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The disease of cancer will be banished from
life by calm, unhurrying, persistent men and
women... and the motive that will conquer
cancer will not be pity nor horror: it will be
curiosity to know how and why.

H.G. Wells
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CHAPTER 1

1.1.  Epidemiology

LL1.  Incidence and mortality

Ovarian cancer contributes significantly to the consumption of health care
resources in  the Netherlands, As in the industrialized countries of the western
world, ovarian cancer represents the fourth most frequent type of cancer among
females, with approximately 1.500 new cases each year in the Netherlands, The risk
of developing ovarian cancer in a woman’s lifetime is estimated to be approximately 1
in 70. The incidence of ovarian cancer increases with age and peaks in the eighth
decade. According to data of the Duich Cancer Registration, collected between 1991
and 1995, the rate increases with age, from 11,8 per 100.000 in the 40 to 44 age group
to a peak rate of 59.6 per 100.000 in the 76 to 79 age group.'

Ovarian cancer is the leading cause of death from gynecological cancer in the
western world. It has a high frequency of metastasis, yet generally remains
localized within the peritoneal cavity. Although multimodality treatment regimens,
inctuding cytoreductive surgery and cisplatin containing combination chemotherapy
have usefully prolonged survival, the overall cure rate of the disease has not changed
dramatically. A significant factor contributing to the poor prognosis of ovarian cancer
patients is that, because of the absence of early symptoms, approximately two-thirds
of the patients will have disease that has atready spread beyond the ovaries at the time
of diagnosis. Extensive intraabdominal disease is difficult to eradicate completely by
surgery, and many patients have only a partial response to postoperative
chemotherapy. The development of chemotherapy resistance is also an important
factor contributing to the poor prognosis of ovarian cancer patients. The 5-year
survival for patients with localized disease is approximately 80% whereas only 20%
of the patients diagnosed with disease that has spread outside the pelvis are alive after
5 years.”” Interval debulking surgery has resulied in a slight improvement in survival
rates for patients with advanced ovarian cancer® but still survival rates are poor, To
design new treatment modalities in order to improve survival rates for ovarian cancer
it is important to understand more about the biclogy of ovarian cancer.
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112, Risk factors

The cause of ovarian cancer is unknown. Several reproductive factors are thought
to influence the risk of developing ovarian cancer, Endocrine factors are thought to
play an important role in the development of ovarian cancer.’ Epidemiological studies
have demonstrated that (multi)parity and oral contraceptive use are associated with a
decreased risk of ovarian cancer.”'® A history of breastfeeding, late menarche and
early menopause have also been hypothesized to decrease the risk, but these findings
have been inconclusive. These observations have led to the incessant ovuiation

112 Each ovulation causes a minor trauma to the ovarian surface

hypothesis.
epithelium by the formation of inclusion cysis. Aberrations in the repair mechanism
might lead to unrestrained proliferation and neoplasia. The risk of ovarian cancer has
also been related to gonadotropin stimulation.”® High levels of gonadotropins in
women in the early postmenopause have been suggested to play a role in the
development of ovarian neoplasms. In addition, risk of ovarian cancer may be
increased by factors associated with excess androgenic stimulation of ovarian
epithelial cells, Interestingly, exposure to fertility drugs and hormone replacement
therapy have been suggested to be associated with an increased risk of ovarian cancer
but the findings have been inconsistent.'*?' Epidemiologic studies suggest
environmental factors to play an important role in ovarian carcinogenesis but
unambiguous associations with industrial exposure to carcinogens or to diagnostic and
therapeutic radiation have not been established. There have been conflicting reports
regarding the association of the use of talcum powder and the development of ovarian
cancer.?226 Exposure to fale particulates could lead to passage of these materials
through the vaginal reproductive tract to the ovaries. One of the strongest risk factors
found in epidemiologic studies is a positive family history of breast cancer.”’
Compared to the sporadic form, familial ovarian cancer is uncommon, accounting for
approximately 5-10% of ovarian cancers. Three distinct genotypes of hereditary
ovarian cancer have been identified:*® hereditary breast and ovarian cancer, hereditary
site-specific ovarian cancer (HOC), and the Lynch type II cancer family syndrome,
which is characterized by the inheritance of non-polyposis colorectal cancer

(HNPCC), endometrial, breast and ovarian cancer.

