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Abstract

THE ROLE OF SPROUTY-2 IN THE MALIGNANT TRANSFORMATION OF
HUMAN FIBROBLASTS BY HRAS ONCOGENE

By

Piro Lito

Sprouty-2 (Spry2) plays a regulatory role in the signaling pathways induced by a
number of growth factor receptors. One aspect of the function of Spry2 is to
prevent the c-Cbl-induced degradation of epidermal growth factor receptor
(EGFR). | found that a human fibroblast cell strain, malignantly transformed by
HRas"'?, exhibited an increase in the expression of Spry2, compared to its
parental cell strain. This correlated with an increase in the level of EGFR protein
in HRas-transformed cells compared to their parental cells. EGFR activity was
required if HRas-transformed cells were to exhibit growth factor independence.
To determine whether Spry2 plays a role in HRas-transformation, | down-
regulated the expression of Spry2 using Spry2-specific shRNA. The cell strains
with down-regulated Spry2 exhibited not only decreased levels of EGFR, but also
decreased levels of ERK activation. | also demonstrated that HRas and Spry2
interact in HRas-transformed fibroblasts, and that HRas interacts with c-Cbl and
CIN85 in a Spry2-dependent fashion, suggesting that HRas regulates the
tumover of EGFR through Spry2. HRas-transformed cells with down-regulated
levels of Spry2 failed to form tumors when injected into athymic mice. Expression

V12

of Spry2 in immortalized human fibroblasts independently of HRas" '“, was not

sufficient to induce the malignant transformation of these cells, suggesting that




the role of Spry2 in cancer formation is dependent on HRas oncogene. Ras is
reported to reduce the sensitivity of cells to DNA damage-induced apoptosis. In
the HRas-transformed cell strain that expresses high levels of Spry2, the ability
of HRas to prevent UV-induced apoptosis was dependent on intact PI3K- and
Rac1-activity. By comparing HRas-transformed cells with endogenous levels of
Spry2 to HRas-transformed cells with down-regulated Spry2, | found that Spry2
sustained the activation of PI3K and Akt. Furthermore, | demonstrated that Spry2
sustained the activation of Rac1 by HRas, in part by modulating the interaction
between HRas and Tiam1, a GDP-releasing factor for Rac1. Consistent with
these findings, the down-regulation of Spry2 in HRas-transformed cells resulted
in increased levels of UV-induced apoptosis. The down-regulation of Spry2, also,
resulted in an increase in the level of p53, paralleled by a decrease in the level of
MDM2 phosphorylated at Ser166, an Akt specific site. Expression of Spry2 in
immortalized human fibroblasts resulted in a decrease in the level of UV-induced
apoptosis, and in a decrease in the level of p53 protein. Taken together these
results indicate that Spry2 facilitates the regulation of EGFR by HRas, and is
necessary for the malignant transformation of human fibroblasts by HRas
oncogene. The data also suggest that Spry2 is an important mediator of survival
signals in HRas-transformed cells, because it inhibits DNA-damage induced-

apoptosis through the regulation of the p53/MDM2 pathway.
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Introduction

Cancer is a genetic disorder that results from the accumulation of genetic and/or
epigenetic changes. Such changes uncouple cellular functions form their
regulatory mechanisms, and lead to the emergence of a population of cells that
has acquired the necessary characteristics to form a cancer. Although distinct
types of cancers exhibit specific characteristics, there are several traits that are
commonly observed in various types of cancers. These traits include uncontrolled
proliferation, deregulated cell cycle, limitless replicative potential, evasion of
apoptosis, inefficient DNA repair mechanisms, genetic instability, angiogenesis

and invasion and metastasis [1].

As cancer results from changes at the genomic level, a great effort has been
placed to determine which genes play a role in cancer formation. In a broad
sense, cancer-related genes are classified as oncogenes and tumor suppressor
genes, which are altered through gain-of-function or loss-of-function genetic
events, respectively [2-4]. These events include mutations, epigenetic regulation,

chromosomal translocations and expressional changes [5].

The process of carcinogenesis progresses through distinct intermediate clonal
populations of cels, which may have accumulated some of the characteristics of
cancer cells, even though such populations of cells are not malignant. The

isolation of such intermediate populations from human tumors in vivo has been



successful for colorectal cancer [6], but has proven difficult other types of cancer.
To overcome this problem, a number of systems have been generated in order to
mimic the process of cancer formation. One such system is the MSU-1 lineage of
human fibroblasts [7, 8]. This system consists of isogenic cell strains, which have
acquired specific genetic changes in a sequential order, and display a
progressive accumulation of traits related to cancer. This lineage originates form
a nomal fibroblast cell line, and culminates in a cell strain capable of forming
tumors in athymic mice. Within these extremes, there are a series of isogenic cell
strains with an intermediate status. These characteristics make this lineage an
efficient model system to the study genetic elements that play a role at the

various stages of carcinogenesis.

The Ras GTPase binds to and hydrolyzes GTP to GDP. Ras functions as a
critical molecular switch that regulates a number of cellular signaling pathways
important for cellular proliferation, survival, and organization of the actin
cytoskeleton [9, 10]. Binding to GTP induces a conformational change within Ras
that results in Ras activation [11, 12]. Active Ras binds to, and activates a number
of effector proteins, including Raf, PI3K and Ral. When GTP is dissociated to
GDP, Ras assumes an inactive conformation. This results in the dissociation of
effector proteins from Ras and the activation of effector-mediated pathways by
Ras is attenuated. Ras, a proto-oncogene, is activated to its oncogenic form in
approximately 30% of human tumors [13]. The oncogenic activation of Ras is the

result of mutations in several codons, including codons 12 and 59. These

g—



mutations abrogate the ability of Ras to hydrolyze GTP, stabilizing the active
conformation of Ras [14]. The role of Ras oncogenes in cancer formation is
mediated by the same effectors that mediate the effect of Ras proto-oncogenes
under normal cellular conditions (i.e. Raf, PI3K, Ral etc.) [15-17]. The difference
with oncogenic Ras, however, is that the activation of effector pathways by Ras is
constitutive, resulting in unrestrained proliferation and in the inactivation of

apoptotic programs.

Sprouty (Spry) was identified in Drosophila melanogaster, as an inhibitor of
receptor tyrosine kinase (RTK) signaling [18-20]. This function of Spry is
important for normal development of several organs including the tracheal system
and the eye. Mammalian cells express four Spry proteins, which, like the

Drosophila homolog, retain the ability to suppress RTK signaling [18].

The expression of Spry is prominent in locations where fibroblast growth factor
(FGF) and epidermal growth factor (EGF) are prominent. In mammals, Spry acts
in a negative feedback fashion to repress signaling form these growth factors.
This function of Spry is important in several developmental processes including

the development of the kidney, the vestibular apparatus and the bone [21-23].

In Drosophila Spry is a general inhibitor of RTK signaling [19]. In mammalian

cells, however, Spry proteins, particularly Spry2, sustain RTK signaling induced



by EGF [24-26]. The cellular functions that are mediated by this ability of Spry

remain uncharacterized.

