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ABSTRACT
INTRODUCTION OF CHROMOSOME 15 INTO THE IMMORTALIZED HUMAN
FIBROBLAST CELL STRAIN MSU-1.1 PREVENTS MALIGNANT
TRANSFORMATION BY THE T24 H-RAS ONCOGENE
By

Evan Louis Kaplan

Although diploid mortal and immortal human skin fibroblasts cannot be
transformed into malignant cells by T24 H-RAS oncogene overexpression, a cell
strain derived from diploid immortal human fibroblasts (MSU-1.1) was readily
transformable into malignant cells by overexpression of the T24 H-RAS
oncogene (Hurlin et al., 1989). MSU-1.1 cells differ from diploid mortal and
immortal human fibroblasts in that they exhibit a loss of DNA fragments on
chromosomes 11 (11p15— 1ipter), 12 (12q11.2— 12pter), and 15
(15p11.2— 15pter) and possess a partial trisomy of chromosome 1
(1qter—1p13). These genetic alterations suggest that one or more of the lost
DNA fragments may be required for the malignant transformation of these cells
by the T24 H-RAS oncogene. To test this hypothesis, we transferred a normal
human 11, 12, or 15 chromosome into an MSU-1.1 cell strain (MSU-1.1 TG"R).
The resultant chromosome hybrid clonal populations were assessed for
malignant transformability by transfection with the T24 H-RAS oncogene. The
results indicate that the introduction of chromosome 15, but not chromosomes 11

or 12, prevented the malignant transformation by T24 H-RAS oncogene



overexpression. The T24 H-RAS transformed MSU-1.1 chromosome 15 hybrid
clonal populations had in vitro properties similar to those of the control T24 H-
RAS transformed MSU-1.1 cell strain; both exhibited a transformed morphology,
similar growth rates, and the ability to form colonies in agarose. However, the
control T24 H-RAS transformed MSU-1.1 cell strain, the hybrid clonal populations
did not form tumors when injected into athymic mice. The introduction of
chromosome 11 or 12 had no effect on T24 H-RAS transformation of MSU-1.1
cells into malignant cells. To verify these findings, we transferred a normal
human 11, 12, or 15 chromosome into an MSU-1.1 T24 H-RAS transformed
tumor-derived cell strain, PH2MT, which is karyotypically identical to the MSU-1.1
cell strain. Just as with the MSU-1.1 cells, the introduction of chromosome 15
into PH2MT cells resulted in clonal populations that were not tumorigenic or were
only slightly tumorigenic. In addition, a majority of the non-tumorigenic hybrid
clonal populations lost the characteristics of the T24 H-RAS transformed cells.
These cells now had a spindle-shaped morphology, grew at a slower rate, and
did not form colonies in agarose. The introduction of chromosome 11 or 12 into
the PH2MT cell strain had no effect on morphology, growth rate, ability to form
colonies in agarose, or tumorigenicity of the resultant hybrid clonal populations.
These novel findings suggest tumor suppressor activity localized to chromosome
15. This is the first demonstration that the introduction of chromosome 15 into
either immortal or tumorigenic cell strains can suppress or reverse the

tumorigenicity state of the recipient cell strain.
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INTRODUCTION

It is estimated that in the year 2001, 1,268,000 new cases of cancer will
be diagnosed in the Unites States and an estimated 553,400 individuals will die
from the disease (1). Cancer is the result of genetic alterations caused by
spontaneous mutations, mutations induced by environmental factors
(carcinogens), or inherited genetic mutations (2). In addition, epigenetic
alterations that change gene expression, may also play a role (3, 4). These
alterations occur over time in a multi-step process, with many of the changes,
perhaps all, conferring on a cell a selective advantage that allows it to replicate
and form a large number of cells (e.g. a million) with that particular alteration.
This clonal expansion greatly increases the probability that a second cancer-
related alteration (mutation) will occur in a cell that already contains an initial
alteration. Given sufficient time, this multi-step process might result in a cell that
has acquired all of the functions necessary for it to give rise to a cancer (3, 4).
These functions include growth stimulatory signal autonomy, insensitivity to
growth inhibitory signals, infinite proliferative capacity (cellular immortalization),
angiogenic potential (the ability to form new blood vessels and capillaries), and

tissue invasion and metastasis.