10
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1.2.  Pathology

Cancer of the ovary is a collection of diverse pathologic entities that can be
broadly characterized as epithelial, germ cell, or stromal in origin. This thesis focuses
on tumors of epithelial differentiation. The common malignant epithelial tumors
account for more than 90% of all ovarian cancers. Epithelial tumors are thought to
arise from the surface epithelium, or serosa, of the ovary and its inclusion (:ysts.w’30
During embryonic life, the coelomic cavity forms and is lined by mesothelial cells of
mesodermal origin (coelomic epithelium). The pluripotential coelomic epithelium
becotnes specialized io form the serosal epithelium covering the gonadal ridge. By a
process of invagination, the coelomic epithelium also gives rise to the mullerian ducts,
from which the fallopian tubes, uterus and vagina arise. As the ovary develops, the
surface epithelium extends into the ovarian stroma to form inclusion glands and
cysts.31 In becoming malignant, the ovarian surface epithelium can exhibit a variety of
mullerian-type differentiations (in order of decreasing frequency): serous (resembling
the fallopian tube), mucinous (resembling the endocervix), endometrioid (resembling
endometrium), and clear cell (glycogen-rich cells resembling endometrial glands in
pregnancy) tumors,

The nomenclature of ovarian fumors not only reflects cell type (histologic
classification) but also the degree of biological malignancy, Ovarian epithelial
neoplasms can be divided into three biological subtypes: benign tumors, tumors of
low malignant potential (borderline) and malignant tumors:’

Benign epithelial tumors most frequently develop in women between the ages of
20 and 60, They are frequently large in size and are typically cystic, hence the term
cystadenoma. Benign tumors almost always have a serous or mucinous histology.
Furthermore, benign serous tumors are more commonly bilateral than the other
epithelial benign tumors.

The borderline tumor or ovarian tumor of low malignant potential (LMP) is a
clinically distinet, form of epithelial tumor that is intermediate between benign
adenomas and malignant carcinomas. These tumors retain an overall cellular and
nuclear architecture similar to invasive carcinomas and have the ability to metastasize,
but lack the invasive histologic properties of their fully malignant counterparts.
Sometimes malignant tumors are misdiagnosed as borderline. The distinction between
a borderline tumor and malignant tumor is difficult, especially when the decision must
be made on the architectural basis of invasion, The distinction between a pushing

11
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border versus destructive infiltrative growth is often the only feature that differentiates
a borderline tumor from one that is fully malignant, Patients with borderline tumors
are usually older than patients with benign tumors and younger than women with
malignant tumors. Patients have an excellent prognosis. Even if the borderline tumor
has spread to the pelvis or abdomen, about 90% of patients are alive after 5 years.
However, fatalities from the tumor present later and after 20 years 10-20% of the
patients will have died as a result of the disease.

Malignant tumors are characterized by infiltrative destructive growth. They often
present as solid masses with areas of necrosis. These tumors are uncommott in
younger women under age 35. Sympioms often present when the tumor has already
spread beyond the ovary and seeded the peritoneum. Since reported survival rates for
these advanced stages are poor (5-year survival: 20%), ovarian cancer is sometimes is
regarded as a “silent killer”. Advanced stage serous adenocarcinomas are often
bilateral and it is thought that the multiple tumors are monoclonal in t:)rigin.“u'34

1.3.  Genetic alterations

It is widely accepted that the pathway leading to formation of a tumor is a
multistep process involving the accumulation of genetic alterations. Several types of
genetic alterations have been identified, including losses or gains of whole
chromosomes, chromosomal translocations (fusions of different chromosomes or of
normally non-contiguous segments of a single chromosome), gene mutation (base
substitutions, deletions or insertions of a few nucleotides) and gene amplifications
(multiple copies of an amplicon). Epigenetic alterations like methylation may also be
involved in tumorigenesis.