Spry proteins may play a role in cancer formation, as several recent studies found
that the expression of Spry proteins is altered in some types of cancer. Spry1 and
Spry2 are expressed at lower levels in breast and pancreatic tumors [27, 28].
Moreover, Spry2 suppresses tumor formation upon expression in breast cancer
cells [29]. This ability is consistent with the function of Spry as an inhibitor of RTK
signaling. Spry2 is also expressed at higher levels in melanomas [30, 31].
Although this finding correlates with the ability of Spry2 to sustain epidermal
growth factor receptor signaling, the role of Spry2 in the formation of these tumors

remains unknown.

The interest of our laboratory in the study of Spry was sparked by a gene
expression analysis comparing the expression profiles of cells in the MSU 1
lineage. In particular, this study compared the expression profiles of MSU-1.0, an
immortalized diploid human fibroblast cell strain, MSU-1.1, a cell strain derived
from MSU-1.0 cells, and PH3MT, a tumor derived cell strain originating from the
malignant transformation of MSU-1.1 cell with the HRas""?-oncogene. Spry2 was
identified as one of the genes that were increased in expression in MSU-1.1 and
PH3MT cells, when compared to MSU-1.0 cells. This finding led to the hypothesis
that Spry2 promotes tumor formation in HRas-transformed cells, the proof of

which is the scope of this dissertation.



Chapter | will provide a broad review of the literature in the field of cancer
research, then proceed with more depth to the review of the function of Ras, and
finally address in detail the functions of Spry proteins, with an emphasis placed

on Spry2.

Chapter Il will describe the role of Spry2 in the transformation of immortalized
human fibroblasts by oncogenic HRas. This study found that Spry2 is necessary
for the ability of HRas transformed fibroblasts to form tumors in athymic mice.
Furthermore, this study demonstrated that HRas interacts with Spry2 and two

Spry2-binding partners c-Cbl and CIN85.

Chapter Il will describe the role of Spry2 in the ability of HRas to induce survival
pathways that desensitize human fibroblasts to DNA damage-induced apoptosis.
This study found that Spry2 is necessary to protect Ras-transformed cells from
UV-induced apoptosis. In this context, Spry2 sustained the activation of enzymes
involved in survival pathways, including phosphatidyl inositol-3 kinase (PI13K), Akt,
and Rac1, while maintaining a low level of the pro-apoptotic tumor suppressor

p53.

Appendix A will describe the gene expression study that compared the
expression profiles of MSU-1.0, MSU-1.1 and PH3MT cells. In addition to the

identification of Spry2 with a possible role in cancer formation, this study also



found a number of other genes differentially expressed between malignant and

pre-malignant cells.

Appendix B will describe research in progress to determine the role of Spry2 in
the ability of human patient-derived fibrosarcoma cell lines to form tumors in
athymic mice. Two cell lines, HT1080 and VIP:FT, which contain oncogenic
NRas®® and wild type Ras respectively, express high levels of Spry2. This study
found that Spry2 contributes to the malignant phenotype of VIP:FT cells, and, at a
lesser extent, to the malignant phenotype of HT1080 cells, suggesting that Spry2

contributes to tumor formation in a context-specific fashion.
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Chapter I: Review of Literature

Cancer as a genetic disorder

The American cancer society estimates that cancer caused approximately
556,000 deaths in 2003, accounting for nearly 23% of deaths in the United States
[1]. Worldwide, 10 million new cases were reported in 2000, and 6 million people
died from cancer [2]. Cancer is a complex pathologic disorder that is a result of
multiple changes in normal physiology. Initially, change(s) within a cell result in
unregulated cellular growth, leading to an abnormal accumulation of cells and the
formation of a tumor at a particular location, which represents the primary tumor
site or tumor origin. In some cases, tumors infiltrate the tissue surrounding the
primary site and invade lymph and/or blood vessels, a process known as
invasion. In addition, tumors that invade can implant to a secondary location, a
process known as metastasis. Tumors that invade and metastasize are defined
as malignant tumors, and constitute a cancer. In contrast tumors that are
restricted to the site of origin and exhibit no evidence of invasion are defined as
benign tumors. These are often precursors of malignant tumors, but benign

tumors themselves do not constitute a cancer [3].

Cancer-related genes

Cancers arise by the sequential acquisition of genetic and/or epigenetic changes,

which ultimately modify the activity of proteins encoded by the affected genes [4].
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Many of these changes confer upon a cell some selective advantage that allows
the expansion of a clonal population. By reiteration of this pattern over a period of
years, a single cell emerges that has acquired all the necessary changes to form
a cancer [5, 6]. Based on epidemiological evidence on the frequency of cancer
incidence, Renan predicted that a normal cell requires between four to seven

changes to form a cancer [7].

A great deal of effort has been made to determine which cellular genes are
involved in cancer formation. Such genes can be classified into two groups:
oncogenes, which are activated by gain-of-function genetic events and tumor

suppressor genes, which inactivated by loss-of-function genetic events [8-10].

In an attempt to elucidate the origins of cancer, early studies found that injection
of several RNA viruses in some animals resulted in cancer formation [8, 11].
These viruses were also found to induce cellular transformation in culture.
Cellular transformation refers to the acquisition of some of the characteristics of
tumor cells (e.g. morphological change or limitless replicative potential), without
including malignant tumor formation. The transforming ability sﬁch viruses is
mediated by single genetic elements (e.g. v-Src and v-Myc), which are
homologous to genes found in normal cells [8, 12, 13]. The cellular counterparts
of these genes (e.g. ¢-Src and c-Myc) are important for maintaining normal cell
growth and differentiation, and play a causal role in cancer when they are

activated [14, 15].
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Genes that lead to cancer formation upon their activation are defined as
oncogenes, while the cellular genes form which they are derived are defined as
proto-oncogénes. Oncogenes act in a dominant fashion, implying that the
activation of a single genetic allele suffices for their activation. Oncogene

activation, results from point mutations (e.g. Ras"'?

in pancreatic carcinomas [16],
[17]), amplified expression (e.g. Her2/Neu in breast cancers [18, 19]), and
chromosomal translocations (e.g. c-Myc in Burkitts lymphoma and c-Ab/ in

chronic myelogenous leukemia [20, 21]).

Tumor suppressor genes also play an important role in cancer formation. The
cancer in which the role of tumor suppressors became evident is Retinoblastoma.
This condition is characterized by unilateral or bilateral retinal tumors that afflict
young children [22, 23]. Knudson [24] hypothesized that Retinoblastoma resulted
from inactivating mutations in a gene encoding a growth inhibitory protein. In light
of the fact that some children develop unilateral lesions, whereas others develop
bilateral lesions, Knudson postulated that when tumors were found in both eyes,
this was a consequence of a single inactivating mutation, which was inherited,
and a second mutation acquired independently as retinal cells divided to form the
retina. The gene responsible for this condition, designated retinoblastoma (Rb),
was the first tumor suppressor gene to be identified [25-27]. Normally, Rb serves
to repress cellular proliferation by inhibiting cell cycle progression (discussed

below), thus suppressing uncontrolled proliferation of cells. In Retinoblastoma,
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this gene is inactivated by loss-of-function mutations, and therefore the ability of
Rb to inhibit cell cycle progression is lost [28]. Since the discovery of Rb, a
number of other tumor suppressor genes have been identified, which regulate

diverse cellular functions and protect cells form malignant transformation [29].