Neoplasms, commonly called tumors, are defined as heritably altered,
relatively autonomous growths of tissue (5). Neoplasms can be either malignant

or benign. Benign neoplasms lack the ability to invade the surrounding tissue or
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form secondary neoplasms at locations away from the primary site (a process
termed metastasis). Examples of benign neoplasms are fibromas derived from
fibrous connective tissue, lipomas derived from lipoblasts, and adenomas derived
from glandular cells. In comparison to benign neoplasms, malignant neoplasms
have the ability to invade the surrounding normal tissue and metastasize. The
name “cancer” refers solely to malignant neoplasms. Malignant neoplasms are
the most dangerous to patients because they invade and compromise essential
vital organs. There are approximately two hundred distinct varieties of human
malignant neoplasms, which can be categorized into two main classes (6).
Ninety percent of malignant neoplasms are carcinomas, which originate from
epithelial tissues (skin, the linings of the respiratory and digestive tracts, and
glandular tissue). Examples of carcinomas are lung cancer, breast cancer, and
intestinal cancer. The remaining ten percent of malignant cancers are sarcomas,
which originate from the tissues of the body derived from the mesoderm. These
tissues include bone, cartilage, muscle, fibrous, and fat tissue. Examples of
sarcomas are fibrosarcomas, osteosarcomas and liposarcomas. Because of
their unique characteristics, leukemias are generally treated as a separate class,
although they technically are cancers arising from mesenchymal tissues. These
tumors originate from the blood-forming tissues, such as bone marrow, and are
characterized by the overproduction of specific types of immature blood cells.
Leukemias are further classified by the rate of progression, rapid (acute) or slow

(chronic).



As noted above, cancer is the result of a multi-step process that involves
several genetic alterations, and it is the accumulation of these alterations over
time that results in tumor formation. To better understand this multi-step
process, various human cell types have been studied in vitro (7-11). One such in
vitro multi-step model is the MSU-1 lineage of cells (11-14). The MSU-1 lineage
of cells represents a series of cell strains, each derived from its predecessor by
clonal selection, and contains transformed immortal non-malignant and malignant
cell strains. This lineage began with a fibroblast cell line obtained from the
foreskin of a neonate, designated LG1. The first transformed immortal cell strain
in the lineage, designated MSU-1.0, is diploid, karyotypically stable (11), and
telomerase positive (15). A spontaneous derivative of MSU-1.0, designated
MSU-1.1, is near-diploid and karyotypically stable (11). Both MSU-1.0 and MSU-
1.1 cells are non-malignant. The MSU-1.1 cell strain differs from the MSU-1.0
cell strain in that it exhibits a growth advantage in culture and contains 45
chromosomes, including two marker chromosomes (11, 16). Marker M1 is made
up of a translocation between a partial trisomy of chromosome 1 (1qter—1p13)
and most of chromosome 11. The missing region of chromosome 11 on this
marker is the region 11p15 to the p arm terminus; t(1;11)(1qter—»>1p13 :
11p15—>11qgter). Marker M2 is made up of a translocation between chromosome
12 and chromosome 15, in which the entire p arm and a small portion of the q
arm of chromosome 12 and approximately half of the p arm of chromosome 15

have been lost; t(12;15)(12qter—12q11.2 : 15p11.2—15qter). Thus, there are



four genetic alterations involved in the formation of the two marker
chromosomes: losses of chromosomal DNA on chromosome 11
(11p15—11pter), chromosome 12 (12q11.2— 12pter), and chromosome 15
(15p11.2—15pter), as well as a gain of chromosomal DNA because of the partial

trisomy of chromosome 1 (1gter—1p13).

Neither LG1, the diploid finite life-span fibroblastic cell line from which the
MSU-1 lineage arose, nor the infinite life-span diploid derivative, MSU-1.0 cell
strain, has ever been successfully transformed into malignant cells by
overexpression of the T24 H-RAS oncogene (17, 18). Furthermore there have
been no reports on the successful malignant transformation of other human
diploid finite or diploid infinite life-span fibroblast cell strains. However, the near-
diploid infinite life-span fibroblastic cell strain MSU-1.1, a spontaneous derivative
of the diploid infinite life-span cell strain MSU-1.0, can be malignantly
transformed by overexpression of the T24 H-RAS oncogene (13). Based on the
demonstration that MSU-1.1 cells can be malignantly transformed by
overexpression of the T24 H-RAS oncogene but MSU-1.0 cells cannot, |
hypothesize that the loss of chromosomal material located on chromosomes 11,
12, or 15, resulting in the formation of one or the other (or both) marker
chromosomes found in the MSU-1.1 cell strain, allows MSU-1.1 cells to be

malignantly transformed by overexpression of the T24 H-RAS oncogene.



This dissertation consists of two chapters. Chapter | is a review of the
literature providing background on the biological and molecular basis of cancer
formation and development. It includes detailed descriptions of the multi-step
process of carcinogenesis and the genetic alterations involved. Since cancer
results from the accumulation of specific genetic alterations, well-characterized
examples of genes that are commonly altered in the cancer process are
described in detail. In addition, a detailed description of acquired abilities that
are necessary for normal cells to transform to cancer cells is provided. Chapter |
concludes with a discussion of two models of the multi-step process of
carcinogenesis. The first model, the colorectal cancer model, has provided in
vivo evidence how specific genetic alterations correlate with specific stages of
tumor development and progression. Detailed descriptions of the forms of
colorectal cancer and the genetic alterations involved are discussed. The
second model is the MSU-1 in vitro model. Detailed descriptions of the MSU-1.0
and MSU-1.1 cell strains are provided. In addition, a characterization of each of
the lost chromosomal regions and the partial trisomy of chromosome 1 is

discussed.