Genes involved in development and other normal physiologic cellular processes
have been implicated in cancer. These include genes involved in signal transduction,
cell cycle control, DNA repair, cell growth and differentiation (growth factors and
their receptors), franscriptional regulation, senescence and apoptosis. Apart from
these, genes involved in angiogenesis, immune regulation, cellular responses to stress,
motility, adhesion and invasion are also involved.*

The genetic damage in cancer cells is often found in genes termed proto-oncogenes
and tumor suppressor genes. A single mutation in a proto-oncogene may be sufficient
to activate it to an oncogene. The oncogene product will push cells toward the
cancerous state by contributing to the abnormal growth of cells. In contrast, tumor

2
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suppressor genes are involved in the suppression of tumor growth, According to
Knudson’s two hit hypothesis, inactivation of a tumor suppressor gene involves two
independent mutational events. The first hit usually involves a mutation in one of the
alleles of the gene whereas the second hit may occur by a variety of mechanisms, of
which deletion appears to be the most conunon. Thus, mutations in prolo-oncogenes
result in a gain of function that acts in a dominant fashion to the wild type allele
whereas mutations in tumor suppressor genes result in a loss of function and so act in
a recessive fashion to wild-type.

The minimum number of defined genetic events required for tumor formation is
not known. Recent /n-vifro experiments have shown that tumor formation can be
mimicked in the laboratory by interfering with at least four distinct path\.ﬂvays.36
Normal human epithelial and fibroblast cells were converted to tumorigenic cells by
delivering the catalytic hTERT subunit of telomerase (which maintains telomere
length), combined with SV40 large T-antigen (which inactivates both the TP53 and
retinoblastoma “pathways”) and an activated RAS oncogene (which induces
transformation to a cancerous state, allowing cells to grow indefinitely in the absence
of growth factors). However, in-vivo, cancer relies on the tumor’s ability to evade the
immune system, to attract its own blood vessels and to spread around the body, Tumor
formation in-vivo likely requires more genetic alterations.

1.4.  Genetic alterations in ovarian cancer

The past few years there has been an expansion of the knowledge concerning the
molecular biology of cancer and many oncogenes and tumor suppressor genes have
been discovered. Only few of these have been studied in some detail in ovarian
cancer, Moreover, most studies have been small and inconclusive and often no
mutations have been found in candidate genes. In the next paragraphs some of the
most intensively studied or most promising oncogenes and tumor suppressor genes
that may be involved in ovarian cancer will be discussed.

1.4.1. Oncogenes

Several proto-oncogenes have been extensively studied and found to be altered in
ovarian carcinomas (Table 1). The role of HER-2/neu in ovarian cancer has received
much attention. The HER-2/neu gene, also known as ¢-ERBB2, codes for an epidermat

13
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prowth factor (EGF) receptor-like protein. This gene was found to be amplified and
overexpressed in breast cancer and to be associated with a poor prognosis.”'38 The
role of HER-2/neu protein overexpression or gene amplification in ovarian cancer is,
however, less clear, Some have reported overexpression or amplification of HER-
2/new. However, the frequency of these observed changes varies widely (8-40‘%;).39'42
Consequently, overexpression or amplification of HER-2/neu has correlated with a
poor survival in  some studies™ ™ but not in others.*"7%  Furthermore,
overexpression of HER-2/neu has been associated with a poor response to platin-
containing chemotherapy in ovarian cancer, >4 Interestingly, an antibody to the
HER-2/neu receptor was shown to mediate an increased sensitivity to cisplatin in
drug-resistant ovarian carcinoma celis containing multiple copies of HER-2/meu.’! In
metastatic breast cancer, combination therapy with the anti-HER-2/neu antibody
trastuzumab (Herceptin) and cisplatin has resulted in better response rates, >

Another proto-oncogene that has been found overexpressed in 57-100% of ovarian
cancers is ¢f’MS, which encodes the receptor for CSF-1 {macrophage colony-
stimulating factor 1), a growth factor required for the growth and differentiation of
lllOtlocytes.53'55 Overexpression of ¢FMS has been found to be associated with
advanced stage disease and high gi‘ade.56 Furthermore, ¢FMS overexpression in
metastases of ovarian cancer patienis appears to be a strong independent poor
prognostic factor for outcome.”’ Ovarian cancer cells express not only ¢-FMS but also
its ligand CSF-1.”* The presence of both receptor and ligand suggests the presence of
an autocrine mechanism that may modulate cellular proliferation of ovarian cancer
cells. Based on its embryologic role in throphoblast implantation, CSF-1 may be
involved in invasion and/or metastasis.*® Interestingly, during macrophage activation,
CSF-1 promotes activity of urokinase-type plasminogen activator (uPA), which in
several malignancies (e.g. lung, breast, colon, prostate) is significantly correlated with
the ability to invade.> Expression of uPA and also expression of its inhibitor PAI-1
have also been found increased in advanced stages of ovarian cancer and in ascites but
their prognostic significance in ovarian cancer is controversial.®*%*