Inactivation of a single allele of a tumor suppressor gene is not sufficient for tumor
formation, as the other allele of the gene remains intact and can provide enough
wild type protein to maintain a normal phenotype. Therefore, both copies of the
gene must be inactivated in order for the function of the tumor suppressor gene to

be lost. This is commonly known as the “two hit hypothesis” [30].

Tumor suppressor genes have been further classified as gatekeepers or as
caretakers [31]. Vogelstein and colleagues discovered that APC, a tumor
suppressor gene, is inactivated in a type of colon cancer known as Familial
Adenomatus Coli [32, 33]. Biallelic inactivation of APC is the rate limiting step for
the formation of these tumors. Genes with this property in cancer formation are
designated gatekeepers. Another subset of colon cancers, known as Hereditary
Nonpolyposis Colorectal Cancer, arises form mutations in DNA mismatch repair
genes [34, 35]. Because these genes are important in repairing damaged DNA,
their inactivation increases the mutation rate and chromosomal instability, which
facilitate cancer formation [36]. Tumor suppressor genes that act in this fashion
are designated as caretaker genes, i.e. genes whose inactivation accelerates

malignant transformation.
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Mutations are the most important cause for the alteration of normal cellular genes
in the process of tumor formation. Nevertheless, epigenetic events, such as
imprinting and hypermethylation have also proven to be important in inducing the
necessary changes for cancer formation. Epigenetic regulation refers to the
control of gene expression through modifications of chromatin structure in the
gene promoter region [37]. These modifications facilitate (e.g. acetylation), or
impede (e.g. methylation) transcription from a particular gene promoter, resulting
in alterations in gene expression. Disruption of epigenetic regulation can also
contribute to cancer formation. For example, loss of imprinting facilitates the
formation of Wilm's tumor [18] and hypermethylation of the p27 promoter results

in the loss of expression of p217 in various tumors [38].

Characteristics of cancer cells

The family of cancer consists of a large number of distinct types, each displaying
some unique characteristics, particularly in regards to the cell of origin.
Nevertheless, there are also characteristics that are commonly found in various
cancer subtypes [39]. Such common traits include: (1) enhanced or uncontrolled
proliferation, (2) aberrant cell cycle control, (3) limitless replication potential, (4)
evasion of apoptosis, (5) inefficient DNA repair mechanisms, (6) genomic

instability, (7) angiogenesis and (8) invasion and metastasis.



Uncontrolled proliferation

Under normal conditions, a cell requires mitogenic growth signals for proliferation.
Cancer cells, however, have acquired the ability of autonomous proliferation, i.e.
they can replicate in the absence of exogenous growth factors. This autonomy is
acquired as a result of changes that enable cancer cells to uncouple normal

proliferation pathways from their regulatory mechanisms.

With this in mind, it is important to describe the process responsible for the
regulation of proliferation in normal cells, before describing how cancer cells
acquire their proliferative autonomy. Of the several pathways that regulate cellular
proliferation within a cell, the pathways induced by growth factors are the most
important. Extracellular protein growth factors, such as epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF), bind to and activate
transmembrane receptors, such as the EGF-receptor (EGFR) and the PDGF-
receptor (PDGFR), respectively. These receptors belong to a wider family, known

as receptor tyrosine kinases (RTK).

Growth factors bind to these receptors and induced their dimerization. This
process leads to autophosphorylation of the receptors on their cytoplasmic
domains, and this leads to receptor activation [40]. The phosphorylation sites on
RTKs, serve as docking sites for numerous effectors, including the adaptor
protein Grb2 [41]. Grb2 contains a Src homology 2 (SH2) domain, which binds to

phospho-tyrosine residues and guides the migration of Grb2 to the
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phosphotyrosine residues on the cytoplasmic tail of the RTK [42]. In this fashion,
growth factors stimulate the translocation of Grb2 from its cytosolic localization to
the plasma membrane. Grb2 forms a complex with son of sevenless (SOS),
leading to the translocation of SOS to the plasma membrane alongside Grb2 [43,
44). At the plasma membrane SOS activates Ras GTPases, which are embedded
in the plasma membrane by farnesylation [45]. In this fashion, the extracellular
ligand-induced activation of receptor tyrosine kinases results in the activation of
Ras GTPases. These GTPases catalyze the hydrolysis of GTP into GDP, and
serve as a molecular switch for the activation of many intracellular pathways [46,
47]. In normal cells, Ras oscillates between an active, GTP-bound state and an
inactive, GDP-bound state [48]. The Grb2:SOS-mediated activation of Ras in
response to growth factor stimulation is a critical event in the regulation of
proliferation. This is mainly because active Ras regulates the Raf/MEK/ERK
pathway [49]. Activation of this pathway directly regulates the expression of many
genes that are important for cell cycle progression and proliferation (e.g. cyclin D)

[50-52].

One mechanism by which cancer cells hijack this regulatory pathway is the
production of endogenous growth factors. For example, glioblastomas and
sarcomas have been frequently found to produce PDGF and TGFa respectively
[39, 63, 54]. Upon secretion, these growth factors act in an autocrine fashion to
stimulate RTK signaling and proliferation of cancer cells in the absence of

exogenous growth factors.

16



Cancer cells may also exhibit an increased level of RTK activity, because of
mutations that result in constitutive activation of the receptor, or amplification of
the receptor. For example, c-Kit receptor tyrosine kinase, is activated in
gastrointestinal stromal tumors by a point mutation, which results in the
constitutive dimerization of this receptor [55]. Growth factors activate RTKs by
inducing their dimerization. Upon growth factor withdrawal, the receptors revert to
a monomeric state. Thus, constitutively dimerized receptors are active even in the
absence of growth factor stimulation, which results in uncontrolled signaling
activity. Alternatively, and more commonly, growth factor receptors are
overexpressed in cancer cells, as is the case in brain, breast and stomach
tumors, which overexpress the tyrosine kinase receptor EGFR [56]. This also
results in sustained activity from the receptor, and a sustained drive for cellular

proliferation.

Proliferative autonomy in cancer is most often acquired via the constitutive
activation of proto-oncogenes, such as Ras in colon and pancreatic cancers [57]
and Ab/ in chronic myelogenous leukemia [58]. Activation of the Ras proto-
oncogene is a result of point mutations in codons 12, 13, 59 and 61 [59-61].
These mutations diminish the GTPase activity of Ras, which results in higher
levels of active, GTP-bound Ras, and lead to sustained proliferative signaling
from Ras. Abl is a non receptor tyrosine kinase that also functions in signaling

pathways that regulate cell growth [62]. In chronic myelogenous leukemia Abl is
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activated through reciprocal translocation between chromosomes 9 and 22,
resulting in the formation of the “Philadelphia chromosome”, which contains a
fus ion of Abl with BCR [63]. Although the exact mechanism by which BCR-AbI
affe cts cancer formation remains under investigation, one mechanism appears to
be =an increase in the kinase activity of Abl [64, 65]. This increase results in part

b e <= =ause an inhibitory region on the N-terminus of Abl is lost upon fusion of Abl

withy BCR[66].