Chapter Il is a manuscript prepared for submission to the journal Cancer
Research. In order to test my aforementioned hypothesis, chromosomes 11, 12,
and 15 were individually introduced by microcell mediated chromosome transfer

(MMCT) into MSU-1.1 cells. The results obtained from this study indicate that



chromosome 15, but not chromosome 11 or 12, inhibited malignant
transformation of the MSU-1.1 chromosome hybrid clonal populations by
overexpression of the T24 H-RAS. In support of these findings, introduction of
chromosome 15, but not chromosome 11 or 12, into the MSU-1.1 T24 H-RAS
transformed tumor-derived cell strain, PH2MT, suppressed tumorigenicity of the

PH2MT chromosome hybrid clonal populations.
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CHAPTER 1

LITERATURE REVIEW

. The Multi-step Process of Carcinogenesis

Carcinogenesis is a multi-step process in which alterations in gene
function cause a normal cell to become a cancer cell by acquiring several new
properties, including growth stimulatory signal autonomy, insensitivity to growth
inhibitory signals, infinite proliferative capacity, angiogenic potential, and tissue
invasion and metastasis. Genes in which a loss of function plays a causal role in
cancer are referred to as tumor suppressor genes (TSGs) (1). Genes which
exhibit a gain of function in cancer are referred to as oncogenes (.1). The normal
functioning form of an oncogene is known as a proto-oncogene. TSGs and
oncogenes are generally involved in regulating cell growth and proliferation, but
some are involved in other specific functions in cancer developrﬁent, such as
angiogenesis and metastasis. Gene function can be altered in many ways,
including DNA damage and epigenetic modifications.

DNA damage can be produced by a variety of chemical andv physical
agents. Chemical carcinogens such as benzo[a]pyrene (found in cigarette
smoke and exhaust fumes) and dimethylnitrosamine (formerly used as a
chemical solvent) can produce DNA adducts, which can result in DNA
frameshifts and mismatch base-pairing (2-6). Other DNA damaging agents

include ultraviolet and ionizing radiation. UV radiation commonly produces



covalent linking between adjacent pyrimidine nucleotides resulting in pyrimidine
dimers (7). lonizing radiation produces DNA single- and double-strand breaks,
which can result in chromosomal deletions and rearrangements (8, 9). DNA
damage can also occur spontaneously because of errors in DNA replication (10).
DNA damage is usually repaired. However, if the damaged DNA is not repaired
before DNA replication occurs, DNA polymerases may insert an incorrect base
opposite the damage (mismatch base-pairing). Subsequent DNA replication will
introduce the corresponding incorrect nucleotide into the daughter DNA strand,
creating a mutation. |

There are several genes involved in DNA damage recognition and cellular
repair mechanisms (7). Two examples of DNA damage recognition genes are
the gene for the protein kinase, ATM (ataxia telangiectasia mutated) (11, 12),
and the gene for BRCA1, often found mutated in breast cancer (13, 14). ATM
recognizes DNA double-strand breaks and initiates the repair process by
phosphorylating necessary repair proteins, such as BRCA1 (11-14). Mutations to
genes involved in cellular repair mechanisms, such as the nucleotide excision
repair (NER) genes, can result in several rare recessive photosensitive
syndromes (15, 16). For example, people suffering from xerdderma
pigmentosum (XP) are predisposed to sunlight-induced skin cancers such as
melanomas and basal cell and squamous cell carcinomas. This syndrome is
caused by mutations in NER genes, resulting in the expression of non-functional

proteins that are unable to repair DNA damage caused by ultraviolet radiation
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(15, 16). Cell fusion experiments between normal cells and cells from XP
patients have led to the identification of seven gene complementation groups
(XP-A to XP-G) involved in nucleotide excision repair (7). In addition, there is a
distinct group of XP patients that have normal DNA repair. These individuals are
designated XP variants and this form of XP is the result of mutations to the XP-V
gene (17). The XP-V gene encodes a DNA polymerase involved in error-free
replication past UV-damaged nucleotides (18, 19). Loss of function of DNA
damage recognition and repair genes (like ATM, BRCA1, and XP-A to XP-G)
results in an increased mutation frequency and thus, an increase in the
probability of TSG loss of function or oncogene gain of function.

Mutations alter gene function by affecting gene expression or activation.
However, gene function can also be altered via epigenetic DNA modifications
such as methylation or acetylation (20, 21). These modifications can result in the
inhibition of gene expression by causing structural changes within the DNA or by
blocking the direct binding of transcription factors to the promoter regions of
genes (discussed in greater detail below). Such DNA modifications can result in
heritable changes in gene expression, but without direct modification of the DNA
sequence (22).