The K-RAS gene encodes a signal transduction protein, Although overexpression
and amplification of the K-RAS oncogene has been described in several studies, it
appears to be a rare event in ovarian cancer.®*%® Nevertheless, some have reported a
relationship between p21-RAS expression and shorter survival,"*%” Distinct K-RAS
mutations have also been detected in ovarian carcinomas, although these show a wide
variation, fluctuating from 4-30%.9570 Interestingly, K-RAS mutations have been

14



Table 1: Putative encogenes and tumor suppressor genes investigated in ovarizn cancer

Gene Chromosome Function % altered  Spectrum of reuwtations
location
ONCOGENES
c-FMS 5¢33.3-034 receptor-ike tyrosine kinase 57-100%  overexpression
cMYC 8q24 transcription factor 30% amplification, overexpression
K-RAS 12p12 signal transduction 4-30% simple (codon 12,13 and codon 61)
HER-2/neu 17q21-g22 receptor-like tyrosine kinase 8-40% amplification, overexpression
AKT2 19q13.1-q13.2 serine-threonine protein kinase 10-15% amplification, overexpression
TUMOR SUPPRESSOR GENES
FHIT 3pld.2 Unknown 4-8% altered transcripts
APC 5q21 binds &- and B-catenin: involved in rare multiple mutations
. adhesion :
CDENZ/MTSI 9p21 cyclin-dependent kinase inhibitor rare multiple mutations
PTEN 10g23.3 phosphatase rare multiple mutations
wril 11pl13 transcription factor none muiztions
ATM 11922-q23 protein kinase none mutations
p27F 12p13 cyclin-dependent kinase inhibitor 30-50% loss of expression
none mutations
TEL 12pl3 wanscription factor none mutations
RBI 13q14 cell eycle regulator rare multiple mutations and loss of
eXpression
TP53 17pi3.1 cell cycle regulator; DNA repair and 50% multiple mutations and
apoptosis overexpression
OVCAI&2 17pi33 unknown ? loss of expression
NFI 17q11.2 downregulates the active form of RAS ~ none mutation
NM23 17g21.3 nucleoside diphosphate kinase rare mutation
70% enhanced expression
BRCAI 17g21 transcription factor rare multiple mutations
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detected more frequently (up to 48%) in ovarian tumors of borderline malignancy.w’?l

Based on these findings it has been suggested that borderline tumors may represent a
separate biological entity.69

AKT2, a gene encoding a serine-threonine protein Kinase related to protein kinase
C, has been found amplified and overexpressed in several ovarian carcinoma cell
lines”> and amplified in 10-15% of ovarian carcinomas.”” AKT? is activated by a
variety of growth factors via phosphatidylinositol 3-kinase (PI3-kinase) but its normal
cellular role is not well understood. Recently, the PIK3CA gene, which encodes the
pl110 alpha catalytic subunit of PI3-kinase, has been found frequently increased in
copy number in ovarian cancers, suggesting that PIK3CA may be implicated as an
oncogene in ovarian cancer.”*

The nuclear transcription factor eMYC, which is involved in transition from the
GO 1o the Gl phase of the cell cycle, has been reported to be amplified and
overexpressed in approximately 30% of ovarian tumor specimens”’?s'ﬂ but
chromosomal rearrangements have not been observed.*®”® Since abnormatlity of
cMYC is often associated with more aggressive tumors, ¢cMYC may play a role in
disease progression’® Nevertheless, in ovarian cancer there seems to be no correlation
between eMYC amplification and clinical outcome.” "

Other proto-oncogenes have been examined in small numbers of ovarian cancer
biopsy specimens and cell lines including LMYC, NMYC, cMYB, cMOS, ¢SIS, NRAS,
cABL, ¢FES, VEGF and INT2.30 However, no amplification, deletion, rearrangements,

or point mutations have been observed in these genes.