The modulation of transcription factor activity also contributes to the higher rate of
P roO liferation observed in most cancer cells. The transcription factors that play a
role in cancer can be generalized into three groups [67, 68], including steroid
r€eceptors, such as estrogen and androgen receptors, nuclear transcription
fac>t¢~)rs, such as ¢c-Myc and c-Jun, and cytoplasmic factors, such as NFxB and
STATS. Expressional amplification, or constitutive activation of these transcription
fa"~-‘-tc>rs not only contributes to the unrestrained growth of cancer cells, but is also
i Portant for the acquisition of other characteristics of cancer cells, such as
€& sion of apoptosis and deregulation of the cell cycle. The c-Myc transcription
fE"-‘-‘:or is of particular importance, given that c-Myc proto-oncogene is involved in
the formation of many cancers, including those of the prostate, breast and skin
[69~71]. c-Myc encodes a basic helix-loop-helix-zipper transcription factor, which
Sp € cifically binds to E-box sequences in the DNA, upon heterodimerization with

its binding partner MAX [12]. As part of this complex, c-Myc activates a diverse

Iro Lp of genes, including cell cycle regulators (e.g. cyclin D2 and CDK2) and
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translation initiation factors (e.g. elF2 and elF4). Functionally, c-Myc drives

ce 1 ular proliferation, inhibits differentiation, and induces apoptosis [72-74].

A b> « wrant cell cycle regulation

I = omatic cells, the normal cell cycle consists of a resting stage, Go, in which the
ce11  is not dividing, and four stages, G1, S, G2 and M, which are present in
di~ridingcells. S is the stage during which DNA synthesis take places, while M is
the sstage of mitosis, were cell division occurs. G1 is a gap phase between M and
S. “hereas G2is a gap phase between S and M. These gaps allow the cell to

Pre pare for the ensuing stage, as well as to repair DNA damage [75].

The cell cycle is regulated by an array of proteins, including cyclins (A, B and D),
CY < lin-dependent kinases (CDK1-4) and CDK inhibitors (CKI, e.g. p21 and p27)
76, 77]. In broad terms, a specific cyclin binds to a specific CDK, and leads to
CDwk activation. This CDK, in turn, phosphorylates and regulates enzymes that
are responsible for progression through the different stages of the cells cycle. In
this fashion, cyclin/CDK complexes promote cell cycle progression. Importantly,
the progression through a particular phase of the cell cycle is regulated by a
SPe cific cyclin/CDK complex. CDK inhibitors bind to cyclin/CDK complexes and
INh; bit their activity. Consequently, these inhibitors arrest progression through the

Ceq) cycle [76, 78, 79].
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T he transition through G1 to S is of particular importance, because it is the part of
the cell cycle where many intracellular signaling pathways exert their control on
ce Il cycle progression. This transition is mainly regulated by the E2F family of
tra sy sscription factors. E2F regulates a number of genes that are involved in
ey =a i nitaining S phase, such as DNA polymerases and cyclin E [80]. In quiescent
ce s, E2F is repressed by the Rb tumor suppressor, when the latter is in a
Y/ > ophosphorylated form. Growth stimulation by mitogenic signals activates the
R & ss/MAPK cascade, resulting in transcriptional activation of cyclin D. Cyclin D
iNnte racts with CDK4, and the cyclinD/CDK4 complex hyperphosphorylates Rb,
ProO moting the release of E2F from RB. Active E2F transcriptionally activates

€ M es that are necessary for progression from G1 to S [81, 82].

A e rrations in the mechanisms that regulate this transition through the cell cycle
OCcur frequently in human cancers, and include inactivation of Rb (e.g.
|:ie":inoblastoma), as well as overexpression of cyclin D1, which is commonly

Ob sserved in breast, lung and colon cancers [83, 84].

The S phase is maintained predominantly by the cyclin E/CDK2 complex [85, 86].
The cyclin E/CDK2 complex also activates E2F [87]. Activation of E2F, at this
Pe riod of the cell cycle, induces cyclin A expression. Cyclin A, is responsible for
the transition from G2 to M, which leads the cells into the stage of division [88].
Cyc lin A also regulates the first half of mitosis, whereas cyclin B, in complex with

CDK 1, is responsible for regulation of the second half of mitosis [3].
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C DK inhibitors include members of the CIP/KIP family (p21, p27 and p57) and the
INS#<<Fa locus (p16™*® and p14*"F). p21 and p27 inhibit the function of cyclin/CDK
co rv plexes, and therefore, they prevent progression through S and G2 phases
[B=S1 . p16™“* inhibits the cyclin D/CDK interaction, thereby inactivating E2F,

wih & reas p14*%F prevents cell cycle progression by inhibiting the ubiquitinylation

amcd degradation of p53 by MDM2 [90].

N = ddition to the regulatory programs described above, there exists another level
of <ontrol, termed cell cycle checkpoint control, which is responsible for ensuring
the integrity of the genome as the cell progresses through the different phases of
the el cycle [91]. Regulation at this level involves sensor, transducer, and
effector proteins, and is divided into the G1/S checkpoint, the S-phase
Checkpoint, and the G2/M checkpoint. Such checkpoints prevent cells with
da yaged DNA from entering S-phase (G1/S), prevent the start of replication in
the case of genotoxic insults (S-phase), or prevent cells with aberrant DNA
"©&pPlication from entering mitosis (G2/M) [92-94]. In the absence, or in the
iha(:‘tivation of these checkpoints, damaged DNA is replicated, leading to a higher

freq wency of mutations, thus increasing the risk of cancer formation.
The sensors of DNA damage, i.e. the factors that initiate checkpoint control

nNvo Ive mainly ATM and ATR. The former is instantaneously activated by DNA

I -
esi Ons, whereas the latter is activated by stalling of the replication fork. ATM and
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A TR activate signaling transducers, such as CHK proteins, which then recruit and

actiwvate effectors including p53 [91].

T hh« tumor suppressor gene p53 plays an important role in cell cycle regulation
ar<«d cancer formation. p53 is found to be mutated in approximately 50% of human
Cca& rycers. p53 encodes for a transcription factor that acts as a homotetramer to
re g ulate cell cycle arrest, apoptosis and DNA repair [95-97]. Under physiological
CO syditions, the levels of p53 are maintained at a low level by MDM2, which is an

Es ubiquitin ligase enzyme [98]. MDM2 ubiquitinates p53 and promotes its

d e g radation by the proteasome [99].