As noted above, carcinogenesis is a multi-step process in which
biochemical events result in altered gene function, that results in the acquisition
of one or more properties involved in the carcinogenesis process. This process

involves an initial alteration, such as the loss of function of a TSG or gain of
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function of a proto-oncogene. Such changes typically result in the cell having a
growth advantage over the surrounding normal cells. Clonal expansion of the
altered cell increases its chance of acquiring an additional alteration in a TSG or
proto-oncogene, such that upon the n™ alteration, the cell is now able to form a
tumor and invade adjacent tissue (Figure 1). Because the probability of all these
genetic and epigenetic alterations occurring simultaneously in a single cell is
infinitesimally small, the process of clonal expansion is very important in each
step of carcinogenesis (23-25). After each alteration, clonal expansion is
repeated increasing the probability that a cell that has already acquired a
particular genetic change related to cancer is susceptible to another alteration.
As subsequent genetic and epigenetic alterations are amassed, the cells further
progresses towards malignancy. The number of alterations and the specific
genes involved in this step-wise process from normal cell to malignant cell are
unknown for most cancer types, but epidemiological (26) and in vitro (27, 28)
studies suggest the number is less than ten.

There are two well-characterized examples of the multi-step process of
carcinogenesis. The first is the classical in vivo example of the formation of
human colorectal tumors. In such tumors, there are alterations involving genetic
mutations, chromosomal amplifications, deletions and translocations, and DNA

methylation (27, 29-33). A second example is an in vitro model involving the
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Figure 1. The multi-step process of carcinogenesis. Adapted from (34).
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MSU-1 lineage of cells (28, 35). The MSU-1 lineage of cells represents a series
of cell strains, each derived from its predecessor, following this multi-step
process. This lineage is derived from normal human foreskin fibroblasts and
contains immortal non-malignant and immortal malignant cell strains (36-39).

Both models are discussed in detail in Section IV.
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Il. Classes of Genes Critically Involved in Carcinogenesis

As noted above, carcinogenesis is a multi-step process that involves
altered gene expression and activation caused by DNA mutations or epigenetic
modifications. These alterations affect the functions of genes, and in cancer,
often result in the loss of function of TSGs and the gain of function of proto-

oncogenes.

ressor Gen

The first evidence for the presence of genes in normal cells that
suppressed tumorigenicity arose from studies in which cell fusion experiments
were performed between malignant and normal diploid mouse cell lines (40, 41).
The resultant hybrid cells that had retained the complete chromosome sets of
both parental cells were non-malignant as measured by tumor formation in
irradiated, newborn mice. These studies suggested that there were critical
gene(s) present in the normal cells that suppressed tumor formation of the hybrid
cells, and that malignancy results from cells that have lost the function of critical
gene(s) that must be functional/active to prevent tumor formation.

The hypothesis that loss of gene function is involved in tumor formation
was further supported by the statistical findings of Knudson in his research
involving the childhood cancer, retinoblastoma (42-44) (the retinoblastoma
cancer and gene are discussed in greater detail below). Based upon population

incidence curves, Knudson hypothesized that two rate-limiting genetic events
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were sufficient to cause retinoblastoma (Knudson's “two-hit” hypothesis). These
rate-limiting events resulted in the independent inactivation of both homozygous
(identical) alleles of a “retinoblastoma” gene, later identified and designated RB
(64-66). The first mutation occurs in one allele of the gene in a germinal
(inherited) cell or somatic (non-inherited) cell resulting in heterozygosity of that
gene (i.e. one normal allele and one mutated allele of that gene), and a second
somatic mutation occurs in the other allele of the gene resulting in a cell capable
of forming a retinoblastoma.

It is now recognized that the second mutation assumed by Knudson’s
“two-hit” hypothesis results in loss of heterozygosity (LOH), which produces
hemi- or homozygosity of the gene of interest (45, 46). The acquisition of a
mutation in the second copy of the gene (resulting in LOH) can occur by various
mechanisms, including DNA deletion, unbalanced translocation, mitotic
recombination, and mitotic non-disjunction with re-duplication of the chromosome
carrying the mutated TSG (45, 46). LOH has been detected in various TSGs
involved in human primary breast carcinoma (47), colorectal cancer (48), liver
carcinoma (49), as well as many other cancers (50). Although LOH can be
demonstrated for most tumors in which TSGs play a role, it has not been
demonstrated in every case. Other mechanisms, such as epigenetic
modifications and haplo-insufficiency, can also play a role in TSG loss of

function.
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Epigenetic DNA modifications can also contribute to heritable changes in
gene expression without direct modification of the DNA sequence (22). The most
common epigenetic modification is methylation of DNA, but other epigenetic
mechanisms exist (51). DNA methylation involves DNA methyltransferases that
catalyze the post-replicative addition of a methyl group (CH,) to nucleotides. The
cofactor S-adenosylmethionine is the universal donor for this process (52).
Methylation generally occurs at the C5 position of cytosine resulting in the “fifth”
base, 5-methylcytosine (53). Frequent targets of methylation are CpG islands
located in promoter regions of genes (53). CpG islands are GpC- and CpG-rich
regions between 200 base pairs to several kilobases in length. Hypermethylation
of gene promoter regions can prevent gene expression by blocking the direct
binding of transcription factors or by causing structural changes in the gene (29,
53). DNA hypermethylation has been shown to play a role in the silencing of
several genes in cancer involved in DNA repair, apoptosis, cell cycle regulation,
signal transduction, and transcription (53-55). It has been recently suggested
that the “two-hit” theory should also include epigenetic modifications, such as
DNA methylation (Figure 2) (20, 21, 55).

