more frequently than-Fas in human tumors (Bos,
1989; Clark and Der, 1993). Recently, evidence haerarthat there is differential
intracellular trafficking of Ras proteins as wedl imoform-specific differences in their
association with specific regions of the plasma imeme (Reuther and Der, 2000;
Wolfman, 2001). Also, gene knockout studies in mousdetis revealed that-Kas is
necessary for development, whereasabland Nas are not (Bar-Sagi, 2001). Finally,
whereas H-Ras activity is sensitive to inhibitionBr'ls, K-Ras and N-Ras functions
are not (Oliff, 1999; Cox, 2001). While these vari@bservations support functional
distinctions, clear and significant functional difaces important for the mechanism

of Ras-mediated oncogenesis remain to be identified @igjur
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Fig.3. Multiple Ras effectors



At the cellular surface, many different receptors axkpressed that allow cellular
response to extracellular signals provided by térenment. After ligand binding,
receptor activation leads to a large variety ofch@mical events in which small
guanosine triphosphate hydrolases (GTPases; eg,dRagrucial. Ras proteins are
prototypical G-proteins that have been shown tg pl&ey role in signal transduction,
proliferation, and malignant transformation. G-pnogeare a superfamily of regulatory
GTP hydrolases that cycle between 2 conformatiodaded by the binding of either
guanosine diphosphate (GDP) or GTP (Sprang, 199%, B898; Rabollo and
Martinez, 1999) (Figure.4). The Ras-like sm@allPases are a superfamily of proteins
that include Ras, Rapl, Rap2, R-Ras, TC21, Ral, RhebMaRds. TheRAS gene
family consists of 3 functional genes, BAS, N-RAS and KRAS. The RAS genes
encode 21-kd proteins, which are associated withitimer leaflet of the plasma
membrane (H-Ras, N-Ras, and the alternatively eplik-RasA and K-RasB).
Whereas H-Ras, N-Ras, and K-RasB are ubiquitouslyeszpd, K-RasA is induced
during differentiation of pluripotent embryonal stecells in vitro (Pells, Divjak,

Romanowski et al., 1997).



RasG DP
\&? RasGEF
Neu rohhromm Sos
pi20GAP & %
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HasGAP
RasGTP

/1N

RalGDS Raf PI(3)K

Fig.4. The switch function of Ras

Regulatory proteins that control the GTP/GDP cyrliate of Ras include GTPase
activating proteins (GAPs), which accelerate the cdtGTP hydrolysis to GDP, and
guanine nucleotide exchange factors (GEFs; eg, S@I®C?25), which induce the
state, Ras couples the signals of activated groatioff receptors to downstream
mitogenic effectors. By definition, proteins thateract with the active GTP-bound
form of Ras (and thus become GTP-dependently detiyao transmit signals are
called Ras effectors (Wittinghofer, 1998; Van Aeld094; Marshall, 1996; Katz and
McCormick, 1997). Mechanisms by which GTP-Ras infhemsnthe activity of its
effectors include direct activation (eg, B-Raf, PkiBase) recruitment to the plasma
membrane (eg, c-Raf-1) and association with sulestrgeg, Ral-GDS). Other
candidates for Ras effectors include protein kinases, fipiases, and GEFs.

1.4 Posttranslational modification of Ras
Ras proteins are produced as cytoplasmatic precpreteins and require several

posttranslational modifications to acquire full loigic activity. These modifications



include prenylation, proteolysis, carboxymethylati@and palmitoylation (Glomset
and Famsworth, 1994; Zhang and Casey, 1996; Gelb; M@nby, 1997; Casey and
Seabra, 1996) (Figure.5).

Prenylation of proteins by intermediates of thepremoid biosynthetic pathway
represents a newly discovered form of posttramsiati modification and is catalyzed
by 3 different enzymes: protein farnesyltransferagg-Tase), protein
geranylgeranyltransferase type | (GGTase |), andydgeranyltransferase type |l
(GGTase II) (Glomset and Famsworth, 1994; Zhang @asey, 1996; Gelb, 1997;
Mumby, 1997; Casey and Seabra, 1996). Prenylatedimpsoshare characteristic
carboxy-terminal consensus sequences and can beasspinto the proteins with a
CAAX (C, cysteine; A, aliphatic amino acid; X, any iam acid) motif and proteins
containing a CC or CXC sequence (Reiss et al, 180ss and Stadley, 1991;
Yokoyama et al, 1991; Moores et al, 1991). FTasensteas a farnesyl group from
farnesyldiphosphate (FPP), and GGTase | transfegeranylgeranyl group from
geranylgeranyldiphosphate (GGPP) to the cysteirmduwe of the CAAX motif
(Trueblood and Ohya, 1993). GGTase |l transfers #rgylgeranyl groups from
GGPPs to both cysteine residues of CC or CXC motifs.

Farnesylation is the first step in the posttraistal modification of Ras. This
modification occurs by covalent attachment of acaBon farnesyl moiety in a

thioether linkage to the carboxyterminal cysteifigmteins that contain the CAAX

10



motif. The reaction is catalyzed by FTase, a hetarediconsisting of a 48-kd and a
45-kd subunit (aF/GGI and bF). Binding sites for shubstrates, FPP and the CAAX
motif, are located on the aF- and bFsubunits (Relicand Scholten, 1996; Trueblood
and Boyartchuk, 1997; Park and Boduluri, 1997). Satedrfor FTase include all
known Ras proteins, nuclear lamins A and B, thelmssit of the retinal trimeric G-
protein transducin, rhodopsin kinase, and a peroxisomaiprigrmed PxF.

Farnesylation of Ras proteins is followed by endtgwlytic removal of the 3
carboxy-terminal amino acids (AAX) by a cellular idkdependent zinc
metallopeptidase (Akopyan and Couedel, 1994). Tin®proteolytic activity (RACE,
or Ras and a-factor converting enzyme) is a congpos$i2 different CAAX proteases:
a zinc-dependent activity encoded by AFC1 and ype tlb signal peptidase-like
RCEL1 (Ras converting enzyme 1) (Boyartchck and ssh897). The final step in the
carboxy-terminal modification of proteins with a 8X motif (eg, Ras) is the
methylation of the carboxyl group of the prenylamgteine residue by an as yet
uncharacterized methyltransferase.

Some Ras proteins (H-Ras, N-Ras, Ras?2) are furthielalzd by palmitoylation at 1
or 2 cysteines near the farnesylated carboxy-tersniftHancock and Megee, 1989;
Milligan and Palmitoylation, 1995; Ross, 1995; Dudind Gelb, 1996). Like
farnesylation, H-Ras palmitoylation plays an importteole for signaling functions in

vivo (Dudler and Gelb, 1996). A microinjection exmeent in Xenopus oocytes

11



revealed that palmitoylation of H-Ras dramaticabyhances its affinity for
membranes as well as its ability to activate mitegetivated protein kinase (MAPK)
and initiate meiotic maturation. Both a Ras-spegfiotein (palmitoyltransferase) and
a palmitoyl-protein (thioesterase) have been charzed (Liu and Dudler, 1996;
Camp and Verkruyse, 1994). In contrast to farnesylatiand proteolysis,
palmitoylation and methylation of Ras are thoughbé reversible and may have a

regulatory role.

FF Masara meanbrane

3
i
. 4. Palmitoylation
”'«.

5H

_CAKN Wicrrmameal membrans
C
DEIFF
FTase 3. Methylation
m;n | GGTase ‘e;\

PPMTase |_ PPMTI

| 1. lsoprenylation @

|_:! Frntaulyalﬂ

CAAX prolease |— REPI

Fig.5. Overview of the posttranslational modifications Bhs proteins in cells

2. RAS FUNCTIONS AS A SIGNALING NODE
Ras serves as a point of convergence of signatitigted by diverse extracellular

stimuli. This includes stimuli that recognize rea#ptyrosine kinases, cytokine

12



receptors, G protein-coupled receptors and integfinse activated Ras interacts with
and regulates a complex spectrum of functionalltimiit effectors to stimulate a
multitude of signaling cascades that regulate dgpic (e.g., actin organization) and
nuclear (e.g., gene expression, cell cycle progresgimgesses important for many
normal cellular processes.

2.1 Ras utilizes multiple effectors to mediate diverse dgmpic signaling cascades
Normal and oncogenic Ras mediate their biologiaahcfions by binding to
downstream effectors (Shields et al., 2000). All @ffes bind to a core effector loop
of Ras proteins (residues 32-40), with additionablmement of residues that change
in conformation during GDP/GTP cycling; the switctresidues 30-38) and switch I
(residues 59-76) domains (Marshall, 1996; Campletlle 1998). The GTPbound
form displays a significantly greater affinity feffectors. In recent years, the number
of Ras effectors and the complexity of downstreathyways that they regulate have
grown considerably. We will focus on the contribatiof three key Ras effectors to

Ras-mediated signaling and transformation.

The first Ras-induced signal transduction cascamebé¢ identified was the
Raf>MEK>ERK protein kinase cascade (Marshall, 19@&mpbell et al., 1998)
Activated Ras binds to and promotes the activatioRaf serine/threonine kineses (c-
Raf-1, A-Raf and B-Raf). Ras causes activation of, Rafpart, by promoting a

translocation of Raf to the plasma membrane, whatditianal binding and
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phosphorylation events are necessary for completk &Rtivation (Morrison and
Cutler, Jr., 1997). Once activated, Raf phosphorylatdsaativates the MEK1/2 dual
specificity kinases that in turn phosphorylate activate ERK1/2 mitogen activated
protein kinases (MAPKSs). Activated ERKs translocai® the nucleus and
phosphorylate various transcription factors thatude the Ets family member Elk-1
(Figure.6).

The second best characterized effectors of Ragplwephatidylinositol 3-kinases
(PI3Ks), lipid kinases consisting of a p85 regukatand a pll0 catalytic subunit
(Rodriguez, Viciana et al, 1994; Rodriguez-Viciana al., 1997). PI3K
phosphorylates integral membrane phosphotidylinissiiPl) at the 3’ position (e.g.,
phosphatidylinositol 4,5-phosphate; PIP2) to gewenedrious short-lived second
messenger  products (e.g., phosphatidylinositol  3,4¢qiate;  PIP3)
(Vanhaesebroeck et al., 1997). Membrane-associated il turn can regulate the
activity of a diverse array of signaling molecutkat include the Akt serine/threonine
kinase. Akt activation results in complex signalimgscades that lead to the
phosphorylation of diverse substrates such as sasp&anscription factors (ATX),
and proapoptotic proteins (BAD) that regulate selivival (Chan et al., 1999). PI3K
also mediates antiapoptotic signaling, as well @ acganization, by activating the
Rac small GTPase (Bar-Sagi and Hall, 2000). The itapoe of PI3K in Ras

transformation is best characterized in NIH 3T3 s#fibroblasts. However, PI3K is
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not required for Ras transformation of other celiglecting cell-type differences in
Ras effector utilization in transformation (McFall et a002) (Figure.6.).

The third best understood Ras effectors are RalsGRBIGDS, Rgl, RIf/Rgl2, etc.)
that function as activators of the Ras-related RalA ahd Raall GTPases (Feig et al.,
1996). RalGEF activation by Ras leads to a GTPaseade in which activated, GTP-
bound Ral binds RalBP1, a putative Rho family GARtivated Ral also mediates
phosphorylation of the fork head transcription éacAFX, which may provide a link
between Ras and the cell cycle (Medema et al., 20Ubgther the effects of RalGEF
activation are mediated solely by Ral activation wanether RalGEF has other
functions is not clear. RalGEF binding to Ras hagnbshown to stimulate
transcription of transcription factors, proteased aall cycle components (Reuther
and Der, 2000).

Ras proteins bind a large number of other effedikiding AF-6, PLE, PKCL,
Norel, and RASSF1 (Cullen, 2001; Feig and Buchsba®®2)2 The roles of these
effectors in Ras function are only now being stddigach different effector pathway
contributes distinct aspects of Ras-mediated tumrgression and metastasis.
Dissecting these pathways and determining the Ilefelcrosstalk has become
staggeringly complex but may ultimately increase understanding of the role of Ras
in carcinogenesis and invasion. We will focus orogarview of the contribution of

the three main effectors Raf, PI3K and RalGEF to éaegulation of proliferation,
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apoptosis, angiogenesis and invasion/metastasis thgaighderegulation (Figure.6).
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Fig.6. Ras-mediated signal transduction pathways

2.2 Dissecting Ras signal transduction: tools of the trade

In light of the interaction of Ras with multiple etftors, one important issue has been
to determine the contribution of each effector iedmting the diverse actions of
oncogenic Ras. The ability of activated Raf or ME&na& to cause transformation of
NIH 3T3 mouse fibroblasts initially suggested ttiee Raf>MEK>ERK cascade alone
was sufficient for Ras transformation (Marshall,989 Campbell et al., 1998).

However, it is now clear that Ras causes transfeomaby utilization of Raf-
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dependent as well as Raf-independent effector lngnpaAnother facet that has
emerged from these studies is that there can Béngtrcell-type differences in the
contribution of specific effectors to Ras transformation.