The transcriptional activity of p53 is activated in response to cellular stresses that
iINdA wuce DNA damage. Upon DNA damage, the ubiquitination of p53 by MDM2 is
abolished. and p53 translocates to the nucleus, where it induces the transcription
OF genes such as p21, Bax, and Gadd5 [100]. This results in the activation of the
P21  CKI, which, as described above, arrests the cell cycle by inhibiting
CSY¥Y<1in/CDK complexes [101]. The consequence of this arrest is to allow more time
for the repair of DNA damage. If the damage is not repaired, p53 may induce

a'DC:bptosis via the transcriptional activation of BAX, a pro-apoptotic factor that

N bits the anti-apoptotic factor Bcl-2 [102].
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L imitless replication potential

I 1961, Hayflick suggested that human cells in culture have a limited lifespan

[ 1 O 3] Fibroblasts, for example, can replicate for 60-80 cell doublings, after which
thy ey stop the progression through the cell cycle and enter a metabolically active
sStea te termed senescence. Senescent fibroblasts are enlarged and exhibit a flat
M« rphology, and can persist for many years in this state. The cell cycle arrest
d wa ring senescence is dependent on the activities of the p53 and Rb tumor
S L o pressors [39]. Upon inhibition of these pathways, cells can propagate beyond
their nomal life span in culture. Nevertheless, within a limited number of
PO o ulation doublings, such cells enter a state termed crisis that is characterized

by massive apoptosis. In some instances, cells survive this state and emerge with
A limnitless replicative potential [104].
Cen replication in culture is limited by the shortening of telomeric ends of
S romosomes. Telomeres consist of tandem repeats of the sequence TTAGGG
1 O 5. These repeats are limited in number, and they are consecutively shortened
duri ng the replication of chromosome [106]. In this way, the length of telomeres
Se res as a molecular timer that counts down with every cell replication. When
the telomeric repeats fall below a critical number, terminal parts of chromosomal
DNA are lost during DNA synthesis. This process triggers the cellular programs
that bring on senescence, although the exact mechanism is not fully understood
1 O7]. If the cell continues to divide the progressive loss of chromosomal ends

'eads to genomic instability, which is responsible for the induction of crisis.
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C ancer cells in culture typically exhibit limitless replicative potential, suggesting
th =t this characteristic is acquired during tumor progression [108]. In some
rmy=a lignant cells, proliferation is paralleled by widespread apoptosis, suggesting
thh =t the limited lifespan of somatic cells needs to be surpassed for cancers to
fOo = [39]. Telomere maintenance is present in the majority of cancer cells [109].
T hyis is mainly attributed to the up regulation of telomerase expression, an
€S ry=wyme responsible for the synthesis of telomeres [110]. Not surprisingly,
€ 3< p> ression of telomerase is sufficient to bypass senescence and crisis, conferring
lirmitless replicative potential to cells [111]. It should be noted that there is a
telo mmerase-independent mechanism for telomere maintenance. This mechanism

IN\solves recombination and is referred to as alternative lengthening of telomeres
112

E~rasion of apoptosis

ADOptosis is regulated by two distinct pathways. One is mediated by death
TS <ceptors in response to extracellular signals and is termed the ‘extrinsic
Pathway'. The other is mediated by the mitochondria in response to internal cues,

iNncy wding DNA damage, and is referred to as the ‘intrinsic pathway' [113, 114].

In the extrinsic pathway, death receptors, such as CD95 and TRAIL-R1, are
Ativated through their interaction with various ligands that belong to the TNF

fa T ily of secreted proteins [115]. This interaction induces receptor clustering, and
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leads to the recruitment of caspase-8 and caspase-10 to the receptor, via the
adaptor protein FADD [116]. Caspases are cysteine proteases that are
sy r»ythesized as inactive zymogens. Most caspases are activated by proteolytic
cle = vage, usually induced by another active caspase [117]. After their recruitment
to  tthe death receptor, both caspase-8 and caspase-10 are cleaved into their
actiwve forms [118]. c-FLIP negatively regulates the extrinsic apoptotic pathway by
inh ibiting caspase-8 activation by the death receptor-FADD complex [119].
A.Ctivation of caspase-8 leads to the step wise activation of a cascade of

C =& ss pases culminating in the activation of caspase-3.

Im the intrinsic pathway, DNA damage results in the secretion of cytochrome ¢
fro mn the mitochondria [120]. Cytochrome c release from mitochondria is regulated
by P ro-apoptotic (BAX, BID, BAD) and anti-apoptotic (BCL2, BCL-X,) factors, and
the et outcome results from an imbalance between the two types of factors. In
the cytosol, cytochrome ¢ interacts with Apaf-1 and caspase-9, resulting in the
f‘3"l"l“|ation of the “apoptosome” [121]. The ‘apoptosome’ activates caspase-3, a
Pro cess that is antagonized by inhibitor of apoptosis proteins (IAP), which in turns

Are jpactivated by Smac/DIABLO [122]. Therefore the intrinsic and extrinsic

Pathways converge at the activation of caspase-3, an important effector caspase

that targets critical cellular enzymes resulting in apoptosis.

The cellular phenotype associated with apoptosis results form the proteolysis of

v = . .
R rious cellular substrates. Proteolysis of substrates such as nuclear lamins
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results in nuclear condensation, proteolysis of DNase inhibitor ICAD, activates an

endonuclease that fragmentates DNA, whereas proteolysis of cytoskeletal

proteins results in cell fragmentation [114].

A P> © ptosis acts as a potent control to prevent malignant transformation. As noted
ab>» o ve, cancers arise as a result of genetic alterations (e.g. oncogene activation),
arm«dd subsequent clonal expansion of the cells. Activation of apoptotic pathways
Aactss to prevent clonal expansion, and thus limit the chance for full blown
Ne o plasm formation. Interestingly, the activation of some oncogenes (e.g.

O\ e rexpression of c-Myc and E2F), in itself sensitizes cells to apoptosis, thus

P re wenting malignant transformation [73].

Apo ptosis can also be initiated in response to extensive DNA damage. This is

Med ated by the function of p53, which “senses” DNA damage and activates the

INtrinsic apoptotic pathway through the induction of BAX [102].

The treatment of cancers by radiation or chemotherapy also relies on the
Nng uction of apoptosis. Inactivation of pro-apoptotic pathways in cancer cells
CO rmpromises the efficacy of such treatments. For example, malignant

Melanomas that have lost expression of APAF1 become resistant to
Ch & motherapy [123].
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The importance of apoptosis in slowing cancer progression is also apparent in
that almost all of the factors involved in the regulation of apoptosis are affected in
human cancers. For example, the anti-apoptotic factors BCL2 and BCL-X, are
overexpressed in myeloid leukemia and in acute lymphoblastic leukemia,
respectively. Also, the pro-apoptotic factor BAX has been found to be down-
regulated in colon cancer. Furthermore, additional apoptotic regulators, such as
FLIP, soluble death ligands, IAPs, p53, PI3K, AKT and PTEN are reported to be

deregulated in tumors [114].

Inefficient DNA repair mechanisms

DNA damage is especially important for cancer formation, because it causes
mutations in replicating cells. As indicated above, mutations may result in the loss
of function of tumor suppressor genes, as well as in the activation of oncogenes.
These events are sufficient to initiate and maintain the process of malignant

transformation [124].

DNA damage is as a result of exogenous or endogenous chemicals that form
adducts with DNA bases directly, or indirectly, through their metabolites.
Furthermore, DNA damage is a result of physical agents such as UV and ionizing
irradiation. In order to maintain the information encoded in the DNA unaltered,
cells have developed mechanisms to repair such damage, which results in a low
frequency of mutation. The repertoire of the cell's DNA repair machinery includes

base excision repair, nucleotide excision repair and mismatch repair, as well as
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homologous recombination and nonhomologous end joining [125]. What is more,
there exists a “damage tolerance” pathway, in which specialized polymerases (Y-
Family polymerases) bypass lesions that stall the major replication polymerase

(Pol &) [126].