In addition to LOH and epigenetic modifications, haplo-insufficiency might
also be involved in loss of gene function (56). Haplo-insufficiency can occur
when one allele of a gene is inactivated by a mutation and the other allele does
not produce a sufficient amount of protein product required for normal function.

Haplo-insufficiency has been detected for the PTEN gene, which encodes a lipid
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Figure 2. Knudson’s “two-hit” hypothesis revised to include methylation.
Adapted from (55). LOH* can occur by DNA deletion, unbalanced translocation,
mitotic recombination, and mitotic non-disjunction with re-duplication of the
chromosome carrying the mutated TSG (45, 46).
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phosphatase that negatively regulates the phosphatidylinositol 3-kinase (PI3-
kinase) pathway (57), the p27“?" gene, which is involved in inhibiting Cdks
(cyclin-dependent kinases) and cell proliferation (58), and various other TSGs
(56). Like epigenetic modifications, it has also been suggested that the “two-hit”
theory should include haplo-insufficiency as one mechanism for the second “hit”
(59).

There are approximately thirty known TSGs that have been cloned and
characterized that are involved in various cancer types (60). TSG actions are
generally mediated through signal transduction pathways that either negatively
regulate cell proliferation or promote programmed cell death (apoptosis). The
p53 and AB genes are classical TSGs and are discussed in greater detail below.
Some TSGs are involved in other aspects of carcinogenesis not directly
associated with cell cycle regulation. Two examples are the ST7 gene (61) and
the thrombospondin-1 gene, THBS1, an inhibitor of angiogenesis (62) (discussed
in greater detail below). S77 is a novel TSG discovered in the Carcinogenesis
Laboratory at Michigan State University, that has decreased expression in
various human tumor derived cell strains and in in vitro malignantly transformed
cell strains relative to normal human fibroblasts (61). ST77 is a member of the
family of low density lipoprotein receptor-related proteins (61), which are cell
surface endocytic receptors, involved in binding to and internalizing extracellular

ligands for degradation by lysosomes (63). The exact role'that ST7 plays in the
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carcinogenesis process and the ligands that bind to this receptor are currently
being investigated.

TSGs are recessive-acting; that is, one normal functioning allele normally
produces sufficient expression of protein for cell function (the exception being in
those cases where haplo-insufficiency occurs). Thus, for most TSGs, both
alleles must lose the ability to express functional protein for loss of cell function to
occur. The two “classical” TSGs are RB/p105, the first TSG identified as a
critical gene involved in carcinogenesis (64-66), and p53, the most frequently

mutated gene involved in carcinogenesis (67, 68).

1, The Retinoblastoma Tumor Suppressor Gene

The retinoblastoma gene (RB/p105) was initially discovered to be mutated
in retinoblastoma, a rare form of cancer that originates from retinal sensory cells
and occurs in early childhood (69). RB/p105 has since been found to be mutated
in a variety of other cancer types (70). Besides RB/p105, there are two
additional AB family members, p107, and RB2/p130, both of which have similar

function to RB/p105 (71-73).

a, Function
The RB/p105 protein (pRb) is a phosphoprotein involved in cell cycle
regulation and apoptosis (70, 74). pRb regulates the cell cycle at the G, to S

phase transition by binding to members of the E2F family of transcription factors
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(E2F) (73). DNA binding sites for E2F are located in the promoter region of
many genes involved in cell cycle progression, such as cyclin A, cyclin E, Cdc2,
and Cdk2 (73). In G, and early G,, phosphate groups are removed from pRb by
PP1 (phosphoprotein phosphatase 1) (75). The hypophosphorylated form of pRb
binds to E2F, repressing E2F-mediated transcription (73). During late G, and
early S phase, pRb is phosphorylated by the cyclin D-Cdk4/6 complexes (70, 76).
Phosphorylation of pRb causes a conformational change resulting in the release
of E2F, which then participates in a transcriptional complex with RNA polymerase
to induce expression of genes required for cell cycle progression into and
through S phase. In mid-late S phase, E2F is phosphorylated by the cyclin
A/Cdk2 complex, resulting in inactivation of E2F (77). In addition to cell cycle
regulation, pRb is also involved in apoptosis initiation via E2F release (78).
Unbound E2F activates p14*FF, resulting in the inhibition of MDM2 (mouse
double minute 2) mediated degradation of p53 (discussed in detail below), which

can lead to the initiation of apoptosis.

ole in Cance
Loss of functional pRb protein causes dysregulation of the cell cycle,
which contributes to cellular proliferation, a critical biochemical event in the multi-
step process of carcinogenesis. RB/p105 inactivation occurs because of
chromosomal deletions, point mutations, frameshifts, and promoter

hypermethylation (79, 80). These alterations result in either loss of pRb
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expression or, more commonly, expression of a truncated form of pRb caused by
premature termination of protein synthesis (69). The truncated form of pRb
cannot bind E2F, allowing uncontrolled E2F-mediated transcription of target
genes. Another mechanism of pRb inactivation is found in cells infected with
HPV (human papilloma virus), a virus causally involved in cervical cancer. HPV-
infected cells express the viral coded protein E7, which binds directly to pRb and
prevents E2F binding, thus resulting in uncontrolled E2F-mediated transcription
of target genes (81-83).