One important experimental approach that demosestrétte involvement of Raf
independent effectors in Ras transformation waddéstification of effector domain
mutants of Ras that showed impaired interaction with a sobséfectors (Rodriguez-
Viciana et al., 1997; White et al., 1995; Joneson et1896; Khosravi- Far et al.,
1996). These mutants have single mutations at resie35, E37, and Y40 (Figure.7).
The E35S mutant retains the ability to bind to activate Raf but is impaired in
binding to RalGEF and PI3K. The E37G mutant alst tee ability to activate Raf
and PI3K, but retained the ability to activate R&F; whereas the Y40C mutant
retained the ability to activate PI3K but not RafRalGEF. The E37G and Y40C
mutants showed impaired ability to bind to andvatgé Raf, yet they retained the
ability to cause tumorigenic transformation of NBT3 cells (Khosravi-Far et al.,
1996; Webb et al., 1998). Hence, the transforming ictof 37G or 40C has been
attributed to their ability to activate RalGEF of3R, respectively. These mutants
have been very useful reagents to assess the fritafpRalGEF, and PI3K in Ras
function. Constitutively activated effectors havésoa been useful reagents for
assessing the role of each effector in Ras fundfiigure.7). Since Ras promotes

effector activation, in part, by promoting their m@ane association, the addition of
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the carboxyl terminal plasma membrane-targetingisece of Ras onto effectors has
been a useful approach to generate constitutivelyaded variants of Raf-1, the p110
catalytic subunit of PI3K, and various RalGEFs (Ryqakz-Viciana et al., 1997;
Leevers et al., 1994; Stokoe et al., 1994; Wolthuislet 1997). The ability of
activated PI3K or RalGEF to cooperate with actidaieaf and cause synergistic
transformation of NIH 3T3 cells has provided evicerior the contribution of each
effector to Ras transformation. While activated Rlahe can cause transformation of
NIH 3T3 mouse fibroblasts, activated Raf failed to causestoamation of a variety of
epithelial cell types, indicating the critical reggment for Raf-independent effectors
in transformation of some cell types (Oldham etl#196; Gire et al., 1999; Schulze et
al., 2001). Constitutively activated substrates of Rad., MEK(ED)], PI3K (e.g.,
membrane-targeted Akt; Myr-Akt), and RalGEF (e.g., @Jd2deficient mutants of

Ral) have also been used for similar analyses (Figure.7).
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Fig.7. Effectors of Ras function
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Pharmacologic or genetic inhibitors of specificeetbr signaling pathways have also
been useful reagents for defining the contributiwin specific effectors in Ras
transformation (Figure.7). For example, LY294002 ispecific inhibitor of PI3K,
whereas PD98059 and U0126 are specific inhibitdrdVBK activation of ERK
(Davies et al., 2000). LY294002, but not PD98059, treatmeversed the ability of
oncogenic Ras to inhibit suspension-induced ap@ptos anoikis, in MDCK canine
kidney epithelial cells (Khwaja et al., 1997). Thisrastrated the critical role of
PI3K but not Raf in mediating this important faocétanchorage-independent growth.
Finally, kinase-dead mutants of Raf-1, MEK, ERK, Aktdatominant negative Ral
have been useful genetic inhibitors of specifieetidr signaling pathways (Rodriguez-
Viciana et al., 1997; Brtva et al., 1995; Cowley et al., 1994 skdg-Far et al., 1995).
2.3 The MAPK signaling cascades

MAPK pathways are well-conserved major signalingstasns involved in the
transduction of extracellular signals into cellulasponses in a variety of organisms,
including mammals (Treisman, 1996; Fanger et al, 18®binson and Cobb, 1997,
Garrington and Johnson, 1999; Schaeffer and Web&8;Blion, 1998). The core
components of the MAPK signaling cascades are Gesgi@l kinases, including MAP
kinase (MAPK, or extracellular signalregulated kmasERK), MAPK kinase
(MAPKK, or MAPK/ERK kinase, MEK), and MAPKK kinase (MAKKK, or MEK

kinase, MEKK) (Figure.8). The MAPKs are activated diyal phosphorylation on
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tyrosine and threonine residues by upstream duafgply MAPKKs. MAPKKs are
also phosphorylated and activated by serine- arebitine-specific MAPKKKs. At
least 6 MAPK cascades have been clearly identifiechammalian cells (Treisman,
1996; Fanger et al, 1997; Robinson and Cobb, 199itjn@ton and Johnson, 1999;
Schaeffer and Weber, 1999; Elion, 1998). The bestactenized MAPK signaling
pathways are the Ras-to-MAPK signal transductiothyay (or ERK pathway),
which is responsive to signals from receptor tyreskinase, hematopoietic growth
factor receptors, and some heterotrimeric G-proteinpled receptors, which promote
cell proliferation or differentiation; the stressti@ated protein kinase/c-Jun Nterminal
kinase (SAPK/JNK) pathway, which is activated inpasse to stresses such as heat,
high osmolarity, UV irradiation, and proinflammatoigytokines such as tumor
necrosis factor—a and interleukin-1 (IL-1); and (88 pathway, which is responsive
to osmotic stress, heat shock, lipopolysaccharidepiturecrosis factor-a, and IL-1
(Figure.8). Scaffolding/adapter proteins such as MBRSAP-1, and JIP-1 route
MAPK modules in mammals by binding ERK-1 and MEKJNK-3 and SEK-1 and

MEKK-1, or INK and MKK-7 and MLKs (Schaeffer and Weber, 199&rE 1998).
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Fig.8. The best-characterized MAPK modules are the KERpathway, the

SAPK/INK pathway, and the p38 pathway

2.4 Ras deregulation of gene expression and transformation

As indicated above, signaling initiated by the thmegin Ras effectors results in the
stimulation of a variety of transcription factor€ampbell et al., 1998) (Figure.9).
Therefore, it is not surprising that Ras transfdromahas been shown to be dependent
on the function of many of these transcription dest For example, depletion oiayc
with specific antisense sequences (Sklar et al., )189lexpression of dominant
negative mutants of Ets (Wasylyk et al., 1998; Largeal., 1992; Wasylyk et al.,

1994), c-Fos (Wick et al., 1992) or c-Jun (Grangem&adhet al., 1992) have been

21




shown to block Ras-mediated transformation of NTFB 3ibroblasts. Similarly, ¢en
null mouse embryo fibroblasts were found to be risgve to Ras-mediated
transformation (Johnson et al., 1996). An essentigjuirement for efos in
Rasmediated skin tumor formation was shown-fosknockout mice carrying an H-
ras transgene (Saez et al., 1995). Finally, inhibitiolN&f«B blocked Ras-mediated
transformation and resulted in apoptosis of roddmbblast cell lines (Finco et al.,
1997; Mayo et al., 1997). Taken together, these obs@ngademonstrate the essential
role of gene expression changes in Ras-mediated oncagenesi

At least two broad approaches have been utilizetkbfime the gene targets involved
in Ras transformation. First, several techniquesudysgenome-wide changes in gene
expression have been applied to study the trartigxrgd changes associated with Ras-
or Raf -mediated expression or transformation. Theskniques include differential
display (Liang et al., 1994; McCarthy et al., 1995; @hat al., 1998), subtractive
suppression hybridization (SSH) (Baba et al., 20@uber et al., 2000),
representational difference analysis (RDA) (Shieddsal., 2001b; Shields et al.,
2001a), and microchip array analyses (Schulze @01 ; Habets et al., 2001). These
approaches reveal the complexity of gene expressiamges associated with Ras
transformation. For example, SSH was also employe&dhafer and colleagues to
identify genes whose expression was upregulateddawnregulated in H-Ras-

transformed 208F rat fibroblasts (Zuber et al., 200y identified transcriptional
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stimulation or repression of 244 known genes, 10F<E&nd 45 novel sequences.
Overall, it was estimated that 3 to 8% of all expegsgenes were altered in Ras-
transformed cells. Interestingly, only a fractiortloése gene expression changes were
reversed by inhibition of MEK, indicating that Raf>MEKRE independent pathways
contribute significantly to gene deregulation. Thisssibility is also supported by
RDA analyses that identified gene expression changased by activated Ras but not
Raf (Shields et al., 2001b; Shields et al., 2001a).

A second approach for defining gene targets of IRasinvolved an evaluation of
whether the expressions of specific genes whosalupte may contribute to
transformation are altered by oncogenic Ras. Incdudenong these are genes
encoding proteins that regulate cell proliferatzon cell cycle progression, tumor cell
invasion and metastasis, and angiogenesis. In ttiersebelow, we summarize some
of the findings that have come from these studies.HAve not provided a complete
summary of this topic. Instead, we have chosen toligit specific examples of gene
targets that may promote oncogenic Ras deregulatiorcell proliferation and
induction of tumor cell invasion, metastasis, andi@gnesis. These examples also
further highlight the role of Raf-independent eftes in Ras oncogenesis as well as

cell-type differences in Ras signaling.

23



-l fﬂf Hl.'mi e ok /! - + \
[rt—| . L T '|
Mt "'_,v el i o ...I':II,- " Sl i
bl o o e gt " N
al ke 1 | 'reaved o
”' Y L | »
IMEE ZEE |
. E¥ RIH K
| Udeis i |
L § 'l "Il‘ '
Livdgl iraiMicking |I ¥ e ':'
e e MR =] | I',II'" FE, |'II T L rlmbslrion
o | \ | 7
Lall evele [\ |
b i |I:I-|:;-|'IIFIIHI1
Wppliveiy I

Fig.9. Ras effectors and downstream pathways

3. RAS DEREGULATION OF CELL PROLIFERATION

The significant role of aberrant Ras activationirioreased cancer cell growth and
proliferation has been well-established. In exanginthe contribution of Ras to
stimulus-independent growth and the inhibition afwgth arrest pathways, two themes
emerge: deregulation of the cell cycle and inductid growth factor autocrine loops.
The first allows Ras-transformed cells to overcognewth arrest imposed by cell
cycle checkpoints; the second renders cells séfitgnt by providing a constant
stimulus to proliferate. Deregulation of key compatseof both vital cell regulatory
mechanisms can be achieved, in part, by Ras-mediated chamnge®e expression.

3.1 Ras regulation of cyclin D1 and cell cycle progressio
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A number of studies determined that normal Rasdsired for mitogen-induced cell
cycle progression, while oncogenic Ras promotes growthrfaadependent entry into
the cell cycle (Marshall, 1999; Pruitt and Der, 20@ijnilarly, the mitogenstimulated
regulation of positive (e.g., cyclin D1) and negafiesy., p2£"™, p27*"") regulatory
components of the cell cycle machinery is well ustt®d (Sherr and Roberts, 1999).
Of these, the role of Ras regulation of cyclin Dpression and function has been the
best characterized.

Growth factor stimulation promotes entry into thell cycle from G to G, and
facilitates the @S transition partly through D-type cyclin upregida (Sherr, 1996).
Cyclin D1 binds cyclin-dependent kinases (CDKSs), arding their ability to
phosphorylate the Rb tumor suppressor proteinfthraitions as a negative regulator
of cell cycle progession. Phosphorylation inactgatRb, which permits E2F-
dependent gene expression necessary for cell pralifierat

Ras mediates upregulation of cyclin D1 by transcriptiontation in a wide variety
of cell types (Arber et al., 1996; Filmus et al., 1984y et al., 1995). Transient
activation of Ras in rodent fibroblasts and epitdiekells is accompanied by
upregulation of cyclin D1 transcription and proterpression (Filmus et al., 1994;
Shao et al., 2000; Winston et al., 1996). Serum-stimdlapregulation of cyclin D1
expression is Ras-dependent, and constitutive esipresf cyclin D1 overcomes the

requirement for Ras activation in NIH 3T3 cell piedation (Aktas et al., 1997).
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Finally, Ras transformation of a variety of cell égpis associated with sustained
upregulation of cyclin D1 protein (Arber et al., 1926u et al., 1995; Shao et al.,
2000; Takuwa and Takuwa, 2001; Pruitt et al., 2000).

Oncogenic Ras upregulates cyclinD1 by Raf-dependamd Raf-independent
signaling. Although Raf/ERK activation is sufficietd stimulate cyclin D1 gene
expression in rodent fibroblasts (Liu et al., 1998ydie et al., 1996; Kerkhoff and
Rapp, 1997; Greulich and Erikson, 1998; Cheng et 8B81Ladha et al., 1998)
additional Ras-mediated pathways may be necessapy€lin D1 regulation in other
cell types (Pruitt et al., 2000; Lavoie et al., 199&)r example, PI3K activation may
promote cell cycle entry via post-transcriptionsiveell as transcriptional regulation of
cyclin D1 (Gille and Downward, 1999). Ral GEF-mediatactivation of Ral may
stimulate the cyclin D1 promoter through activatihNF«B (Henry et al., 2000).
These and other findings suggest that several fRad@ pathways may contribute to

distinct aspects of Ras deregulation of the cell cycle gllaype specific manner
3.2 Ras regulation of TGFe and autocrine growth

In addition to circumventing growth arrest machjndras-transformed cells become
independent of growth factors in order to ensumdiferation. One such mechanism
may be oncogenic Ras-induced upregulation of teanshg growth factore (TGF-u)
in a variety of cell types (Oldham et al., 1996; NMualset al., 1985; Ciardiello et al.,

1988; Godwin and Lieberman, 1990; Glick et al., 19dlnus et al., 1993). TGE-is
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a member of the epidermal growth factor (EGF) fgrofl mitogens that activate the
EGF receptor (EGFR) to promote cell proliferatiddofmanno et al., 2001). TG~
mediated autocrine signaling has been shown tot east partially responsible for
Ras transformation (Filmus et al., 1993; Ciardiellalet1990; Gangarosa et al., 1997).
Activation of the Raf-MEK-ERK pathway is sufficieffibr upregulation of TGl
gene expression in some, but not other, cell typ&th@ et al., 1996; Schulze et al.,
2001). Although these findings implicate multiple sRaediated pathways in the
stimulation of the TGFr autocrine loop, the mechanism of T@Rene upregulation
and contribution of TGl stimulation of EGFR to malignant transformation remain t

be determined.