Furthermore, as cells progress through the cell cycle, the cells must pass through
several checkpoints, which are regulated by distinct cellular enzymes, such as
p53 and ATM. These enzymes are responsible for arresting cell cycle
progression, and inducing programmed cell death, thus preventing cells with

damaged DNA from propagating.

Deficiencies in the DNA-repair machinery enhance mutation frequency and are
detrimental for normal cell function. Paradigmatically, mismatch repair genes are
inactivated in human hereditary colorectal cancer, a common malignancy of the
colon [31, 34, 35]. Mismatch repair genes (e.g. MSH2) act as caretaker genes
and their inactivation enhances the mutation frequency, which can lead to cancer
formation. In this setting, oncogenes and tumor suppressor genes are more likely

to be activated and suppressed, respectively.

Xeroderma Pigmentosum (XP) is a syndrome that renders patients susceptible to
skin cancer [127]. The cells of these patients are deficient in nucleotide excision
repair, resulting in a higher frequency of sunlight-induced mutations in these cells

[128, 129]. A subset of XP patients has a normal nucleotide excision repair

28




mechanism, yet the frequency of UV-induced mutations in cells derived from
these patients is also high. This condition, designated Xeroderma Pigmentosum
Variant is characterized by defects in polymerase eta, an error-free specialized

polymerase involved in translesion synthesis [130].

Genetic instability

Genetic instability, a feature of many cancer cells, refers to the consistent failure
to transmit an accurate copy of a complete genome from one cell to its two
daughter cells. This can be subdivided into microsatellite and chromosomal
instability [131]. Microsatellite instability is a result of mutations or inactivation of
DNA-mismatch-repair genes, such as MSH2. Chromosomal instability can be
further subdivided into instability in chromosome structure and instability in
chromosome number. Instability in chromosome structure involves deletions,
inversions, translocations and insertions of small sequences of DNA. In tumor
cells, this type of instability often results from the inactivation of DNA-damage
checkpoint genes, such as ATM and p53, as well as from deficiencies in genes
involved in double strand break repair like DNA-PK. Instability in chromosome
number is a product of abnormal centrosome duplication with multipolar mitoses,
and arises form deficiencies in BRCA1 and spindle checkpoint genes (MAD1).
Chromosomal instability leads to an enhanced rate of loss of heterozygosity,

which is an important mechanism of inactivating tumor suppressor genes [132].
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Angiogenesis

Cells within a tissue require the delivery of oxygen and nutrients for their growth
and proliferation. To achieve this, cells are generally located within 100-200 pum
from blood vessels [3]. With this in mind, organismal growth requires that new
blood vessels are formed, so that the new cells are constantly being perfused.
The process by which new vessels are formed is defined as angiogenesis. This
process is strictly regulated by a plethora of factors, which either stimulate or
inhibit the formation of new blood vessels. In normal tissue, the tendency of the
pro-angiogenic factor to stimulate angiogenesis is balanced by that of the anti-

angiogenic factors [133, 134].

In solid tumors, growth is frequently limited by the hypoxic condition at the center
of the tumor, and by the sparsity of blood vessels to deliver oxygen and nutrients
to the tumor site. Therefore, a tumor cannot grow beyond a critical size
(estimated at 200 um) unless the tumor receives sufficient blood perfusion to
support its own metabolic needs. Tumors can remain in this stage for a period of
months to years [3]. When the balance between pro- and anti- angiogenic factors
is shifted to promote the formation of new vessels, a process referred to as
“angiogenic switch”, tumor growth resumes, as oxygen and nutrients are being

delivered to the tumor site [135, 136].

Typically, angiogenesis is initiated and carried out by endothelial cells lining up

existing blood vessels [137, 138]. Endothelial cells express receptors for pro-
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angiogenic factors that are secreted in the interstitial fluid, or that are incorporated
in the extracellular matrix. Upon binding to their ligands, these receptors become
active and they turn on endothelial angiogenic programs [139]. In addition, upon
their stimulation to neovascularize, endothelial cells secrete matrix proteases that
degrade the extracellular matrix and allow the endothelial cells to proliferate
towards the source of their stimulus [140]. Furthermore, angiogenesis also
involves the arrangement of endothelial cells into tubular structures, their

canalization and their intussusceptions into existing vessels [138, 141, 142].

Vascular endothelium growth factor (VEGF) is the best characterized regulator of
angiogenesis. VEGEF is secreted by the tumor cells or by the tumor stroma, and
is critically important for the ‘de novo’ formation of angiogenesis [143-145]. The
secretion of VEGF is regulated by the transcription factor HIF1, as a response to
hypoxic stress in the tumor microenvironment [146]. When oxygen is abundant in
the microenvironment, non-heme iron dependent oxygeneases hydroxylate HIF1
on specific residues, mediating an interaction between HIF1 and the vHL E3
ubiquitin ligase. This process results in the ubiquitinylation and subsequent
degradation of HIF1. Upon hypoxic conditions, the oxygenases responsible for
HIF hydroxylation remain in an inactive state, thereby failing to induce the post-
translational down regulation of HIF1 [147]. This failure results in a transcriptional
activation of HIF1 inducible genes, which include the angiogenic stimulator

VEGF. The VEGF receptor, belongs to the class of RTKs, and transduces the
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VEGF angiogenic signal through a number of effector proteins including FAK,

PI3K and Ras-dependent pathways [148, 149].

Invasion and metastasis

Malignant tumors are characterized by their ability to invade surrounding tissues
and as a result to metastasize into other locations in the body. The metastatic
process involves detachment of the tumor from its primary site, degradation of its
extracellular matrix (ECM), invasion into the blood vessel, and transplantation to a

secondary site [3].

The initial stages in the metastatic process are regulated by cell adhesion
molecules and integrins [150, 151]. E-cadherin, a transmembrane glycoprotein, is
an important factor for epithelial cell adhesion. Some carcinomas express
reduced levels of E-cadherin, resulting in loose attachment between the epithelial
cells, thereby enhancing their potential for metastasis. Alternatively, carcinomas
with normal levels of E-cadherin, contain inactivated catenin, which is an

intracellular effector of E-cadherin [152].

To infiltrate through the ECM, tumor cells first bind to the components of the ECM
via transmembrane proteins of the integrin family and laminin family [151, 153].
These proteins, which are expressed in normal cells as well, are frequently
amplified in cancer cells. In particular, cancer cells express integrins that are not

specific for the type of tissue were the cancer originated from. This enables
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invading cells to attach to new locations giving rise to new foci of tumor growth
[151]. Once bound to ECM, the tumor cell secretes specific proteases, such as
matrix metalloproteases (MMP2 and 9), which degrade ECM to facilitate the

infiltration of tumor cells [154, 155].