The loss of functional pRb in retinal cells (retinoblasts) results in
retinoblastoma cancer (69, 84). There are two main forms of the retinoblastoma
cancer (84-86). One form is familial retinoblastoma (hereditary), in which one
RB/p105 allele is inactivated due to a germline mutation, and therefore this
inactivation occurs in all the cells of the body. The second allele is inactivated by
a somatic mutation occurring during embryonal development or shortly after birth.
Familial retinoblastoma is characterized by tumors forming in both eyes
(bilateral), with tumor onset occurring in the first eye at approximately ten months
of age and in the second eye four years later. In addition, familial re}inoblastoma
is associated with an increased predisposition to secondary malignancies,
particularly sarcomas, later in life (87, 88). The increased chance of secondary
malignancies is likely associated with the demonstration that RB/p105 is mutated
in several other cancers (70). Although the loss of function of RB/p105 in retinal

cells is sufficient for retinoblastoma cancer, in other tissues additional genetic
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alterations are necessary for tumor formation (89). The second form of
retinoblastoma is sporadic (non-hereditary). In these cases, retinoblastoma
occurs because of somatic mutations to both alleles of the RB/p105 gene.
Sporadic retinoblastoma is normally characterized by tumors forming in only one
eye (unilateral), with a later onset than the familial form of about eighteen

months, and a lower incidence of secondary malignancies.

¢. Cancer Therapeutic Approaches

With a relatively early diagnosis of retinoblastoma, current
chemotherapies, using cyclophosphamide, vincristine, or doxorubicin in
conjunction with radiation therapy, are very successful (90). In addition,
experimental gene therapy strategies are being developed using retrovirus-
mediated delivery of wild-type RB/p105 (91, 92). Other potential experimental
approaches include the manipulation of E2F phosphorylation status with Cdk
inhibitors (93, 94). Many of these strategies are being tested in conjunction with

chemotherapy.

. T T r Su or Gen
p53is the most commonly mutated gene in the carcinogenesis process. It
is inactivated in over 50% of all human tumors (67, 68). The loss of p53 function
is found in almost all cancer types (67, 68). Thus, p53is a potential important

target for therapeutic approaches. The p53 gene product, p53, was first
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described in 1979 as a protein that bound to the T-antigen in SV40 transformed
cells (95, 96). p53 was later designated to be a TSG that functions to regulate
the cell cycle by activating the expression of genes involved in G, checkpoint
control upon DNA damage (97). Because of its critical function in response to
DNA damage and cell cycle control, p53 has been called the “guardian of the

genome” (98).

a. Function

p53 is a transcription factor that acts as a cell cycle checkpoint guardian,
controlling growth arrest, apoptosis, and senescence (99, 100). Under normal
conditions, there are low levels of transcriptionally-active p53 present in the cell
(100). These low levels are the result of the relatively short half-life of p53
(twenty to thirty minutes) (101). In the event of DNA damage, there is a rapid
elevation of transcriptionally active p53 by stabilization of the protein (101, 102).
Stabilization of p53 occurs by direct phosphorylation and acetylation
modifications, which result in the formation of transcriptionally-active p53
tetramers (101). Some of the proteins involved in p53 activation have been
identified. The protein kinase ATM recognizes DNA damage, such as double
strand breaks (11, 12). ATM can phosphorylate p53 directly, or it can
phosphorylate and activate the protein Chk2, which in turn can activate p53 (103,
104). ATM and Chk2 phosphorylate p53 at a position essential for MDM2

binding, thereby preventing MDM2 binding to p53 (103, 105). MDM2-bound p53
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is a target for degradation pathways (discussed below); therefore, prevention of
MDM2 binding to p53 stabilizes p53 and increases its half life (105). Another
mechanism of p53 activation involves p14*"F (78, 106). Expression of p14** can
occur by E2F-, Myc-, or Ras-mediated transcription. p14*"F can bind to MDM2,
sequestering it from p53, thereby preventing MDM2-mediated inactivation of p53.