4. RAS TARGETS INVOLVED IN TUMOR CELL ANGIOGENESIS,

INVASION AND METASTASIS

In addition to deregulating cell growth and praidfton, oncogenic Ras causes
changes in genes that promote malignant transfayman this section, we highlight
several gene targets of Ras whose protein produetg contribute to tumor cell
angiogenesis (vascular endothelial growth factoEG¥), invasion and metastasis

(matrix metalloproteases; MMPs).
4.1 Ras, VEGF and tumor cell angiogenesis

Oncogenic Ras has been observed to be a potentlatmof vascular endothelial
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growth factor (VEGF) gene expression (Rak et al9589 Konishi et al., 2000; White

et al., 1997). VEGF is one of a number of soluble fadfitat are mitogens specific for
vascular endothelial cells, mediating both normatl grathological angiogenesis.

Angiogenesis is required for the growth of micrgscosolid tumors beyond 1-2 mm

in diameter, providing adequate oxygen and nutrgmplies as well as access to
distant sites of metastasis. Tumor cells under hgpoanditions either commandeer
existing vasculature or stimulate endothelial cells wengo angiogenesis.

The effectors that mediate oncogenic Ras stimulatib VEGF gene expression
exhibit significant cell-type differences. For exalm the Raf/ERK pathway is
sufficient to promote VEGF upregulation in rodeitiréblasts (Grugel et al., 1995;
Milanini et al., 1998). Phosphorylation of hypoxiatirced factor-1 (HIF-1) by ERKs
may represent one level of integration between rRediated and hypoxiainduced
VEGF gene expression. In contrast, in epithelial trep cell types, PI3K is also
necessary for Ras-mediated VEGF expression, suggesiat Ras regulation of
VEGF may involve several Ras effectors and showtgeé specific differences
(Mazure et al., 1997; Rak et al., 2000b).

While upregulation of VEGF may be important for mgnesis, Ras must regulate
the expression of other factors as well to prontoteor angiogenesis. For example,
one study found that oncogenic Ras was requiredufwegulated expression and

secretion of VEGF in human colorectal carcinomd leés (Okada et al., 1998).
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Suppression of VEGF expression impaired the tuneoitg growth of these cells,
showing the importance of this factor in Ras-indlit@mor angiogenesis. However,
forced overexpression of VEGF in the absence ofatadt Ras was not sufficient to
fully restore tumorigenic growth. Similarly, evaluati using a mouse melanoma
model showed the importance of continued expressfooncogenic Ras in tumor
maintenance (Chin et al., 1999). Expression of Ras agasciated with increased
tumor vascularization and upregulated expressioWEGBF. Loss of Ras expression
resulted in apoptosis of endothelial cells linihg tumor vasculature and subsequent
tumor cell apoptosis and regression. However, forced VE@Fegpression alone was
not sufficient to overcome the need for Ras agti\stiggesting that other angiogenic
factors in addition to VEGF are regulated by Rasvation. For example, Ras has
been shown to downregulate angiogenesis inhibgach as thrombospondin-1 and
tissue inhibitor of matrix metalloproteinase-2 (T#M2), adding further complexity to
the molecular mechanism for Ras-mediated angiogen@aber et al.,, 2000;
Laderoute et al., 2000; Tokunaga et al., 2000), Fushelies are needed to determine
which Rasmediated pathways are important for VE&ression in various tumors
and to establish the contribution of Ras upregutatif VEGF as well as other factors

to angiogenesis.
4.2 Ras and tumor cell invasion/metastasis

Oncogenic Ras can also promote tumor metastasia ofriety of cell types
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(Thorgeirsson et al., 1985; Vousden et al., 1986;atwlet al., 1987; Treiger and
Isaacs, 1988). Metastasis accounts for approximtdy of cancer mortalities but is
the least understood step in the multi-step moflebacer (Woodhouse et al., 1997;
Fidler, 1999). The processes that render a benign cantkrcedly invasive as well as

metastatic are complex and not yet completely defitnvading cells must overcome
barriers such as basement membranes and intérdit@ma through precisely

regulated on-off cycling of adhesion to surroundingtrix and degradation of matrix
by proteases.

The contribution of different effector signalingtpaays to Ras-induced metastasis
has been evaluated. For example, one study utilizedeifector domain mutants and
determined that activation of Raf, but not PI3K @l®EF, was sufficient for Ras-
mediated induction of metastasis of NIH 3T3 mouse fibsibl@Nebb et al., 1998). In
contrast, a similar study also used effector domaitents but found instead a critical
role for the RalGEF pathway in promoting metastgtiowth in nude mice (Ward et
al., 2001). In NIH 3T3 fibroblasts, as well as mousd human mammary epithelial
cells, RalGEF activation promoted aggressive, nafilhg metastases whereas Raf-
induced metastases have non-infiltrating bordetsil&AERK or PI3K activation alone
was not sufficient to promote metastasis, it wasidbthat ERK activity was required
and cooperated with RalGDS for metastasis. In centrathese studies, for tmas

mutation positive HT1080 human fibrosarcoma cek JiPI3K/Akt pathway activation
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was implicated in mediating increased cell motibtyd invasion (Kim et al., 2001).
Based on these studies, Ras proteins appear to fgomeasion through the
cooperation or selective activation of several keyhways. However, whether the
pathways mediating invasion are cell-type speaifictumor-type specific is still
unclear. Furthermore, the mechanisms by which Rstef activation induces the
invasive phenotype and the contribution of genesgigdation to the development of
this phenotype remains largely to be determined.

Oncogenic Ras may promote tumor cell invasion anetastasis by causing
deregulation of gene expression (Chambers and Ti®&3). This includes increased
expression or activity of degradative enzymes sashmatrix metalloproteinases
(MMPs) and cysteine proteinases (cathepsins) af ageldecreased expression or
activity of their inhibitors (e.g., TIMPs). Of thedeIMPs have been relatively well
studied as targets for Ras-mediated gene upregulatiomasion-promoting proteins.

MMPs are zinc-dependent endopeptidases that degtaleextracellular matrix
(ECM) as well as cleave cell surface molecules to mediatertprogression, invasion,
and angiogenesis. The MMP superfamily is divided iobllagenases, stromelysins,
gelatinases, transmembrane MMPs, and other MMPs §énasand Werb, 1996;
Shapiro, 1998; Westermarck and Kahari, 1999; Matrjsi999). Most MMPs are
secreted as latent precursors that are activatednbinitial cleavage of an amino

terminal propeptide followed by autocatalytic amteaninal cleavage resulting in full
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exposure of the catalytic site and protease agtivibur members of specific MMP
inhibitors known as tissue inhibitors of MMPs (TIB)Pbind the MMP catalytic
domains to inhibit protease activity.

The evidence linking MMP upregulation with invasiand metastasis in a large
variety of cancers of different tissue origins isitg extensive. Furthermore, mouse
models deficient in specific MMPs exhibit decreasador growth, angiogenesis and
invasion in response to various carcinogens anaitypromoting protein expression
(Shapiro, 1998; McCawley and Matrisian, 2001). Desplite strong correlation
between MMP overexpression and tumor invasion, feechanistic studies are
available that demonstrate the direct role of MNHPencogene-stimulated invasion.
Furthermore, though most MMPs are induced at thestrgptional level by growth
factors, hormones, cell contact to ECM, and oncogaotdgation, recent studies have
focused on transcription factors and not the cw®pic signaling pathways that
mediate MMP promoter regulation. This section wdkdis on the transcriptional
upregulation of MMP-2, -3, -7, -9 and —10 by activated Rdstarkey effectors.

The best evidence for linking Ras to upregulatioMMPs involves MMP-9/type IV
collagenase/gelatinase B (Yanagihara et al., 1995; Baltih, €t988; Himelstein et al.,
1997; Giambernardi et al., 1998; Bernhard et al., 1B8@ch et al., 2001; Yang et al.,
2001; Gum et al., 1997). Ras-mediated upregulatioMP-9 enzymatic activity is

due primarily to upregulation in gene expressione MMP-9 promoter contains a
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variety of Ras-responsive promoter elements, inoydtts, AP-1 and binding sites
(Himelstein et al., 1997; Gum et al., 1996). Althougbaclcell-type differences in
regulation are seen, an important contributionhef Raf/MEK/ERK effector pathway
to Ras-mediated MMP-9 upregulation has been detechibut Raf-independent
effector function (e.g., PI3K) is also involved (Gwnal., 1997; Gum et al., 1996;
Arbiser et al., 1997). Evidence for a functional réde MMP-9 is provided by the
observation that forced upregulation of MMP-9 préedo metastasis, whereas
suppression of MMP-9 expression in Ras-transforroeént fibroblasts caused a loss
of metastatic growth but not tumorigencity (Berrthat al., 1994; Hua and Muschel,
1996).

Upregulation of the related MMP-2 (gelatinase A}eoftogether with MMP-9, has
also been observed in a variety of cell types foamed by oncogenic Ras
(Yanagihara et al., 1995; Baruch et al., 2001; Arbésexl., 1997; Meade-Tollin et al.,
1998; Charvat et al., 1999). Little is known regardihg effector signaling involved
in MMP-2 upregulation, and the MMP-2 promoter latike Rasresponsive elements
seen in the MMP-9 promoter (Westermarck and Kahkd99). Evidence for the
importance of MMP-2 upregulation in Ras oncogenesissuggested by the
observation that for H-Ras-transformed MCF-10A homzammary epithelial cells,
antisense inhibition of MMP-2 gene expression desmd Ras-mediateth vitro

invasion (Moon et al., 2000). Interestingly, N-Ras $farmation of MCF-10A cells
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preferentially upregulated MMP-9 rather than MMRs&d did not promote invasion,
indicating cell-type differences in MMP-9 involvement fivasion.

MMP-3 (stromelysin-1), a member of the stromelysibfamily of MMPs, has also
been shown to be regulated by Ras in rodent fiastbtells (Engel et al., 1992;
LoSardo et al., 1995). Analyses of differentially-eegsed genes identified MMP-3,
as well as the related MMP-10 (stromelysin-2), gen@ MEKdependent upregulated
gene in Ras-transformed 208F rat fibroblasts (2q&kper et al., 2000) or as Raf-
induced genes in Rat-1 rat fibroblasts (Heinriclalet 2000). These studies suggest
that in fibroblasts, RaffMEK/ERK pathway activatiomy be sufficient for MMP-3
and MMP-10 upregulation. Similar to promoter stsdigerformed on the human
MMP-9 promoter, MMP-3 promoter analysis revealed/BRK-dependent MMP-9
activation via Ets binding sites and Raf-independetivation via AP-1 binding sites
(Kirstein et al., 1996; Jayaraman et al., 1999). THe o activated Ras and its
effectors in upregulation of MMP-3 in epithelial cellsnans to be clarified.

Perhaps the lease well-studied MMP discussed $nseition is MMP-7 (matrilysin).
In pancreatic carcinoma cells, MMP-7 transcriptiomategulation is associated with
aberrant K-Ras activation (Ohnami et al., 1999; Fhkuoa et al., 2001). For example,
antisense downregulation of-tas expression in a pancreatic cancer cell line was
associated with a downregulation of MMP-7 trandciigvels. Similarly, K-Ras

activation in colon carcinoma cells upregulated MMKRranscript in an AP-1
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dependent manner (Yamamoto et al., 1995). Althougbetipeeliminary studies link

Ras activation to MMP-7 upregulation, what effectmigy mediate? Ras upregulation
of MMP-7 has not been identified, nor has the roleMMP-7 in Rasmediated
invasion been determined.

Although many studies illustrate Ras-induced MMé&nhscriptional upregulation as
well as the correlation between Ras-mediated iovasind MMP upregulation,
substantial evidence demonstrating MMP upregulatisna mechanism for Ras-
mediated invasion is not available. Another complgdestion that remains
unanswered is the vital role that Ras-induced Tidldnregulation may play in the
regulation of MMPs by activated Ras. And finally, timerplay between epithelial
cells expressing invasion-promoting oncoproteind #dreir surrounding stroma has
only recently come under close scrutiny. Althougrs tteview focused on MMP
upregulation in tumor cells, recent studies sugtiegttumor cells may secrete factors
that enhance MMP expression in neighboring strdisalie. These secreted proteases
may then localize to the tumor cell surface or surroundiigacellular environment to

promote tumor cell invasion.

5. RHO GTPASES IN TUMORIGENESIS
Rho GTPases mediate many aspects of cell biolagydimg cell size, proliferation,

apoptosis/survival, morphology, polarity, adhesiony amembrane traffickingVan,
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1997; Aznar et al, 2001; Bar-Sagi et al, 2000; Rid2§00; Schmit et al, 2002;
Settleman, 2001; Settlemen, 2000). They do so as signalitdhewithat regulate lipid
signaling, microtubules and actin cytoskeleton, efigih cell-junctions, cell cycle and
apoptosis regulatory proteins, and transcriptiomofac As well, in the past 5 years an
increasing amount of evidence indicates that séweeanbers of the Rho family are
important players in tumor biology and several pteman pathologies (Boettner et
al, 2002)..

One of the major differences between Ras and RhBasds with respect to human
cancers is the lack of dominant point mutationd tkault in constitutive binding to
GTP and a quantitative overall increase in dowastresignaling (Nakamoto et al,
2001; Suwa et al, 1998). However, overexpression &f type Rho GTPases does
indeed result in an increase in the turn over ofP&Jading, with the same final
outcome, a net increase in the subsequent downssggraling. It is interesting to
note that overexpression of either the GTPasd itsedome upstream or downstream
element of Rho signaling has been detected in nhammyan tumors suggesting that
they might be key elements in the process of tumorige(@enitah et al, 2003).