In the process of invading adjacent tissue, cancer cells may invade into blood
vessels. Once in the blood vessel, the tumor cells evade the immune system by
homotypic adhesion (i.e. aggregation of tumor cells with each other) or
heterotypic adhesions (aggregation between tumor and blood cells) [156]. The
site of extravasation is dependent in part on the anatomical location of the
primary tumor. Extravasation and transplantation of the tumor cells involves the
attachment of tumor cells into a new tissue type, a process that is facilitated by
laminin receptors and integrins, which bind to ligands embedded in the ECM of
the metastatic site [157]. In addition, chemokines and their receptors also play a
role in determining the target site for metastasis, particularly in breast cancer cells

[158].
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MSU-1 lineage as model system to study malignant
transformation

To study the process of malignant transformation, McCormick and Maher
developed the MSU-1 lineage of human fibroblasts (Fig. 1), as a model system
that mimics the process by which normal cells become malignant [159-163]. This
lineage originates from the transfection of normal foreskin-derived human
fibroblasts with a vector encoding the v-Myc oncogene and a neomycin
resistance marker [164]. As neomycin resistant clones were being propagated in
culture, they underwent senescence, and the majority of the clones succumbed to
crisis. Nevertheless, it became apparent that several clones had survived this
process. Because cells that escape senescence and crisis spontaneously acquire
an immortal life span [104, 165], the v-Myc-expressing clones were propagated in
culture for many cell doublings to determine if exhibited extended lifespan. It was
found that the cells from these clones were indeed immortal, and they were

designated MSU-1.0.

Experiments conducted later showed that MSU-1.0 cells express telomerase, a
gene known to immortalize to cells (McCormick, unpublished data). Myc confers
immortality to cells by inducing the expression of telomerase [166-169], yet in our
system it is unlikely that Myc alone is responsible for the immortalization of MSU-
1.0 cells. This is because all but one of the Myc expressing clones succumbed to
crisis, just like the mock transfected clones. What is more, MSU-1.0 cells also

express elevated levels of the transcription factor Sp1, when compared to their
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Figure 1. MSU 1 lineage of human fibroblasts. The MSU 1 lineage consists of
isogenic cell strains which have been derived from the same normal cell line, and
have progressively increasing malignant characteristics. Some characteristics of
each cell line, as well as the known genetic modification(s) that are responsible

for its formation are indicated.
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precursor cells. Sp1 has been shown to cooperate with Myc in the induction of
telomerase expression [170, 171], suggesting that Myc and Sp1 are most likely
responsible for telomerase expression in MSU-1.0 cells (McCormick, unpublished

data).

Apart from being immortal, MSU-1.0 cells exhibit the usual characteristics of
normal fibroblasts, i.e., they are diploid, chromosomally stable, require normal
levels of growth factors for proliferation, do not form foci or colonies in agar, and
they fail to form tumors upon injection in athymic mice. Furthermore, expression
of oncogenes such as, and v-sis in these cells, as well as treatment with benzo-A-
pyrene-diol-epoxide (BPDE) and focus selection alone, or treatment with BPDE,

V12

focus selection and subsequent expression of the HRas”'“ oncogene, did not

malignantly transformed these cells.

A cell in the MSU-1.0 population spontaneously underwent two chromosomal
translocations, giving rise to a variant clonal population, designated MSU-1.1.
MSU-1.1 cells are chromosomally stable, and nearly diploid, i.e., they consist of
45 chromosomes, including two characteristic chromosome markers, M1 and M2
along with a monosomy of chromosomes 11, 12 and 15 [164]. M1 resulted from
the translocation of chromosome 11 (11p15->qter) to chromosome 1 at p11,
whereas M2 resulted from translocation of chromosome 12 (12qter>12q11) to
chromosome 15 (15p11->15qter). Fingerprint analysis, and analysis of the v-myc

integration site by southern blotting, showed that MSU-1.0 and MSU-1.1 cells
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were both derived from LG1 cells, and MSU-1.1 cells must have been derived

form MSU-1.0 cells, respectively.

MSU-1.1 cells exhibit an immortal life span in culture, but they do not form foci,
colonies in agar, or tumors upon injection in athymic mice. Nevertheless, unlike
their precursor cells, MSU-1.1 cells exhibit partial growth factor independence,
and can be malignantly transformed by the expression of various oncogenes, or
by carcinogen treatment followed by focus selection.

Expression of oncogenes, such as HRas"'?, NRas®*®

and v-sis at expression
levels similar to the expression of the respective proto-oncogenes, results in
transformation of MSU-1.1 cells (Fig. 2A) [172-174]. MSU-1.1 cells expressing
these oncogenes form foci and colonies in agarose at higher rates that the
parental MSU-1.1 cells. These cells, however, are not malignant, i.e., they do not
form tumors when injected in athymic mice. However, overexpression of the
HRas"'?, NRas"'?, v-KRas and KRas''? oncogenes, results in malignant
transformation of these cells, i.e., MSU-1.1 cells expressing these oncogenes
form malignant tumors in athymic mice [173-177]. These results suggest that
more than one genetic change is required for the malignant transformation of
MSU-1.1 cells. Consistently, sequential expression of two oncogenes, each of
which is expressed at levels similar to its endogenous level, followed by clonal

selection after each expression, results in the malignant transformation of MSU-

1.1 cells. In this way, the coexpression of either HRas"'? or NRas®° with v-fes, or
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Figure 2. MSU 1 lineage as a tool for the study of malignant transformation. The
MSU 1 lineage has been used to study the role of many genes in malignant
transformation. (A) Unlike their precursor cells, MSU-1.1 cells are malignantly
transformed by the overexpression of a single oncogene, or consecutive
expression of two cooperative oncogenes. Expression of Ras oncogenes at a
high level is sufficient for malignant transformation of MSU-1.1 cells. Instead,
expression of Ras or sis (PDGF) oncogenes at a low level is insufficient to
malignantly transform MSU-1.1 cells. Nevertheless, consecutive expression of a
cooperative oncogene in cells expressing Ras or sis oncogenes results in
malignant transformation of MSU-1.1 cells, suggesting that MSU-1.1 cells are at
least two genetic changes short of being malignant. Interestingly, application of
the same genetic changes that malignantly transform MSU-1.1 cells in MSU-1.0
cells fails to malignantly transform these cells. (B) Cells derived from tumors
resulting form the malignant transformation of MSU-1.1 cells (MSU-1.1
derivative) have also been used to study genes that are involved in cancer.
When the expression of the indicated genes is altered, the malignant MSU-1

derivatives exhibit a reduction in their ability to form tumors in athymic mice.
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coexpression of v-sis with v-fes, in MSU-1.1 cells, results in their malignant
transformation (Lin et al., 1995; Lin et al., 1994). The viral oncogene v-sis
encodes for platelet derived growth factor (PDGF), while v-fes encodes an active
form of the soluble tyrosine kinase c-fes. The cooperativity between v-sis, v-fes
and Ras oncogenes in the malignant transformation of MSU-1.1 cells is evident in
the fact that these enzymes are involved in receptor tyrosine signaling. Growth
factors (such as PDGF) induce the activation of RTK signaling, which results in
the activation of intracellular effectors such as Ras and Src [178, 179]. Soluble
tyrosine kinases (such as c-fes) partially mediate the functions of activated RTKs.
In addition, soluble tyrosine kinases, especially Src and c-fes, can also activate

Ras [180-182].

As indicated above, MSU-1.1 can be malignantly transformed by carcinogen
treatment followed by focus selection. Treatment of MSU-1.1 cells with a number
of carcinogens, including BPDE, ethyl-nitrosourea (ENU) and gamma-irradiation,
results in the malignant transformation of these cells [183-185]. In these cases,
the resulting malignant cells exhibit inactivation of the p53 tumor suppressor

pathway and are chromosomally unstable (McCormick, unpublished data).