L.4.2.  Twmor suppressor genes

In general, tumor suppressor gene studies have received far more attention than
oncogene studies in ovarian cancer. However, much of the work has focused on
identifying possible locations where tumor suppressor genes may reside in the genome
rather than the actual study of known fumor suppressor genes. The most popular
approach to identify where tumor suppressor genes may reside in the cancer cell
genome is by examination for loss of heterozygosity (LOH). LOH is determined using
polymorphic markers, which are scattered at high density throughout the genome and
it is often stated that a frequency of LOH of approximately 30% suggests that this
region of the genome may comprise a tumor suppressor gene. Many allelic losses have

i6
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been identified in ovarian cancer, including losses on chromosomes 3, 5, 6, 7, 9, 11,
12, 17, 18 and 22.59-86

Several regions of LOH on chromosome 3p have been identified in ovarian
cancer, including 3p12-13, 3p21.1-22, 3p23-24.2 and 3p24-25 but the most interesting
region has been 3p14.2.87'go Since loss at chromosome 3pl4.2 occurs within the
FRA3B aphidicolin-inducible fragile site, the FHIT (fragile histidine triad) gene
spanning FRA3B has been suggested as a promising candidate tumor suppressor gene,
The FHIT gene belongs to the histidine triad superfamily of nucleotide-binding
proteins, members of which bind and c¢leave diadenosine polyphosphates but the
function of FHIT remains unknown., Aberrant FHIT gene transcripts have been
detected in esophageal, gastric, lung and head and neck cancer but abnormal
transcripts and lack of normal FHIT in ovarian tumor cell lines or in ovarian tumors
seems to be rare,”!

A high percentage (30-50%) of LOH on chromosome 5q has been
reported.®®®>% The adenomatous polyposis coli (APC) gene, which is located at
5q21-22, has been suggested as a good candidate tumor suppressor gene. Germ-line
mutations in the APC gene are responsible for familial adenomatosis polyposis'.
Mutation analysis, however, showed that APC was not mutated in ovarian tumors,”®
Interestingly, another exploratory study showed an association between 5q LOH and
TP53 mutation with 78% (18/23) of tumors with LOH on 5q also harboring a TP53
mutation.”®

Detailed deietion mapping of chromoseme 6q sequences have implicated several
broad regions in ovarian cancer involving 6q21-22.3, 6423.2-q23.3, 6q25.1-q25.2,
6426 and the telomeric portion in band 6q27.97’im The estrogen receptor is located at
6q25.1 but no rearrangements in this receptor have been identified.'” Furthermore,
screening of the AF-6 (ALL-1 fusion partner from chromosome 6) gene on 6q27,
which has been identified as a gene involved in acute myeloid leukemia with
t(6;11)(q27;923) translocations'®™ and has been shown to be a target for RAS,
revealed no mutations.”’

With respect to chromosome 7, several studies showed common deleted regions
on chromosome 7q31.1 and 7q31.3 in 50-75% of ovarian tumors, suggesting the
existence of a putative tumor suppressor gene in this region.'*'% LOH at this region

! Familial adenomatosis polyposis is characterized by the development of hundreds of colonic

polyps in early life, which can lead to colorectal cancer in untreated patients,
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has been observed more frequently in advanced stages of ovarian cancer.'® As yet,
the candidate gene remains unknown. The observation that a high frequency of LOH
occurs within the FRATG region, an aphidicolin-inducibie common fragile site at
7q31.2, may help in the identification of the candidate locus.'??

On chromosome 9 LOH at several loci has been reported, inclading 9p21, 9q31
and 9q32—34.83 O8I it respect to 9p21, the p/6™%* or cyclin-dependent kinase
inhibitor 2 (CDKN2) gene has been suggested as a candidate gene. It plays an
important role in regulation of the G1/S phase cell cycle checkpoint. Despite the
identification of frequent homozygous deletions in ovarian cancer cell lines''?, neither
mutations nor abnormal expression have been found in ovarian tumor tissues (see also
chapter 2), suggesting that p/6™% does not play an important role in the
pathogenesis of ovarian tumors. A surprising discovery of recent years has been the
realization that the JNK4a locus contains an overlapping gene named pl4'%. By
interfering with the breakdown of TP53, the product of this gene can also induce cell
cycle arrest following an oncogenic stimulus (see next sections). The role of p14ARF
inactivation in ovarian cancer has not been studied yet.