A role of Rho GTPases in tumorigenesis was firsishwith murine fibroblasts that
overexpressed dominant positive mutant RhoA, Radll @dc42 (Ballestero et al,
2000; Perona et al, 1993). Besides developing tumbesnwoculated subcutaneously,

these Rho-transformants develop distant lung neissin experimental metastasis
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experiments (Van et al, 1995; Michiels et al, 1998} peso et al, 1997). In addition,
Rho GTPases mediate essential aspects of tumosigagnduced by many oncogenic
signals. This is the case for Ras, since anchoradgpéendent growth, tumor growth
and invasion of oncogenic Ras-transformed cells dependpempsignaling from Rho
GTPases (Pruitt et al, 2001; McCormick, 1998; KhdsFar et al, 1998; Qiu et al,
1995). In addition, Rho signaling is necessary ferahcogenic phenotype elicited by
other pathways including receptor tyrosine kinasesh as EGFR, IGFR, MET, or
RETand G-protein coupled receptors (Boerner etCID2Kim et al, 1998; Sachdev et
al, 2001; Barone et al, 2001; Royal et al, 2000; Kagheail, 1999; Whitehead et al,
2001).

In the past years much effort has been put iniddtiog the mechanisms that
underlie Rhoinducedeffects. Many proteins that bind GTPloaded form of Rho
GTPases have been cloned and classified accorditigetr structure and function.
There are two main groups of effectors to Rho G&R.akinases (serine/threonine
kinases, tyrosine kinases, and lipid kinases), anekimases. The role in cytoskeleton
organization with respect to epithelialintegrity dammotility, and their role in
transformation,has provided enough information teettg drugs S. Aznar et al. /
Cancer Letters 182 206 (2004) 181-191 with putadiviineoplastic activity targeted
to inhibit their functions. In the following sectisra general view of the potential of

some of these effectors and the GTPases themse\vasgets for the development of
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new drugs with antineoplastic properties will be pregkente

Although the oncogenic effect of Ras are well knpdmownstream target molecules
of oncogenic Ras, which is involved in tumor progres, are not fully eluciated. In
this study, we sought to determine which genes egelated by oncogenic H-Ras,
particularly those that might be involved in oncoige Ras-mediated cancer
progression, using Gene Fishing RT-PCR analysis. Tinily seports an oncogenic H-
Ras target genes, neuronal guanine nucleotide egehactor (NGEF), which were
identified through this screening, contributes twe toncogenic H-Ras-mediated
increase in tumor cell proliferation, migration, asggnesis and invasion. This study
is the first to indicate that NGEF is a downstreanget molecule of oncogenic Ras

and is regulated for oncogenic Ras-induced tumorigenesis.
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II. MATERIALS AND METHODS

1. Reagents and Antibodies

The following pharmacological inhibitor at indicdtgvorking concentrations were
employed in our studies; @M MEK1/2 inhibitor U0126 (Calbiochem); %/
MEK1/2 inhibitor PD98059 (Calbiochem); gM JNK inhibitor SP600125
(Calbiochem); 20M p38 MAPK inhibitor SB203580 (Calbiochem); 3@ PI3K
inhibitor LY294002 (Calbiochem): All inhibitors werdissolved as concentrated stock
solutions in DMSO and diluted at the time of treatmwith medium. Control cells
were treated with medium containing an equal coinagon of DMSO. Anti-H-Ras
(F235), anti-MMP-2(2C1), anti-MMP-9(C-20), anti-VEGI ), antie—tubulin
antibody was purchased from Santa cruz. Anti-phogphd202/Tyr204)-p44/42, anti-
p44/42, anti-phospho (Thr180/Tyr182)-p38, anti-p38i-pimospho (Thr183/Tyrl85)-
SAPK/INK, anti-SAPK/INK, anti-phospho (Serd73)-Akmnti-Akt, anti-CDK6,
anti-CyclinD3, anti-Rb2, anti-p15 INK4B, anti-p27 Kipanti-phospho (Ser807/811)-
Rb antibody was purchased from Cell Signaling Tetdgy. Anti-Ras, anti-Rho, anti-

Cdc42, anti-Racl antibody was purchased from PIERCE.

2. Cell culture

The mouse embryo fibroblast NIH3T3 cells were pasgd from American Type
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Culture Collection (ATCC number CRL-1658) and growm DMEM medium
supplemented with 10% fetal bovine serum, 100 upésicillin/mL, and 100ug
streptomycin/mL (Invitrogen, Carlsbad, CA). The cellsre maintained in 5 % GO

95% air at 37C in a humidified incubator.

3. Plasmid constructs and Transfection

Mouse NGEF cDNA were amplified by RT-PCR using thdlgef oligo primer
(sense 5'-ATG GAG ACC AAA AAC TCT GAA GAC-3' and éieense 5'-TTG CCG
ATT CCG GCT GCC C-3’) from mouse fibroblast NIH3T3lselfter confirming the
sequence, the mNGEF cDNA was cloned into a pcDNAB-His-Topo mammalian
expression vector, which was driven by the CMV pr@na(lnvitrogen). After
confirming the sequence, the mMNGEF cDNA was clomtd & pcDNA3.1/V5-His-
Topo mammalian expression vector, which was drivgntie CMV promoter
(Invitrogen). The mNgef construct was transfectdd tells using the Lipofectamine
transfection reagent (Invitrogen) according to th@nufacturer’s instructions. After
transfection, cells were incubated with complete iomedcontaining 400ug/ml G418

for 5 weeks. The cell clones resistant to G418 were isctatdcnalyzed

4. Small interfering RNA (siRNA)-based experiments

Sequence information regarding the mNgef mRNA wesaeted from the NCBI
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Entrez nucleotide data base. Three target sitdsinvMbhe mNgef gene were chosen
from the mouse NGEF mRNA sequences (Gene Bhmccession no.BC039279).
Following selection, each target site was searchitd MCBI BLAST to confirm
specificity only to the mNGEF. The sequences of #ienucleotide sense and
antisense RNA are follows: mMNGEF siRNA 5’- GUUUGUBCUUCACAUCUUU-

3’ (sense) and 5-AGAUGUGAAGGAUACAAACUU-3’ (antisar) for the mNGEF
gene (nt 2064-2084); LacZ siRNA, 5-CGUACG-CGGAAUAOCGAUU-3’
(sense), 5’-AAUCGAAGUAUUCCGCGUACGUU-3' (antisense)r fthe LacZ gene.
These siRNAs were prepared using a transcriptieedbanethod with a Silencer
SiRNA construction kit (Ambion, Austin, TX) accordingp the manufacturer’s
instructions. LacZ siRNA was used as the negativatrob Cells were transiently
transfected with siRNA duplexes using Oligofectagnifinvitrogen). The siRNA
expression vector (pSilencer hygro) for mNGEF armbmtrol vector were employed.
The construction of siRNA-expression plasmid was baseepS3ilencer hygro vector
(Ambion, Texas, USA). The vector included a human ggémoter, a hygromycin
resistance gene. We purchased synthetic oligo-nticéso(Xenotech, Korea). After
anneling, DNA fragments were ligated into the pSi&rtygro. Cells were transfected
with the siRNA vector by using Lipofectamine (Imaigen). After transfection with
the hygromycin-resistance vector, resistant colomiese grown in the presence of
Hygromycin (200ug/ml) (Invitrogen).
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5. Semiquantative reverse transcriptase—polymeresan reaction

RNA extraction was conducted using the RNA-STAT-@@cording to the
manufacturer’s instructions (TEL-TEST, Inc., Friendedo TX). Briefly after
homogenizing cells in the RNA-STAT-60, the homogenaas mixed with chloroform
(5:1,v/v) shaken vigorously for 15 s , and then d¢kjed at 13,000 rpm for 15min at
4°C. The RNA present in the upper colorless aqugihesse was precipitated by
adding isopropylalcohol, which was washed twice Wid86 ethanol and then air-dried
for 10 min. The RNA was then resuspended in DEPCul1IRNA aliquots were
prepared and stored at -70°C until needgdg ®f the total RNA was reverse-
transcribed using an M-MLV cDNA synthesis systemvifrogen), and the reverse-
transcribed DNA was subjected to PCR. The profifereplication cycles was
denaturation at 94 °C for 30 seconds, annealedOaf@ for 30 seconds, and
polymerized at 72 °C for 1 min. In each reaction,@Rpression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as theahteontrol. The primers used
for PCR are as follows mNGEF forward, 5-ATT GAA AGBGG AGG CAG CAG
G-3'; mMNGEF reverse, 5-TCT AGC TCC AGC AAA AAC CGTC -3’ designed to
amplify a 357-bp region; mRAS forward, 5’-GGA AGC 8GTGG TCATTG AT-3’;
MRAS reverse, 5-TCA GGA CAC ACA CTT GC-3' designtm amplify a 447-bp
region; GAPDH forward, 5-CCA TGG AGA AGG CTG GGG:3and GAPDH

forward, 5-TGA CCA CAG TCC ATG CCA TC-3; and GAPDleverse 5-TTA
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CTC CTT GGA GGC CAT GT-3' designed to amplify a 492 region (total number
of cycles: 28). The PCR products were resolved & agarose gels, stained with

ethidium bromide, and then photographed.

6. Western blotting

The cell were washed with phosphate-buffered sgfRi&S) and lysed on ice for 10
minutes in the M-PER mammalian protein Extractioragent (PIERCE) added
protease Inhibitor Cocktail tablet (Roch). Aftecifbation, extracts were vortexed for
5min and centrifuged at 13,000rpm for 15min. Theesnatant was diluted with 5X
SDS-sample buffer and boiled. After cellular proteomcentrations were determined
using the dye-binding microassay (Bio-Rad, Herculss), and 20ug of protein per
lane were separated by 10% SDS-polyacrylamide lgetrephoresis (SDS-PAGE).
After SDS-PAGE, the proteins were transferred ontgbdth ECL membranes
(Amersham Biosciences, Piscataway, NJ). After eleldtiihg, the membranes were
blocked by 5% skim-milk in Tris buffer saline comiag 0.05% Tween-20(TBST, 10
mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1 % Tween-20) abm temperature for 2
hours. The membranes were rinsed with TBS-T and theubated with appropriate
primary antibodies in TBS-T at™@ overnight. All antibodies used in this study are
mMhNGEF polyclonal antibody (pAb) and H-Ras monoalantibody (santa cruz) and

a-tubulin monoclonal antibody (Santa Cruz) and phog§phr202/Tyr204)-p44/42
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polyclonal antibody, phosphor(Thr180/Tyr182)-p38 padyell antibody, phospho (Thr
183/Tyr185)-SAPK/IJNK polyclonal antibody, phosphex&’3)-Akt polyclonal
antibody (Cell Signaling Technology) and Rho monaal antiby, Cdc42 monoclonal
antibody, Racl monoclonal antibody (PIERCE) and CDidnoclonal antibody,
CDK6 monoclonal antibody, CyclinD3 monoclonal antigp Rb2 monoclonal
antibody, pl5 INK4B polyclonal antibody, p27 Kipl pdbnal antibody,
phospho(Ser807/811)-Rb polyclonal antibody (Cedin@ling Technology) and MMP-
2(2C1) monoclonal antibody, MMP-9(C-20) polyclonahtibody, VEGF(C-1)
monoclonal antibody (Santa Cruz) ; We followed nfanturer’s protocol for dilution
of all primary antibodies. The membranes were theshed, incubated with the
biotinylated secondary antibodies (1:4,000) in eckileg buffer for 2 hours at room
temperature, and washed again. The blotted proteieie wleveloped using an

enhanced chemiluminescence detection system (iNtROKedipSeoul, Korea)

7. DEG (Differentially Expressed Gene) experiments

DEG stands for Differentially Expressed Gene arfdrseto all the genes that are
expressed differentially in mRNA level of two or more gdas. RT is conducted using
oligo dT-ACP to synthesize first-strand cDNAs freamples, wherein the 3'-end core
portion of the oligo dT-ACP comprises a hybridizisgquence complementary to a

poly A region of mRNA transcripts. 1st stage PCR daty one cycle is conducted
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using an arbitrary ACP to synthesize second-stddAs under conditions that the
3'-end core portion of the oligo-dT ACP is prevernttem annealing to the first-strand
cDNAs and only the 3'-end core portion (10-mer}ra arbitrary ACP comprising a
hybridizing sequence sufficiently complementarategion of the first-strand cDNAs
is involved in annealing to the first-strand cDNARgad stage PCR follows under high
stringency conditions to amplify only the arbitrggyimed second cDNA strands
generated from Step 2. Both the oligo-dT and anyitthCP set are involved in

annealing only to the sites or complementary site8'- and 5'-ends of the second
cDNA strands, which results in the amplificationanfly real PCR products with NO

false products.

8. Small GTPase activation assay
The activation of Ras, Racl, and Rho was assayad ts EZ-Detedt' Ras, Racl,

Cdc42 or Rho activation kits according to manufemts instruction (PIERCE).
NIH3T3 cells were plated in 100-mm plates at a dgms 2x10 cells/plate. The next
day cells were serum-starved by incubation in DMENplemented with 0.2% FBS
for an additional 24h. Cells were stimulated witld&BS for the times indicated.
After treatment cells were chilled on ice, washedeowith ice-cold TBS and lysed in
the ice-cold EZDetelY lysis/binding/washing buffer containing a proteasieibitor

cocktail. Cell lysates were clarified by centrifugatat 13,000g at%4 for 15 min and
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guantified using micro BCA protein assay with BS&\the standard. Equal amounts
of lysates (1 mg) were incubated with GST-Rafl-REI,S-PAK1-PBD, or GST-
Rhotekin-RBD and one SwellG&| Immobilized Glutathione disc in a spin cup with a
collection tube at & for 1h. The resin was washed three times with
lysis/binding/washing buffer. Bound proteins weratedl by incubation in 50 2X
SDS sample buffer at 100°C for 5 min. Half ®50f the sample volume was
analyzed by Western blot using the antibody agaRas$, Racl, Cdc42 or Rho

provided in the Kkit.

9. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetralaam bromide (MTT)
assay

Cell viability was determined by MTT [3-94,5-dimetthyazole-2-yl)-2,5-diphrnyl
tetrazolium bromide] assay. After treatment, 20of MTT (1mg/ml) in PBS was
incubated with cells in a 96-well plate for 4 h3#C. Subsequently, the medium
containing MTT was removed, and 100 of DMSO (dimethyl sulfoxide) added.
Cells were incubated for a further 10 min at 37%@wgentle shaking. The absorbance

was read on an ELISA plate reader using a 540nm filter.

10. Serum stimulation and BrdU labeling

A cell proliferation enzyme-linked immunosorbent as&gU (chemiluminescence)
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kit (Roche Diagnostics) was used to measure tharpacation of BrdU during DNA
synthesis according to the manufacturer's proto@&iefly, cells were seeded
overnight in black 96-well tissue culture platesthwclear, flat bottoms (Becton
Dickinson) at a density of 10,000 cells per welll®0 uL medium containing 10%
BCS (4-6 wells per treatment point). Cells wereated with the desired
concentrations of tempo or vehicle control (0.1%aett) for 24 or 48hours in
medium containing 5% BCS. BrdU (1) was added to the culture medium 2 hours
before the termination of tempo treatment. BrdUJatde@dherent cells were fixed and
DNA was denatured in FixDenat (Roche Diagnostios) 80minutes at room
temperature. Cells were incubated with Peroxidaeaejugated anti-BrdU antibody
(anti-BrdU-POD) for 90 minutes at room temperatanel washed 3 times with PBS.
The immune complex was detected by the luminol tsates reaction, followed by

measurement of chemiluminescence using a luminometer

11. Cellular aggregation

Aggregation assays were performed as describedopsdy. For slow aggregation,
single-cell suspensions were seeded on top of a-s#ith agar medium with or
without NGEF. After 48h, aggregate formation was eatdd subjectively under an
inverted phase-contrast microscope at a magnificatdf x40. For the fast

aggregation assay, single-cell suspensions wereameéith an E-cadherin-saving
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procedure. Particle diameters were measured in #6€&.5200 counter and plotted

as a percentage of the volume distribution.

12. Soft agarcolony formation analysis

Cell transformation was evaluated with a soft-agasay. Stable transfectants or
control cells were plated 2x1th duplicates in 60-mm tissue culture dishes daittg
0.3% top low-melt agarose and 0.6% bottom low-medirage (Bacto agar; Difco,
Detroit, MI, USA) supplemented with DMEM 10% CS. Mediwas replaced every 2
to 3 days, and the cells were left for 14 days afteaching confluence.

Macroscopically visible foci were then counted and piatphed.

13. In vitro Migration assay using transwell

In vitro migration experiments were performed using trafisy@ostar), which
consist of a 24-well companion plate with cell atdt inserts containing 8 mm pore
size filters. Briefly, transfected NIH3T3 cells (B¥) with serum-free medium were
added to each insert (upper chamber), and the chigamant (10% FCS) was placed
in each well of a 24-well companion plate (loweawtber). After 24h incubation at
37°C in a 5% CO2 incubator, the upper surface ofittez was wiped with a cotton-
tipped applicator to remove nonmigratory cells. €dlat had migrated through the

filter pores and attached on the under surfacéefitter were fixed and stained. The
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membranes were mounted on glass slides, and tlsefiaeth 10 random microscopic

fields were counted. All experiments were run in trigté

14. Wound healing migration assay

Wound healing migration assay was performed asquely described. Briefly, cells
were pretreated with mitomycinC (25 mg/ml) for 3@nhnbefore the injury line was
made. The injury line was made on the cells plated in culisheslat 90% confluence.
After they were rinsed with phosphate-bufferedrsglicells were allowed to migrate

in complete media, and photographs were taketO] at the indicated time points

15. In vitro Invasion assay

In vitro invasion assay was performed using BD BioCoat liova#\ssay System
(BD Biosciences) according to the protocol of thenofacturer. Briefly, transfected
NIH3T3 cells (5x16) with serum-free medium were seeded into the uppamber of
the system. The lower compartment was filled wittusefree media containing 5%
bovine serum albumin. Cells were placed in the umzet of the Transwell plate,
incubated for 24h, fixed with methanol, and staineth vinematoxylin for 10min
followed briefly by eosin. The invasive phenotypesrevdetermined by counting the
cells that migrated to the lower side of the fikkgth microscopy at x40. Ten random

fields were counted for each filter, and each sanwdes assayed in triplicate.
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Invasiveness was calculated as the percentagellsftisat had successfully invaded
through the matrix-coated membrane to the lowetswelative to the total number of
cells seeded into the upper wells. The invasiomyassvere done in triplicate and

repeated once.

16. In vitro Angiogenesis assay

Angiogenesis assay on Matrigel was performed agiqusly described. HUVECs
cultured for 24 hours in EBM-2 with 0.5% FCS wererttplated at 3.810°cells/well
in 24-well plates precoated with 250 ml of MatrigBID Bioscience) in conditioned
medium was collected fresh and cleared of celldabris by using low-speed
centrifugation (150Q, 4 °C for 10 minutes). After 24 hours of incubationa 5%
CO2-humidified atmosphere at 37°C, the cell threedisional organization was
examined under an inverted photomicroscope. Eadintent was performed in

triplicate wells.

17. Tumorigenesis in nude mice

Five-week-old female athimic nu/nu mice were pusgth from ORIENT
(CHARLES RIVER TECHNOLOGY, KOREA). Mice were housed germ-free
conditions of controlled temperature (231C), humidity (55+10%) and lighting

(0700 - 1900 h), received adlibitum sterilized fopdllets and sterilized water

50



containing Josamicine (63g/ml) and Gentamicine Sulfate (327@/ml) during both
acclimation period (1 week) and experiments. All fiiecedures were performed in
the animal facilities according to the ethical glides for the conduct of animal
research. For tumorigenicity assay mice were rangl@ssigned to single treatments
(four animals /group) and challenged subcutaneadnstie left inguinal region with
0.2 ml of and 2.5x10cells in phosphate buffered saline. Cages weredccadd the
size of tumors was evaluated for 36 days by biwealdéasurement of the average of
two perpendicular diameters of the neoplastic nzagsth linear caliber. At the end of
this time period the mice without tumors were dféd as survivors. Latency and
survival times were respectively the time perioddays to reach a neoplastic mass
diameter >3 mm and >10 mm, and the growth was cereidthe time between the
latency and the survival. Tumorigenicity was repdras the per cent of mice with
tumors after 6 weeks. For histology, tumor sample®iged in formalin and stained
with ematoxylin-eosin by standard techniques. A& tiamors showed comparable

histological characteristics and were classified as ssso

18. Immunofluorescent and immunohistochemical staining
Tumors were excised from mice and fixed in 10% raWiuffered formalin for 24
hours. Frozen tissues were cut intqu0sections in a microtome at 20 Frozen

tissue sections on glass slides were fixed in aeett 20C for 20 min and rinsed in
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phosphate buffered saline (PBS). A rat antimouse IC®8noclonal antibody (BD
PharMingen, San Diego, CA), diluted 1:100 (v/v) inRBvas applied to the slides
which were incubated at room temperature for 2 ke Jlldes were rinsed three times
in PBS and then incubated with a fluorescein ismymate (FITC)-conjugated
polyclonal goat anti-rat IgG antibody (Pharmingen)1:50 (v/v) dilution in PBS, for
1 h at room temperature in a dark room. The slidesefinsed in PBS and mounted
under a cover slip with a mounting medium gel mg@ibmeda, Foster, California).

The slides were kept at@ in the dark until scanning with laser microscopy.

19. Laser scanning microscopy and image analysis

The FITC-labeled slides were scanned with a Zeisglelh LSM510 computer-
assisted CLSM equipped with an argon laser (Zeissm@ny). Images were acquired
and analyzed using the LSM510 software 3D (Zeigsn@ny). The channel settings
of pinhole, detector gain, amplification offset ayain, and % laser transmission were
adjusted to provide an optimal balance of fluorescatensity of the targeted
microvessels and background. The same settings tiveneused for scanning all the
slides prepared on the same day. Tissue sectionserias with those examined
previously with light microscopy, were scanned abDX0magnification with an
excitation wavelength of 568 nm. With the z-stackction, a composite image was

created as previously described from nine sernah Gluorescent images acquired
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vertically for each microscopic field identical tteat examined with light microscopy.
Background fluorescence was subtracted from thegémarhe total area of
fluorescence in mm2 in a microscopic field, detectdxve the background, was
integrated automatically by the computer. Thus, theréscent area was a numerical

representation of the total area of microvessels labglélaebCD31 antibody

20. Animal micrometastasis assay

A total of 1x1GNIH3T3 transfectant cells were injected into thiétain of 5-week
old female. Five-week-old female athimic nu/nu migere purchased from ORIENT
(CHARLES RIVER TECHNOLOGY, KOREA). Four mice werejected with each
cell type. After 42 days, mice were sacriWced, diggkcand analyzed by gross
examination. The lungs were excised and placed linesaolution. Metastatic foci

were counted at the lung surface under a dissecting mig@sco

21. Animal survival assay

Survival rate of nude mice bearing intraabdominatiplanted NIH3T3 transfectant
cells. A suspension of 0.2 ml and 2%1@lls in phosphate buffered saline wasinjected
into the abdomen of nude mice. The condition of¢hmice was checked once daily.

Survival time was compared between 4 groups of nude.
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22. Statistical Analysis

All experiments were repeated at least three titneensure reproducibility. Data in
all experiments are represented as mean + S.E.t@Btltisomparisons were carried
out using two-tailed Studenttgest.p values <0.05 were considered to be statistically

significant.
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lIl. RESULTS

1. Identification of differential gene expressionn NIH3T3 cells and
oncogenic H-RasV12-transformed NIH3T3 cells

To apply the ACP primer system to differential désp first-strand cDNAs are
synthesized by reverse transcription using oligo (dTAC® as a primer. This method
requires only a single cDNA synthesis for eachedéht RNA sample, in contrast to
the multiple cDNA reactions required for differaaitidisplay methods. Using first-
strand cDNAs as templates, second-strand cDNAsyaresized during one cycle of
first-stage PCR using an arbitrary ACP primer andratial annealing temperature
(50°C -53°C). Second-strand cDNAs are then amglifiering second-stage PCR at a
second annealing temperature (65°C), which are-$tigingency conditions, using the
sequences at thée 8nd 5 ends of the second-strand cDNAs as the templatethé
amplification priming sequences. During the secstadie PCR, the-8nd core region
sequences alone of the oligo (dT) 15 ACP or thdrarlp ACP primer cannot anneal
to the cDNA templates in such high-stringency ctiads, another selective
hybridization feature of Gene Fishing technologg.identify the genes specifically or
predominantly expressed at two type cells, we coetbdhe mRNA expression
profiles of NIH3T3 cell and NIH3T3+H-RasV12 cell. éardingly, mRNA sequences

from both types of embryos were extracted and stéajeo ACP-based RT-PCR,
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using a combination of 60 arbitrary primers and @mhored oligo (dT) primers of
ACP-based Gene Fishing PCR kit (See-Gene, Seoul, aKofeene Ontology
annotations, BLASTN, and BLASTX searches of all 14usmces against the Gene
Bank database revealed that all of these DEGs beer well characterized in other
speciesWe examined the expression patterns of selectedsgenNIH3T3 cell and
NIH3T3+H-RasV12 cells.Sequence-specific primers were designed to amplify
products with lengths ranging from to 438~881bping RT-PCR, we confirmed that

NGEF were highly expressed in the NIH3T3+H-RasV12 cellyfed.0).
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Ngef : BC039279, neuronal guanine nucleotide exchaadactor

Fig.10. Result of GeneFishing PCR for the identification of differentially

expressed genes (DEGS)
Expression patterns of DEGs (A22, A24 primer) assksby RT-PCR were
compared with NIH3T3 and NIH3T3/H-RasV12 cells. Aifietl DNA products were

separated on a 1.2% standard agarose gel, and stainethvdihnebromide
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2. Oncogenic H-Ras induces expression of the NGEF

To confirm the Gene Fishing RT-PCR result, semigtative RT-PCR analysis of
the control vector and H-RasV12 transfected NIH3@@&Is were performed.
Semiquantitative RT-PCR analysis using the NGEFifipgrimers showed that the
expression level of the NGEF genes was increassaatically by transfecting them
with H-RasV12 expressing vector, but not with cohénmpty vector (Figure.11A and
C). In order to determine if this increase in theBXamRNA levels correspond to an
increase in the NGEF protein level, western blot wasied out using an antibody
against the NGEF. SDS-polyacrlyamide-gel electrogdiesr(SDS-PAGE) was used to
separate the whole-cell extracts of the proteimftbe H-RasV12-transformed cells,
as well as separate the protein from the emptyovdransfected cells. Western blot
analysis with the NGEF antibody showed that the R@Eotein levels were higher in
the H-RasV12-transfected cells than the empty veacamsfected cells (Figure.11B
and D). Thus, oncogenic H-Ras expression induces MN@&fpression in murine

fibroblast cells.
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Fig.11. Oncogenic H-Ras induces expression of the NGEF