The cells derived from the tumors formed by the malignantly transformed MSU-
1.1 cells have been studied to determine genes that are important for this process
(Fig. 2B). Expression of dominant negative forms of Rho GTPases Rac1 and

Cdc42 in HRas""?-transformed MSU-1.1 cells results in a decrease in the ability
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of HRas-transformed cells to form tumors in athymic mice, indicating that Rac1
and Cdc42 are necessary for Ras-transformation in human cells (Appledorn and

McCormick, unpublished data). Also, down-regulation of Sp1 in HRas"'"?

-, and in
gamma irradiation-transformed MSU-1.1 cells, abrogates tumor-forming ability,
suggesting an oncogenic function for Sp1 in these contexts[186]. Furthermore, c-
Met and HGF, are both necessary for the malignant phenotype of gamma
irradiation-transformed MSU-1.1 cells [187]. The activation of the HGF/c-Met
pathway results in the induction of Sp1 expression [187], suggesting that Sp1
mediates the effect of HGF and c-Met in malignant transformation. Finally,
expression of Fibulin-1D, an extracellular matrix protein, in BPDE-transformed
MSU-1.1 cells abrogates the ability of these cells to form tumors in athymic mice,

indicating the importance of extracellular matrix in the transformation of

immortalized human fibroblasts [188].

The fact that the cells of the MSU-1 lineage are isogenic, i.e. they are derived
from the same precursor, has allowed the study of genetic changes that occur
early in the transformation process and predispose the cells to malignant
transformation. Understanding the reason behind the ability of MSU-1.1 cells to
be malignantly transformed by certain oncogenes, while their precursor MSU-1.0
cells fail to do so, is important in fully understanding the mechanism by which

malignant transformation occurs.
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The marker chromosomes that are present in MSU-1.1 cells may play a role in
predisposing MSU-1.1 cells to malignant transformation by the oncogenes
indicated above. Insertion of chromosome 15 in MSU-1.1 cells prevented their

transformability by overexpression of HRas"'?

, and also the expression of the
same chromosome in cells derived from tumors formed by HRas"'?-transformed
MSU-1.1 cells, abrogated their tumor forming potential. Chromosomes 1, 11 and
12 did not have an effect, when studied similarly, suggesting that alteration of

chromosome 15 is important for predisposing cells to HRas-transformation

(Kaplan et al. manuscript in preparation).
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Ras GTPase

Ras genes, including HRas, KRas and NRas, are prototypical examples of
oncogenes [189]. Approximately 30% of human tumors, particularly pancreatic
carcinomas, adenocarcinomas of the lung, myeloblastomas and colorectal
carcinomas contain activated Ras genes [57, 190, 191]. HRas and KRas were
discovered thirty years ago, when mouse leukemia viruses were injected in rats
giving rise to soft tissue sarcomas [192, 193]. These viruses encode for
oncogenic forms of HRas and KRas cellular genes. The same oncogenic forms of
Ras genes, encoded by the transforming viruses, were also found to be
expressed in human tumors. [194, 195] The expression of Ras oncogenes is a
causal factor for the ability of leukemia viruses to transform cells, as well as for
the malignant phenotype of human tumors. The other member of the Ras family,
NRas, was discovered in a human tumor of neural origin and plays an oncogenic

role in tumor formation as well [194-197].

The oncogenic form of Ras differs by a single point mutation, when compared to
the respective Ras proto-oncogene [198]. Although only one amino acid is
affected, this mutation is critical for the function of Ras. This is because the
protein that is encoded by the oncogenic form of Ras has the ability to evade
normal regulation and exhibits increased activity [198-200]. This increased
activity mediates a number of cellular functions, including enhanced proliferation

and survival, which are necessary for cancer formation.
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Catalytic function

The members of the Ras family of genes encode for small G proteins. Unlike the
classic heterotrimeric G proteins, small G proteins lack the regulatory § and y
subunits, and consist only of the catalytic a subunit [201]. Small G proteins,

including Ras family members, are GTPases, i.e., they can bind to, and hydrolyze

GTP to GDP [46, 47, 202].

This activity is mediated by six structural components of Ras that are conserved
among the family members and can be categorized into “G box” sequences[189,
203]. The G1 box, [aaaaGxxxxGK(S/T); a: L/I/V/IM, x: any amino acid] mediates
purine nucleotide binding, whereas the G3 box, [blbbDxxGl; b: hydrophobic, I:
hydrophilic] binds to Mg®*. The G4 box, [bbbb(N/T)(K/Q)xD], forms hydrogen
bonds with the guanine ring, thus conferring specificity over binding to adenine.
The G5 box, [bbE(A/C/S/T)SA(K/L)], interacts indirectly with guanine nucleotides

and is less conserved among the family members.

The catalytic activity of Ras is cyclic over time, i.e., the hydrolysis of a GTP
molecule to GDP, is followed by the dissociation of GDP and the association of a
new GTP molecule, leading to a new cycle of hydrolysis [204]. Consequently, Ras
exists in two states (conformations): in one state, Ras is bound to GTP and in the
other, Ras is bound to GDP [205]. When Ras is bound to GTP, it interacts with its
effector proteins, a process that results in the activation of these effectors, which

then mediate the cellular functions of Ras [203, 206]. Structurally, this is mediated
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by the G2 box, [YDPTIEDSY], which adopts an orientation that has a high affinity
for Ras effectors, when Ras is in a GTP-bound state. This is due to
conformational changes on two loop regions on Ras, referred to as switch 1 and
switch 2 [205]. These changes are induced when GTP binds Ras. Upon
hydrolysis of GTP to GDP, the G2 box adopts an inactive conformation, and the
activation of Ras effectors is attenuated. The fact that Ras oscillates between an
active, GTP-bound conformation and an inactive, GDP-bound conformation,

enables this protein to function as a molecular switch to regulate cellular activity.

Regulation of Ras activity

Because Ras functions as a molecular switch, it is important that Ras is strictly
regulated in order to maintain normal cellular function (Fig. 3). The regulation of
Ras is based on two kinetic parameters that characterize Ras-mediated catalysis:
(i) the dissociation of GDP from Ras is rate limiting, and (ii) the intrinsic GTPase
activity is low [207]. The dissociation of GDP is catalyzed by guanine nucleotide
exchange factors (GEFs) [204]). This process enables Ras to bind another GTP
molecule, which enhances its ability to activate its effectors. Furthermore,
guanine nucleotide dissociation inhibitors (GDIs) bind specifically to GDP-bound
Ras and inhibit the dissociation of GDP, thus prolonging the inactive state[45,
208-210]. The hydrolysis of GTP to GDP is catalyzed by GTPase activating
proteins (GAPs). These enhance the rate of GTP-hydrolysis by Ras, leading to

the inactivation of Ras [211-213]. The point mutations present in the oncogenic
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Figure 3. Ras GTPase as a molecular switch. The ability of Ras GTPases to
hydrolyze GTP to GDP is associated with two distinct Ras conformations: an
active conformation, when Ras is GTP-bound, and an inactive conformation,
when Ras is GDP-bound. In normal cells, Ras oscillates between the inactive to
the active conformation and back. This is regulated by guanine nucleotide
exchange factors, includin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>