Following activation, p53 can act via several mechanisms to halt the cell
cycle (100, 107). The most common mechanism is that the transcriptionally-
active p53 tetramer binds to specific DNA elements in promoter regions of target
genes to initiate transcription (107, 108). One such gene that is activated by p53
is p21 (109). The p21 protein product, p21, can bind to cyclin/Cdk complexes,
which prevents these complexes from phosphorylating pRb. As noted above, if
phosphorylation of pRb does not take place, the transcription factor E2F is not
released and cells arrest in G,, just prior to S-phase. p21 also binds to, and thus
inactivates, PCNA (proliferating cell nuclear antigen), which is required for DNA
replication (110). Another gene that is activated by p53 is GADD45 (growth
arrest DNA damage), which, like p21, binds to PCNA to inhibit DNA replication
(111). By blocking the cell cycle and inhibiting DNA replication, p53 provides
time for DNA repair. If the damage cannot be repaired, p53 induces the
apoptotic pathway via activation of Bax and Fas/Apo-1 expression (101). Bax is
an apoptosis-inducing member of the Bcl-2 protein family and Fas/Apo-1 is a

direct activator of the caspase pathway (101, 112). Thus, p53 activation results
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in the transcriptional induction of genes to either halt the cell cycle and/or induce
apoptosis.

The inactivation of p53 occurs by ubiquitin-mediated proteolysis (102).
Proteolysis is initiated by the enzyme MDM2 which attaches the small peptide
ubiquitin to p53. Ubiquitination targets a protein for proteolysis, resulting in its
degradation (113). As noted above, MDM2-mediated inactivation of p53 is
prevented by phosphorylation events by ATM and Chk2 (103, 105). Interestingly,
p53 is a transcription factor for MDM2 (114). Thus, the regulation of p53 includes
a negative feedback loop in which increased levels of p53 stimulate transcription

of MDM2, in turn initiating p53 degradation.

b. Role in Cancer

Many cancer cells exhibit a loss of cell cycle checkpoint regulation (115,
116). Dysregulation of the cell cycle (and loss of induction of apoptosis) can be
caused by the loss of functional p53 protein. The most common mechanism for
loss of p53 protein function is point mutations in the p53 gene (117-119). These
genetic mutations can result in p53 protein with mutations in the DNA binding
domain or the tetramerization domain of the protein. Mutations to the DNA
binding domain results in the inability of p53 to bind to specific DNA elements in
the promoter region of target genes. Mutations to the tetramerization domain
prevents formation of transcriptionally-active p53 tetramers. Similar to pRb

inactivation, p53 inactivation can also occur through HPV infection. HPV-infected
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cells express the viral encoded protein E6 that binds to and inactivates p53 (the
E7 viral protein inactivates pRb) (99, 117). Additional mechanisms of inactivation
of p53 are indirect, such as multiplication of the MDMZ2 gene or inactivation of the
p14°FF gene, resulting in a decrease in the half-life of p53 (99, 117). All of the
above mechanisms of p53 inactivation might result in loss of cell cycle
checkpoint control, resulting in insufficient time necessary for DNA repair,
thereby increasing the occurrence of mutations that can arise from damaged
DNA. In addition, loss of induction of apoptosis due to p53 inactivation might
result in accumulation of cells with DNA damage and/or mutations.

Germline mutations to a single allele of the p53 gene are associated with
the rare syndrome, Li-Fraumeni (L-F) (117, 120). L-F is an autosomal-dominant
disorder that features the onset of tumors under the age of forty-five. Individuals
aftected by L-F are predisposed to several types of cancer, including sarcomas,
carcinomas of the breast, brain, and adrenal gland, and acute leukemia (121).
Most p53 mutations occurring in L-F are missense germline mutations in the

DNA binding domain of the gene (117).

¢. Cancer Therapeutic Approaches

The cytotoxic effect of many radiation and chemotherapeutic strategies on
cancer cells depends on activation of the apoptosis pathway (106, 122). Cells in
which the p53 gene is inactivated are often drug resistant because the p53-

induced apoptosis pathway cannot be activated (123, 124). Several therapeutic
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approaches have been developed to increase the half-life of or reactivate p53.
These include the introduction of functional p53 by gene therapy, the use of
monoclonal antibodies to prevent MDM2 binding and subsequent degradation of
p53, and the use of pharmacological agents that directly bind to mutated p53,
causing structural changes in the p53 protein that allow it to form
transcriptionally-active tetramers (125). Another therapeutic approach is the use
of bioengineered adenoviruses such as ONYX-015 (126-129). ONYX-015 is a
mutated variant of the human group C adenovirus that specifically replicates in
tumor cells with mutated p53, resulting in cell lysis. ONYX-015 is currently in the

initial phases of human trials.

B. Oncogenes

Oncogenes are mutant forms of normal cellular genes (proto-oncogenes)
that are expressed in tumor cells and are responsible for some of the
transformed characteristics of these cells. When proto-oncogene expression or
its’ gene product is altered, such a gene can be become an oncogene. The
conversion of a proto-oncogene to an oncogene can occur by point mutations,
gene amplification, or chromosomal rearrangements (1, 130). Any of these
mechanisms might result in an increase in protein expression or expression of a
functionally-active protein product. As oncogenes are dominant-acting, only a
single allele of a proto-oncogene needs to be altered to render it oncogenic.