Expression levels of NGEF analysis in control empgctor- and H-RasV12
expressing vector- transfected NIH3T3 cells. (A Thtal RNA was extracted from
NIH3T3 cells stably expressing H-RasV12 or pcDNAB8na and subjected to RT-
PCR analysis using Ras, NGEF, GAPDH specific primershe indicated genes.
GAPDH was used as the loading control. (B) Protainaets prepared from NIH3T3
cells stably expressing H-RasV12 or pcDNAS3 vectonaland the Ras, NGEF, aad
tubulin were analyzed by western blotting. (C) RNAswsolated from NIH3T3 cells
transiently transfecting H-RasV12 expressing veotopcDNA3 alone and subjected
to RT-PCR analysis using Ras, NGEF, GAPDH specifingns to the indicated genes.
GAPDH was used as the loading control. (D) Totdl edracts from stable cells were

used to detect Ras, NGHirtubulin protein by western blotting analyststubulin
was used as the loading control.
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3. Dominant negative H-RasN17 supprssed H-RasV12doced NGEF
expression

To confirm whether oncogenic H-Ras is indeed ingdlhin the NGEF expression in
NIH3T3 cells, dominant negative H-RasN17 was tranbietransfected into H-
RasV12-expressing NIH3T3 cells. The H-RasN17 mutarftich has a 100-fold
higher affinity for GDP than for GTP and can inhilitas effects in a dominant
negative manner. Expression of the H-RasN17 mutast verified by western blot
analysis of protein lysates prepared from transtectells. The protein expressed by
H-RasN17 is the same size as endogenous p21 Rasjsekpressed at significantly
higher levels. Expression of the Dominant-negatias Riutant in H-RasV12 infected
cell was confirmed by the high level of Ras proteixpression detected in cells
transfected with H-RasN17 in comparison to thatefis transfected with the vector
alone (Figure.12A and 12B). We found that transientifroducing a dominant
negative form of H-RasN17 into oncogenic H-Ras\Waasformed cell resulted in the
downregulation of NGEF expression. We also confirnteel ability of H-RasN17

construct to inhibit a well-characterized Ras signaliathway (Figure.12 C).
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Fig.12. Dominant negative H-RasN17 transfection ledo suppression of H-

RasV12-mediated increased NGEF expression
Expression of NGEF in oncogenic H-RasV12 transfarmeells transiently

transfecting H-RasN17. (ART-PCR analyses for Ras, NGEF and GAPDH. GAPDH
was used as the loading control. (B) Western blotRflas, NGEF and GAPDHu-
tubulin was used as the loading control. (C) Themidant-negative RasN17
interferred endogenous Ras major signaling. Wedbdwts ananlysis phospho-p38,
phospho-p44/42 and phospho-SAPK/JNitubulin was used as the loading control.
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4. Effect of Ras signal pathways inhibition on NGEFexpression in
oncogenic H-RasV12-transformed NIH3T3 cells

The Raf/MEK/ERK and the PI3K/AKT pathway is a majsignal transduction
pathway activated by Ras. To determine which pati @ontributes to Ras-mediated
NGEF mRNA expression, H-RasV12-expressing NIH3T3soekre pretreated with
the p44/42 MEK inhibitors PD98059 and U0126, or & MAPK inhibitor
SB203580. Pretreatment of H-RasV12-expressing NIH&AIB with MEK inhibitor
PD98059 and U0126 decreased NGEF mRNA expressioereath p38 MAPK
inhibitor SB203580 did not exert any effect on NGBERNA expression (Figure.13A).
To determine the role of the PI3K pathway in the@massion of NGEF protein
expression, LY 294002 was used to block the actimatif the PI3K pathway in H-
RasV12-expressing NIH3T3 cells. Treatment with PiBKibitor LY294002 or MEK
inhibitor PD98059, U0126 decreased the amount of R@Edtein in H-RasV12-
eapressing NIH3T3 cells (Figure.13B). These resuidicate that the elevated
expression of NGEF in oncogenic H-RasV12-transfafiels is due to the increased

PI3Knase or MEK activities in these cells.
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Fig.13. Effect of Ras signal inhibitor on NGEF expresion in oncogenic H-Ras
transformed cells

Serum-starved NIH3T3/H-RasV12 cells were pretreaiddK inhibitor (5QuM
PD98059 or 2aM U0126) or PI3K inhibitor (3QuM LY294002) or MAPK inhibitor
(20uM SB203580). Cells were harvested and the NGEF sgme was analyzed by
RT-PCR (A) and Western blotting (B) GAPDH améubulin were used as the loading

controls of RT-PCR and western blotting, respectively.
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5. Effect of NGEF on the Raf, Rho, Racl and Cdc4zZtavation

Small GTP-binding proteins (or GTPases) serve aeautar switches in signaling
transduction pathways. Active Ras binds specificatlythe Ras-binding domain
(RBD) of Rafl, leading its activation. Therefore, RBD of Rafl can be used as a
probe to specifically isolate the active form ofsR&mall GTP-binding proteins (or
GTPases) serve as molecular switches in signatangsdiuction pathways. Rho (24
kDa), a small GTPase, regulates stress fiber formatiocal adhesion and cell
migration. Upon binding to GTP, Rho interacts witbmahstream effectors such as
Rhotekin. Therefore, the Rhotekin RBD can be used pi®be to specifically isolate
active or GTP-Rho. GTPase Racl plays an importdatinathe organization of actin
filament networks and in membrane ruffling. Activead® and Cdc42 binds
specifically to the p21-binding domain (PBD) of p&dtivated protein kinase 1 (Pak1),
leading its activation. GTPase Cdc42 (22 kDa) rdgalthe organization of the actin
cytoskeleton and gene transcription. Activation ofdc€2 promotes actin
polymerization to form filopodia or microspikes amsl associated with integrin
complexes. Here we investigate if overexpressionrNGEF protein coordinately
regulates the induction of constitutively active sRand Rho GTPases. Control
NIH3T3 and H-RasV12-expressing NIH3T3 cells wemnsiently transfected with
control pcDNA3 vector or NGEF expressing vector, pessively; H-RasV12

transfected cells were transiently transfected withtrol SIRNA or NGEF siRNA. To
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investigate the effect of NGEF on the activatiorspfall GTPase protein, cells were
serum starved for 24h and then treated with serurd, iacubated additional 3h.
Expression of NGEF coordinately stimulated the espion of active Rho and active
Racl and active Cdc42. Moreover, NGEF siRNA transteét-RasV12 transformed
cell exhibited suppression of Rho, Racl and Cdc42veder, expression of NGEF
did not affect Raf activity (Figure.14). These datmgest that expression of NGEF

were capable of activating Rho, Racl and Cdc42, but notdReitya
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Fig.14. Effect of NGEF on the Raf, Rho, Racl and Cdc42 tagty

NIH3T3 and H-RasV12-transforming NIH3T3 cells weransfected either with
plasmids containing pcDNA3.1/V5-His-Topo, pcDNA3.1/EK control siRNA
pCMV/H-RasV12 or pCMV/H-RasV12 NGEF siRNA. The ciisates (500ug) were
then incubated with GST-Raf-PBD, GST-Rhotekin, GSKiPaand SwellGel
Immobilized Glutathione Disc. Half of the volumestbe eluted samples (25ul) and
20ug of cell lysate were separated by 12% SDS-PAfBsferred to a nitrocellulose
membrane and probe with anti-Ras, anti-Rho, anti-Racilanti-Cdc42 Antibodya-

tubulin was used as the loading control.
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6. EGF-stimulated induction of NGEF is dependent upn ERK, PI3K

In the activated GTP-bound form, Ras activate sédenanstream targets, including
ERK and PI3K. EGF-induced activation of ERK is degent on Raf and EGF-
induced activation of Jun kinase is dependent orothem Ras effector,
phosphatidylinositol-3-kinase. Therefore, we examitiedeffect of NGEF expression
on ERK and PI3K activation in response to EGF dtation in NIH3T3 or
NIH3T3/H-Rasv12 cells. The results indicate thathbot ERK and PI3K signaling
pathway required for the upregulation of NGEF protéin response to EGF

(Figure.15).
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Fig.15. NGEF expression was induced by EGF-stimulate’IEK-ERK and PI3K-
AKT activation

Control and H-RasV12-transforming NIH3T3 cells wemrum-starved for 12h and
then stimulated with 100ng/ml EGF for 30 min. Cdjisates were directly
immunoblotted with anti-phopho-p44/42, anti-p44/42ti-ahospho-Akt and anti-Akt

and anti-NGEF antibodw-tubulin was used as the loading control.
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7. NGEF is reguired for oncogenic H-Ras-induced dellar proliferation

To investigate whether NGEF affects cellualr pestition in NIH3T3 cells, we used
control and NGEF expressing NIH3T3 cells. The pfecdtion rate of NGEF
expressing NIH3T3 was significantly induced as carad with that of control cells.
To determine whether NGEF affects proliferatiorerat oncogenic H-Ras-expressing
cells, we inhibited NGEF expression in oncogenic &¥R12 cells using siRNA and
monitored the effect of such treatments. Importanthe proliferation rate of
oncogenic H-RasV12 cells treated with NGEF spec#iBNA was significantly
reduced as compared to those treated with the adasiRNA, determined by BrdU
incorporation (Figure.16A) and MTT assay (Figurel6Bhese findings strongly
indicate that NGEF plays an essential role in ntedjathe proliferative activity of

NIH3T3 cell or oncogenic H-RasV12 NIH3T3 cell.
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Fig.16.In vitro Proliferation assay

(A) Vector and NGEF expressing NIH3T3 cells and toansiRNA- or NGEF
siRNA-transfected H-RasV12-transforming NIH3T3 sellere grown for 8 h at 3T
and then labeled by adding 10 uM bromodeoxyuridiBedU) to each wellflat
bottoms at a density of 10,000 cells per well. (BlCeere seeded in 0.25% FBS at
day 0 at a density 5x1@ells/well and counted for up to 3 days. The nunuferells

were recored every 24 h. Each value is the mesud.from three separate experiments.
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8. Effect of NGEF on the cell cycle regulator protes

Mitogenic stimuli promote the entry of quiescenliséto the first gap phase (G1)
and initiation of DNA synthesis (S phase) of th# cgcle. Exit from or entry into the
GO quiescent state is controlled by positive andatiee regulatory proteins. G1
cyclin-dependent kinases (CDKs) serve as positgelators. D-type cyclins(D1, D2,
D3) complex with CDK4 and CDKE6 to stimulate thein&se activities, which in turn
cause the phosphorylation and inactivation of tle¢inoblastoma (Rb) tumor
suppressor protein. By binding to E2F, Rb recruitstohe deacetylases to the
promoters of E2F-responsive genes and repressestringscription. Cyclin D1, in
part, regulates the kinase activities of both CDKdl £DK6. These complexes are
formed in the cytoplasm and are transported intontlicleus and undergo stimulatory
modifications including phosphorylation by CDK aetiing kinase (CAK) to yield
active holoenzymes. Further into G1, cyclinE compiexéth CDK2 and causes
additional phosphorylation and inactivation of RbitfMéufficient phosphorylation of
Rb, E2F is released and transactivates genes rddigireS phase entry, including
cyclins E and A. CDK inhibitors (CKIs) serve as atige regulators of the Rb
pathway. CKls are classified into two distinct fes on the basis of their structural
and functional characteristics. The members of €4l family of CKIs (p16™*?
p15™4 p18™4C and p18**Y) contain multiple ankyrin repeats and act as regat

regulators of CDK4/6 by binding to the catalytidanit and preventing formation of
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the active cyclin-CDK complex. The Cip/Kip family &@Kls (p2£™*, p27**, and
p57%"?) is more broadly acting and regulates both CDKatei CDK2 activity. Each
member of the family contains a characteristic maeithin the amino-terminal region
that enables them to bind to both cyclin and CDHKusits. The stoichiometry
between CDKs and CKils is important and determires dctivity of Rb and the
proliferative state of cells. A number of experina@rgpproaches have established the
importance and requirement for endogenous Rasdibrcgcle progression and the
ability of oncogenic Ras to promote growth factudeépendent cell cycle entry. To
assess if NGEF has any effects on the cell cycle, investigated whether
NIH3T3/pcDNA3.1, NIH3T3/NGEF, NIH3T3/H-RasV12, NIH3T3/RasV12
SiINGEF could affect the cell cycle checkpoint rethigene. We found that NGEF
expression led to increase in CDK4, cyclinD3, p27 psb expression in NIH3T3.
In addition, transfection of NGEF siRNA into oncogemd-Ras transfected cells
resulted in the suppression of these cell cycleleggr proteins (Figure.17). Thus,
NGEF may regulate cell cycle progression througpression of several cell cycle
progression proteins, and they suggest that NGE isnportant role for cell cycle

regulation in oncogenic H-Ras-transformed cells.
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Fig.17. Screening of cell cycle regulator gene

The cycling cells were analyzed by immunoblot udimg indicated antibodies. The
anti-CDK4, anti-CDK-6, anti-CyclinD3, anti-p{%™, anti-p2#*, anti-phospho Rb,
anti-Rb2, anti-RBBP, anti-Ras and anti-NGEF antibagye useda-tubulin was used

as the loading control



9. Effect of NGEF on the Aggregation in NIH3T3 andoncogenic H-
RasV12-transforming NIH3T3 cells

To investigate whether NGEF is contributed to tineamenic Ras-induced cellular
aggregation, single-cell suspensions were seedéoponf a semi-solid agar medium.
After 48hr, aggregate formation was evaluated stibglg under an inverted phase-
contrast microscope at a magnification of x40. Tésult NGEF did not appear to
have any morphological effect on wild-type NIH3T&llc By contrast, enforced
expression of NGEF in NIH3T3 cells resulted in #ggregation of these cells under
subconfluent conditions. In addition, NIH3T3/H-RagV/tells have an increased
tendency to aggregate, and NGEF siRNA transfecéidrid significant suppression of

cellular aggregation of these cells (Figure.18).
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Fig.18.In vitro Aggregation assay

Single-cell suspensions were seeded on top of a-swith agar medium with
NIH3T3/pcDNA3.1, NIH3T3/NGEF or NIH3T3/H-RasV12, NIA3/H-RasV12
SiNGEF. After 48hr, aggregate formation was evaluatdgjectively under an inverted
phase-contrast microscope at a magnification of &d@ recorded as digital images
using Adobe Photoshop. Mean valuests.e.m are showrhree independent

experiments.
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10. Effect of NGEF on the Colony formation in NIH3T3 and oncogenic
H-RasV12-transforming NIH3T3 cells

The ability of an oncogene to induce the growthcofonies in soft agar is a
classificalin vitro experiment to determine its transforming potentié¢ observed, as
expected, that the expression of NGEF in NIH3T3scelduced the growth of
colonies in soft agar. Also, as expected, that tidbited of NGEF in NIH3T3/H-
RasV12 cells reduced the growth of colonies in safar. First, we examined the
ability of NGEF to induced normal cell forcus forgi (density dependence) activity.
In these experiment, we transfected NIH3T3 cellfwait expression vector encoding
activated NGEF. As shown in Figure.10, expression®ER caused a 40% induction
in transforming activity compared with the activibaused by transfection of the
empty vector (Figure.19). These data suggest thamteld expression of NGEF
induces transformation and that up-regulation oB¥Gs a necessary prerequisite for
colony transformation. To further evaluate how NGEfagonizes transformation, we
generated stable cell lines that ectopically exprB&SEF to determine whether
expression of NGEF could induce colony transforaratiSecond, we examined the
ability of NGEF to inhibited Ras-tansformed cellcfiz forming activity. In these
experiment, we transfected NIH3T3/H-RasV12 cellshwién expression vector
encoding siRNA NGEF. As shown in Figure.19, inhibigeghression of NGEF caused

a 30% reduction in transforming activity compare@hwthe activity caused by
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oncogenic H-Rasv12 transfected cells to grow iniselid agar by 55%. In addition,

inhibited expression of NGEF reduced not only thenber of colonies, but also the
size of the colonies. Thus, because forced inhitdtgatession of NGEF reduction the
soft agar growth of the Ras-transformed cells, wackale that the increased
expression of NGEF observed in Ras-transformecesgmts an important mechanism

by which Ras mediates transformation.
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Fig.19.In vitro Colony formation assay

NIH3T3, NIH3T3/NGEF, NIH3T3/H-RasV12 control siRNA dHH3T3/H-RasV12
NGEF siRNA cells were platedx2L0"in duplicates in 60-mm tissue culture dishes
containing 0.3% top low-melt agarose and 0.6% botkmmmelt agarose. After 2
weeks of incubation, colonies of >1 mm in size wawanted. Cellular migration was
observed with light microscope@0). Data represent the mean * standard deviation
of triplicate samples derived from a typical expent and similar were performed at

least three times.
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11. Effect of NGEF on the Migration in NIH3T3 and acogenic H-
RasV12-transforming NIH3T3 cells

Cell migration is an essential process in physiglalgconditions such as wound
healing, tissue regeneration, and in pathologicaditmns such as tumor invasion.
The role of the Ras oncogene in the pathophysiotifggell transformation and the
pathogenesis of various cancers is well establisRed oncoproteins are thought to
contribute to the proliferative, invasive, metastatioperties of transformed cells. For
example, an overexpression of H-Ras oncoprotein been reported to induce
metastatic potentiality in H-Ras transfected murine NIBi8&lls.

To examine the functional roles of NGEF in NIH3Tdlanigration, we performed
both modified Boyden chamber assays and woundrigeabsays using NGEF stable
cell lines (NIH3T3/pcDNA3.1, NIH3T3/NGEF, NIH3T3/H-Rd%2, NIH3T3/H-
RasV12 siNGEF). In order to test whether the exprassf NGEF cell migration, we
performed modified Boyden chamber migration aasays shown in Figure.20,
expression of NGEF in NIH3T3 cell significantly emtted the migration activity,
whereas did not effect the migration of parentalHBIT3/pcDNA3.1 cells.
Furthermore, inhibited expression of NGEF causedigiéah in migration activity
compared with the migration activity caused by @wuc H-Rasvl12-transformed
cells (Figure.20). We also examined the effect of BRGover-expression on cell

migration by in vitro wound healing assay. As shownFigure.21, expression of
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NGEF in NIH3T3 cell significantly enhanced woundhlieg activity, whereas delayed
wound healing activity of parental NIH3T3/pcDNA3ctlls. Furthermore, inhibited
expression of NGEF caused a delayed in wound Hhealttivity compared with

wound healing activity caused by oncogenic H-Rasvl1Ztoamed cells (Figure.21).

80



H-RasV12 H-RasV12
NIH3T3 NIH3T3+vector  NIH3THNGEF | pock iRNA +NGEF siRNA

Migrated Cells(% of control)

Fig.20.In vitro Migration assay using transwell

Cell migration abilities of NIH3T3/pcDNA3.1, NIH3T3BEF, NIH3T3/H-RasV12
control siRNA and NIH3T3/H-RasV12 NGEF siRNA weneatysed using uncoated
transwell cell culture inserts ¥8L0% with 8 um pores. After inhibition of cell
proliferation by treatment with 1@/ml mitomycin-C or solvent were added to lower
compartment. After 24 hours of incubation of cell$ich had migrated through the
pores, was estimated by counting 5 independent vilds. Cellular migration was
observed with light microscope@0). Three independent assays were performed in

triplicate. Mean values s.d. are shown.
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Fig.21.In vitro Wound healing migration assay

Cell Migratory abilities of the NIH3T3/pcDNA3.1, NIH3/NGEF, NIH3T3/H-
RasV12 control siRNA and NIH3T3/H-RasV12 NGEF siRM&re determined by
wound healing assay. Width of injury line from thrieeependent experiments was
measured and plotted. After inhibition of cell pfetation by treatment with 10g/ml
mitomycin-C or solvent were added to lower comparim Cellular migration was
observed with light microscope (x40) at indicatedet points. The results presented

were means of triplicates.
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12. Effect of NGEF on the Invasion in NIH3T3 and onogenic H-
RasV12-transforming NIH3T3 cells

Invasion through the extracellular matrix (ECM) as important step in tumor
metastasis. Cancer cells initiate invasion by adigeid and spreading along the blood
vessel wall. Proteolytic enzymes, such as MMP collagenasss)\di tiny holes in the
sheath-like covering (basement membrane) surrognttia blood vessels to allow
cancer cells to invadé’o evaluate the invasive phenotype of expressioN@EF in
NIH3T3 cells and inhibited expression of NGEF ircogenic H-RasV12-transformed
NIH3T3 cells, we performed an in vitro invasion gsddatrigel invasion chamber are
hydrated for at least 2hr in the culture incubatdh 500ul serum free DMEM in the
bottom of the well and 5Q0 in the top of the chamber. After hydration of Maé,
the DMEM in the bottom of the well is replaced Wi MEM containing 10% FBS. 5
x 10" cells are plates in 5p0 DMEM supplemented with 10% FBS in the top of the
chamber. The invasion assay is carried out for &kine culture incubator. The cells
are fixed by replaced the culture medium in thadsotand top of the chamber with
4% formaidehyde dissolved in PBS. After fixing fdmin at room temperature, the
chambers are rinsed in PBS and stained with 0.2%tadryiolet for 10 min. After
washing the chamber 5 times by dipping the chamivees large beaker filled with
dH,O the cells at the top of the Matrigel membranerameoved with several cotton-

tips. It is safe to assume that all cells are redovben no more blue dye can be
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removed with the cotton-tip. These cells are counisidg an inverted microscope
equipped with either a<40 objective and plotted as the percentage of ingacells
of the total number of plated cells. As shown Fige@e Transfection with NGEF
significantly induced the number of invaded cefl8%) compared with transfection
control vector. We also evaluated in the invasivevig of H-RasV12-transfored
NIH3T3 cells byln vitro invasion assay. Oncogenic H-RasV12-transformed N843
cells (50%) invasion was significantly reduced Ioyibited (15%) expression of
NGEF (Figure.22). Invasive phenotype of cancer cilsoften associated with
increased expression of MMP-2 and MMP-9, which cegrade type IV collagen, the
major structural collagen of the basement membrdhes, we next examined the
involvement of MMP-2, MMP-9 in NGEF-induced and NGEeuced invasive
phenotypes in NIH3T3 cells. As shown Figure.22, activity of RAMand MMP-2 was
increased in NGEF over-expression cells. MoreovecKihg the expression of NGEF
markedly decreased the protein levels MMP-2 and MMP H-R asV12-transformed
NIH3T3 cells (Figure.22). These results demonstréted NGEF is reguired for the
NGEF expression could elicit invasion of normal marfibroblast NIH3T3 cells ans

is an essential role for oncogenic H-Ras-induced increaasion ability.
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Fig.22.In vitro Invasion assay using matrigel chamber

Cell Invasive abilities of the NIH3T3/pcDNA3.1, NIAI3/NGEF, NIH3T3/H-
RasV12 control siRNA and NIH3T3/H-RasV12 NGEF siRMAre determined by In
vitro Invasion assay using matrigel chamber. Therfl were fixed by immersion in
4 % formaldehyde and then stained with 0.2 % crygtdét. The upper surface of the
membrane was cleaned with a cotton swab to remdveoainvasive cells. The
stained, number of invaded cells per field was cedinh 13 fields under light
microscope (x40). Three independent assays wererpet in triplicate. Total Cell
lysates for the indicated cell lines were resolydSDS-PAGE and western blot
analysis using anti-MMP-2, anti-MMP-9, anti-CyclinDanti-Ras and anti-NGEF

antibody.a-tubulin was used as the loading control.
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13. Effect of NGEF on the Angiogenesis in NIH3T3 ahoncogenic H-
RasV12-transforming NIH3T3 cells

Angiogenesis is the process of generating new laapilblood vessels. It is a
fundamental component of a number of normal (reyctidn and wound healing) and
pathological processes (diabetic retinopathy, rteaid arthritis, tumor growth and
metastasis). To evaluate the angiogenesis phenaifpexpression of NGEF in
NIH3T3 cells and inhibited expression of NGEF ircogenic H-RasV12-transformed
NIH3T3 cells, we performed an in vitro angiogenesis assay.

To determine whether the increased levels of VE@Giemn induced by NGEF gene
correspond to increases in functional VEGF protem collected conditioned medium
from NGEF transfected cell, as well as from controhtransfected cell. We used an
endothelial tube forming assay to assess VEGF gctMIUVEC cells were embedded
in three-dimentional collagen (Typel) mesh andekint of tube-forming network
was evaluated after application of various condém medium. These data
demonstrate that activated NGEF-expressing cetisese high levels of functional
VEGF. To determine the effect of NGEF on the oncagéttRas-induced VEGF
expression, protein from transformed and control 3Bl cells was examined for
VEGF expression. As shown Figure.23, a marked inductio VEGF protein
expression was observed in NIH3T3 cells transfeatétth H-RasV12 oncogene.

Moreover, only low levels of VEGF protein levels wasserved in oncogenic H-Ras-
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transformed cells with inhibited expression of NGEF (Fég2g).
Our results suggest that NGEF is able to stimulaggogenesis, and is contributed to
oncogenic H-Ras-induceith vitro angiogenesis. We demonstrate here the ability of

NGEF to elicit angiogenesis in vitro shown by the endathalbe forming assay.
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Fig.23.In vitro Angiogenesis assay
Cell angiogenesis abilities of NIH3T3/pcDNA3.1, NIHZNGEF, NIH3T3/H-

RasV12 control siRNA and NIH3T3/H-RasV12 NGEF siRMAare determined by In
vitro angiogenesis assay. Conditional media wasecit after 48hr and HUVEC
cells grown in conditioned media were stained WHBE after 72hr and then
examined under a confocal scanning laser microscdpee independent assays were
performed in triplicate. Total Cell lysates for tinelicated cell lines were resolved by
SDS-PAGE and western blot analysis using anti-VE&#-CyclinD3, anti-Ras and

anti-NGEF antibodya-tubulin was used as the loading control.
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14. Effect of NGEF on the Animal tumorigenesis

We next sought to determine whether the inductiod aecretion of NGEF in
response to RasV12 signaling contributes to Radateztl tumorigenesis. To
investigate this, we conducted xenograft studiesgugmmunocompromised nude
mice. Animals were divided into four experimentabwgps. The first cohort was
injected subcutaneously with NIH3T3/pcDNA3.1 and RT3/NGEF cells. The
second cohort was injected subcutaneously with NIBA3-RasV12 and NIH3T3/H-
RasV12 siNGEF cells. These groups cells injectect 2Bin PBS.