Oncogenes code for growth factors, receptor tyrosine kinases, non-receptor
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tyrosine kinases, GTP-binding proteins, cytoplasmic serine/threonine kinases,
and transcription factors (84). Oncogenes were first discovered in viruses (131-
134). There are now over one hundred known human oncogenes, many of
which are expressed in specific cancer types (1). Two “classical” oncogenes,

RAS and MYC, are discussed in detail below.

ly of n
The RAS gene family consists of three members, H-RAS, K-RAS, and N-
RAS (135-137). They are members of the Ras superfamily of small GTPases,
which are involved in signal transduction pathways that regulate cell growth and
differentiation (138). H-RAS was the first human oncogene that was cloned and
characterized (139-142), and was demonstrated to be homologous to the RAS
gene of the Harvey murine sarcoma (v-H-RAS) (142). Oncogenic forms of RAS

are implicated in approximately 30% of all human cancers (143).

a. Function

The RAS gene product (Ras) is a cell membrane-bound guanosine
triphosphate (GTP)/guanosine diphosphate (GDP)-binding protein that, upon
activation, transduces signals from the cell membrane via several effector
pathways to the nucleus resulting in cellular proliferation, differentiation and
apoptosis (135). Ras is expressed in the cytoplasm where it undergoes post-

translational modifications that are required for Ras localization to the cell
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membrane and activation (138). These modifications include prenylation,
proteolysis, methylation, and palmitoylation (135).

The first post-translational modification that occurs to Ras is prenylation
(135, 137). Prenylation involves the covalent addition of either a 15-carbon
farnesyl or 20-carbon geranylgeranyl group to a conserved carboxy-terminal
cysteine residue of Ras (135). This addition occurs by farnesyl protein
transferase or gerenylgerenyl pyrophosphate and is important in targeting Ras to
the cell membrane (144) and Ras interactions with other proteins (145). After
prenylation, proteolytic cleavage occurs to specific amino acids in the carboxy-
terminal by zinc metalloproteinases and the carboxyl group of the prenylated
cysteine residue is then methylated (137, 146). The final post-transcriptional
modification is the addition of lipid groups by palmitoylation to cysteines near the
prenylated carboxy-terminus (147). Palmitoylation occurs by a
palmitoyltransferase and causes an increased affinity of Ras to the cell
membrane due to an increase in the electrostatic interactions with negatively
charged groups on the inner cell membrane surface (148). Although the
prenylation and proteolysis steps are irreversible, the methylation and
palmitoylation steps are reversible and hypothesized to play a regulatory role in
Ras activation (149).

The membrane-bound Ras is normally in its GDP-bound, inactive form,
due to rapid hydrolysis of GTP to GDP by intrinsic Ras GTPase ability and

GTPase-activating proteins (GAPs) (138, 150, 151). Ras is activated by
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extracellular signals as a result of growth factors binding to their associated
receptors. Examples of activating growth factors include EGF (epidermal growth
factor), TGF-o (transforming growth factor-a), and PDGF (platelet-derived growth
factor) (135). The binding of these growth factors to their receptor causes
receptor dimerization and activation of an intrinsic tyrosine kinase. The tyrosine
kinase activity results in autophosphorylation of specific tyrosine residues located
on the intracellular region of the receptor. The phosphorylated tyrosine residues
then interact with SH2 (Src homology 2) domains of the adapter protein Grb2
(135). Grb2 also contains two SH3 (Src homology 3) domains that, in turn,
interact with proline-rich regions of the cytosolic protein, SOS (son of sevenless)
(135). The interaction between Grb2 and SOS allows for the recruitment of SOS
to the cell membrane, in near proximity to Ras (138). SOS is a guanine
nucleotide exchange factor that binds to Ras causing a conformational change in
the Ras protein, resulting in GDP dissociation and binding of GTP (152, 153).
Activated GTP-bound Ras can then activate several distinct effector pathways
that are involved in transmitting the membrane signal to the cell nucleus. These
pathways include the serine-threonine kinase Raf-1 and PI3-kinase pathways.
The best-characterized pathway is the Raf-1-MEK-ERK pathway (154).
Activated Ras recruits the serine-threonine kinase Raf-1 (mitogen activated
protein kinase kinase kinase; MAPKKK) to the membrane through an interaction
with a Ras-binding domain located in the N-terminal of Raf-1. The binding of

Raf-1 to Ras causes a structural change in the Raf-1 protein allowing it to be
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phophorylated by various kinases, resulting in Raf-1 activation. Activated Raf-1
then phosphorylates and activates MEKK (MAP/ERK kinase kinase), which
subsequently phosphorylates and activates ERK (extracellular signal regulated
kinase; MAP/ERK kinase; MEK). ERK then translocates to the nucleus where it
can phosphorylate and activate several growth-related transcription factors, such
as c-Myc, c-Fos, c-Jun, and ELK-1 (155).

Activated Ras can also bind to and activate the catalytic domain of PI3-
kinase (156, 157). PI3-kinase activation leads to an increase in the
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