Animals were monitored for subcutaneous tumor fdionaand the growth rate of
the developing tumors was established. As illustrate Figure.24, NIH3T3/NGEF
expression significantly enhanced tumor growthxXpegimental animals. In contrast,
we could not see any tumor growth, when control aretiansfected NIH3T3 cells
were injected (Figure.24). Animal injected with the@ressed NGEF at the tumor site
were initiated eight days after cell inoculationig(Ffe.25). Moreover, NGEF were
stably knocked down by siRNA in the highly tumonie H-RasV12-transformed
NIH3T3 cells reduced the tumor formation (Figure.24) addition, inhibited
expression of NGEF in oncogenic H-RasV12-transfatiéH3T3 cells demonstrated
an approximate 60% reduction in tumor growth rateha time of sacrifice when
compared with oncogenic H-RasV12-transformed NIHIE3s (Figure.25). This

analysis revealed a significant enhancement of tigmoesis in NGEF expressing
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injected with compared to the stunted tumor fororatfound in NIH3T3 control

vector. Injection of H-RasV12-expressing tumors stidbly knocked down by siRNA
NGEF drastically reduced the increase in tumor &iom induced by H-RasV12. We
conclude that NGEF function is specifically reqdifer Ras-induced or normal cell

tumor formatiom.
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H-RasV12 H-RasV12
NIH3T3+vector NIH3T3+NGEF + Motk siRNA + NGEF siRNA

Fig.24. Animal tumor formation assay

NIH3T3/pcDNA3.1, NIH3T3/NGEF, NIH3T3/H-RasV12 controsiRNA and
NIH3T3/H-RasV12 NGEF siRNA were subcutaneously dtgd into
immunocompromised nude mice. Tumors were excised fpimals at day 40 after
cell inoculation when the largest tumor had reacteddiameter of 6 cm.

Representative examples for each experimental group @ sh
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Fig.25. Animal tumor growth assay

NIH3T3/pcDNA3.1, NIH3T3/NGEF, NIH3T3/H-RasV12 controsiRNA and
NIH3T3/H-RasV1l2 NGEF siRNA were subcutaneously dtgd into
immunocompromised nude mice. NIH3T3/pcDNA®I( NIH3T3/NGEF@®),
NIH3T3/H-RasV12@) and NIH3T3/H-RasV12 siNGEFA() injected into a flank of
immunocompromised nude mice. The graphs indicatertsan tumor rates + SD of

three animals per experimental condition.
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15. Effect of NGEF on the Animal survival

Kaplan-Meier survival curves were generated to amaurvival time distributions
of animals treated with each specific regimen. TBeh ml of this intraperitoneal
mixture was injected into the nude mice. Prolongedise survival was tested during
the following 2-month period compared to the cadnigooup cells injected with
NIH3T3/NGEF, NIH3T3/H-RasV12 NGEF siRNA cells pre-iiated only with PBS.
Following tumor cell implantation, mice were moméd at least twice every week as
described in Materials and Methods for tumor growgh to 2-months when the
experiments were terminated. The result of tumae-freurvival is shown in
Figure.26.There was significant inductive effectNSBEF gene expression such as,
compared with control vector animal The median isafvtime for the H-RasV12-
transformed group was approximately 14 days. InrestitH-RasV12/siNGEF group
by i.p. injection significantly prolonged the aningkurvival. The median survival
time for the H-RasV12/siNGEF animals was 23 dagpresenting a 40% increase

over that of the H-RasV12-transforned group (Figure.26).
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Fig.26. Animal survival assay

Animal survival of NIH3T3/vector, NIH3T3/NGEF, NIH3IH-RasV12 control
siRNA and NIH3T3/H-RasV12 NGEF siRNA were deterndinky Kaplan-Meier
analysis. Mice were either injected intraperitohealith phosphate-buffered
saline/each cells. Animals were monitored for 2 thpno deaths occurred after 72 hr.

Statistical analysis was performed using log-rank test.
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16. Effect of NGEF on the Animal angiogenesis

To establish whether impaired tumor growth was @ased with a paucity of
histologic sections of the tumors were stained gusitonoclonal CD31 antibodies to
visualize endothelial cells and vascular pericytespectively. CD31 is expressed in
both tumorigenic lymph and angiogenic endothelillscof both early and mature
vasculature. We evaluated the capillary density by immueimttiemistry, since this is
a measure of tumorassociated capillary angiogenesisunohistologic staining was
carried out with antibody against CD31. To evalule level of microvessel density
in more detail, the fluorescent images of the amBC-stained tumor sections were
digitally recorded and used for computer-assistetge analysis. This analysis
indicated that the NGEF had significantly induceanor angiogenesis, showing
induction in vessel ends, vessel nodes, and totaeldength. The same experiment
done using NIH3T3/H-RasV12 transformed cells showed H-RasV12 expression
was associated with induced angiogenesis (Figuret®ivever, we investigated the
levels of tumor induced microvessel density in turmenografts; the microvessel
density was significantly reduced in xenograftdNbH3T3/H-RasV12 siNGEF cells
compared with cells transfected with NIH3T3/H-Rag&V(Figure.27). These data
strongly suggest that NGEF is involved in the orerog H-Ras-medated increaise

Vivo angiogenesis.
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Fig.27. Animal angiogenesis staining assay

Immunofluorescence an analysis of tumor sectionBlIlH3T3/NGEF, NIH3T3/H-
RasV12 control siRNA and NIH3T3/H-RasV12 NGEF siRNAjected mice.
Fluorescence microscopy of tumor sections staingu an anti-CD31 antibodyréd)
and showing microvascular morphology. Microvesseismouse skeletal muscle

detected by CD31 immunohistochemical staining anidht! microscopy
(magnificationx400).
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17. Effect of NGEF on the Animal metastasis

To determine which steps in the metastatic proaessensitive to ras expression in
NIH3T3 cells transformed by activated H-Ras, wedtgd the NIH3T3/pcDNAS.1,
NIH3T3/NGEF, NIH3T3/H-RasV12 control siRNA and NIH3/H-RasV12 NGEF
siRNA cells in the nude mice intravenously (i.v.q tail vein and assayed the ability
of these cells to establish tumors in the lung. €kperimenter injecting cells was
unaware of the genotypes. As shown in Figure.28, H/R&dransformed cells
formed faster tumors than H-RasV12/siNGEF cells3@at days after injection.
Representative pictures of the lung tumors bothrasaopically and microscopically
after hematoxylin and eosin (H&E) stained (Figurg.ZBhese results suggest that
NGEF expression is required for oncogenic H-Rasitated in vivo metastasis

(Figure.28).
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Fig.28. Animal metastasis assay
Representative macroscopic and microscopic imageshown. Control siRNA- and
NGEF siRNA- transfected H-RasV12-transformed cellsavigjected (i.v.) to the nude
mice via tail vein (X10° cells per mouse). Lungs at 30 days after injectiame
excised, weighted, and the lung/body weight raticudated. The mean +S.E. of four

mice is shown.
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IV. DISCUSSION

Ras oncogenes are mutated in a large proportiomuofan cancers, and Ras
pathways are activated by a variety of other meish@nin many other cancers (Bos,
1989; Clark and Der, 1995). Rational therapies th@jet Ras downstream signaling
molecules essential for malignant cancer cell bieihabut less critical for normal cell
function, would therefore have a potential impactoiidward, 2003). Because
tumorigenesis contributes to most cancer deathsbacaluse therapies that target Ras
and its downstream signaling pathways are undéveadevelopment as anticancer
agents, an understanding of the biological role a§ i the tumor progression is
clinically important. The mechanisms whereby Ras ogeoes maintain the
transformed characteristics of human cancer cespmorly understood and may
differ from those required for tumor initiation.

In the present study, we have characterized thetiural significance of the
upregulation of NGEF (neuronal guanine nucleotidédharge factor) by oncogenic H-
Ras (Fig.10-11). We demonstrated that the expressiamcogenic Ras upregulate
NGEF expression levels not only in stable H-RasWhafsformed NIH3T3 cells but
also in transiently H-RasV12 transfected NIH3T3lscelmportantly, the relative
abundance of the NGEF mRNA and protein was coeeléd that of H-Ras in the

transformed cells. We confirmed dominant negatiwenf of H-RasN17 suppressed
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oncogenic H-RasV12-induced NGEF expression (Fig.IBgse findings indicated
that NGEF is a direct target of oncogenic H-Ras.

Ras activation is accompanied by the stimulatiorsexferal downstream cascades,
which result in subsequent transcriptional regatatwithin the cell (Shields et al,
2000). Consistent with these studies, our studystiswved that MAPK and PI3Knase
activity as measured by the levels of p-ERK andKFAwas much higher in H-
RasV12-transformed cells than untransformed NIH8&!Bs. Significantly, inhibition
of ERK and PI3K activity in the H-Ras-transformeells by two MEK inhibitors
(PD98059 and U0126), PI3K inhibitor (LY294002), résd in a considerable
reduction in the levels of NGEF mRNA and proteing(E2-13). These findings
provide strong evidence that NGEF is regulated hyaetivated MAPK and PI3K
pathway elicited by oncogenic H-Ras. This effectmiediated by the coordinated
activation of several Ras effector pathways, théesrioig multiple potential targets for
therapeutic intervention.

We found that increasing amount of activated, onoimgel-RasV12-transformed in
NIH3T3 cells led to increased Raf, Rho, Cdc42, Racl actilit investigated whether
NGEF is involved in the oncogenic H-Ras-mediated increfismall GTPase activity.
NIH3T3 cells were transfected with plasmids contajn NIH3T3/pcDNAS.1,
NIH3T3/NGEF, NIH3T3/H-RasV12 control siRNA and NIH3/H-RasV12 NGEF

siRNA individually or in combination. Surprisinglyxeression of NGEF coordinately
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stimulated the expression of active Rho, active Ractlve Cdc42. In addition, NGEF
siRNA transfected H-RasV12 transformed cell cocatity decreased the expression
of active Rho, active Racl and active Cdc42. Howesepression of NGEF did not
affect the Raf activity (Fig.14). These result suggest NGEF increase of Rho, Racl
and Cdc42 activity in NIH3T3 and oncogenic H-Ras-tramsfiog NIH3T3 cells.

We next investigated whether or not NGEF playsnapairtant role for oncogenic H-
Ras-induced tumor progression, using cell proliferatcolony formation in soft agar,
and cellular aggregation assay. We have shown hiastable transfection of NGEF-
expressing cells led to increase of the proliferatcolony formation and aggregation,
compared with those of the mock- and control enweigtor transfected cells (Fig.16,
Fig.18-19). In addition, the transfection of the aatidd H-Ras-expressing cells with
NGEF siRNA causes the cells to reduce the oncogéfRas-mediated increased in
the proliferation, colony formation and aggregaticompared with those of the mock-
and control siRNA-transfected cells (Fig.16, Figl8-These results strongly suggest
that NGEF is involved in oncogenic H-Ras-mediatextéase of cellular proliferation,
colony formation and aggregation.

Elevated levels of the Ras protein are often agsat with abnormal cell migration,
invasion and angiogenesis in multistage carcinogieneWe surmise that the
tumorigenesis caused by oncogenic H-RasV12 coulgaat in part be due to NGEF

overexpression. Indeed, inhibition of NGEF expressisimg NGEF-specific SIRNA
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in H-RasV12-transformed cells impeddd vitro cell migration, invasion and
angiogenesis (Fig.20-23). In addition, ability iafvitro cellular migration, invasion
and angiogenesis of NIH3T3 cells was significamijuced by NGEF overexpression
(Fig.20-23). Moreover, protein expression levels ofasion marker MMP-2 and
MMP-9 proteins were increased in NGEF expressints @s compared with the
mock- and control empty vector transfected cellgy.@2). Whereas, MMP-2 and
MMP-9 expression levels were significantly decrease NGEF-specific siRNA
transfected H-RasV12-transformed cells as comparitid those of the mock- and
control siRNA-transfected cells (Fig.22). Expressiewels of angiogenesis marker
VEGF were increased in NGEF expressing cells, antstection of NGEF siRNA in
H-RasV12-transformed cells led to significant regltite VEGF expression (Fig.23).
Taking together, these results indicate that ine@&$GEF expression is contributed
to the oncogenic H-Ras-mediated cell tumor progsassuch as migration, Invasion
and angiogenesis (Fig.20~23).

Activation of Ras signaling pathway has been shown to bévieddn the induction of
NGEF, which may contribute to tumorigenesis. Xendgraftudies in
immunocompromised nude mice have been used exédndiv analyze cellular and
molecular mechanisms of tumorigenesis. We have shbanNGEF, which is the
downstream target of oncogenic H-Ras in NIH3T3sgdihs been shown to play an

important role of tumor progression. We also dertraies that the ability of NGEF to
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elicit in vivo tumor progression, such as animal tumor growth, ansurvival, animal
angiogenesis and animal metastasis. The abilitynifha tumor growth, animal
survival, animal angiogenesis and animal metasw@isisliIH3T3 cells with NGEF
overexpressing was increased (Fig.24-28), and H-Rasvahsformed NIH3T3 cells
with NGEF siRNA expression exhibited significantpptession ofin vivo tumor

progression. These results suggested that NGE&rhassential role for oncogenic H

Ras-induced in vivo tumorigenesis.

In the present study, we have demonstrated that NGER important downstream
target molecule, and is required for the oncogeniRad-mediatedn vivo tumor
progression. The MEK-ERK and PI3K-AKT signaling pa#ty induced by oncogenic
H-Ras is contributed to the expression of NGEF mR&Al protein. Moreover,
transfection of NGEF in NIH3T3 cells resulted inhéition of tumorogenetic
phenotypes. These results suggest that NGEf expresgluced by oncogenic H-Ras
seems to play an important role in tumor progressidevertheless, future studies
using mouse models that more closely recapitulaievivo progression of
spontaneously arising human tumors will be instmitale in strengthening the

implications of our observations for the pathogenegchanism of cancer development.
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