LOH on chromosome 10 has mainly been reported in relation to the PTEN/MMAC
{phosphatase and tensin homolog deleted on chromosome ten/mutated in multiple
advanced cancers) gene locus on chromosome I0q23.3.”3'“4 The PTEN gene
encodes a protein tyrosine phosphatase with homology to tensin and the in-vivo
function of PTEN appears to be dephosphorylation of phosphotidylinositol 3,4,5-
triphosphate. Germ-line mutations in PTEN have been reported to be responsible for
Cowden® disease.'”> PTEN mutations have been observed frequently in endometrial
carcinomas.''® Mutations have, however, been reported infrequently in ovarian
tumors' "8 but interestingly they have been observed more frequently in

H3,H9 suggesting that PTEN may play a role in the

endometrioid-type ovarian tumors
etiology of this subtype.

Allele imbalance on chromosome 11 loci is a frequent event and three major
regions of LOH have been identified: llplS.l-lS.S'zo'122 including the HRAS locus

and the 11qf2-q22 and 11q23.3-q24.1 1'eg,i0ns.123'126 The Wilms’ tumor suppressor

? Cowden disease is a rare autosomal dominant syndrome characterized by hamartomas in
multiple sites, including the skin, thyroid, breast, oral mucosa and intestine. About one third of
patients have macrocephaly, Patients are at increased risk to develop thyroid carcinoma,

meningiomas and breast cancer.
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gene (WT), which is involved in the development of Wilms*® tumor, maps to 11p13
and encodes a transcription factor.'”” In ovatian cancer mutations in W7/ have not
been observed.'”®'? Furthermore, the progesterone receptor {PR) gene maps to 11q22
and LOH at this locus has been shown to correlate with low PR expression. 130 Finaily,
the ATM gene, which causes ataxia telangicctasia®, maps to 11q23 but so far no
somatic alterations of the ATM gene were found in ovarian tumors.'2®

With respect to chremosome 12, two commonly deleted regions at 12p12.3-13.1
and 12q23-ter have been identified."” The region of LOH at 12p12.3-13.1 includes
the genes that code for the ETS-family transcriptional factor, known as TEL, and the
cyclin-dependent kinase inhibitor p27%!, Mutational analysis of both TEL and p275%!
showed no abnormalities, suggesting that neither of these genes are the target for
inactivation within this region.'! Interestingly, loss of p27¥%®! expression has been
reported in 30-50% of ovarian tumors and a relation between p27¥™' staining and
improved survival was suggested.'**'*

The retinoblastoma® susceptibility (RB) tumor suppressor gene is located at
chromosome 13q14 and LOI at this locus has been reported in 30-50% of ovarian
cancer patients." '3’ However, LOH at the RB locus does not coincide with lfoss of

5,136 .
135,13 and, moreover, mutations of RB have not been observed.

RB expression

Loss of heterozygosity studies have indicated that chromosome 17 plays the most
significant role in ovarian tumor development. On the short arm, LOH at
17p13.1355713% a5 yell as LOH at a more distal locus, 17p13.353% M has been
observed in high percentages of tumors. The TP53 tumor suppressor gene maps to
17p13.1. Mutation of 7P53 is the most common genelic alteration thus far in ovarian
cancer, mutations being present in approximately 50% of advanced stage ovarian
carcinomas (see next section for function of TPS3). With respect to chromosome

17p13.3, two novel candidate tumor suppressor genes, OFCA! and OVCA2, with an

* Wilms' tumor is a childhood kidney tumor associated with severe gonadal dysplasia and life-
threatening hypertension.

* Ataxia telangiectasia is a multisystem recessive disease characterized clinically by cerebellar
ataxia, oculocutaneous telangiectasias, immunodeficiency, higher sensitivity to radiomimetic
agents and an increased predisposition to cancer,

’ Retinoblastoma is a rare hereditary disease, occurring in children, affecting retina cell
precursors, Patients are also susceptible for tumors in mesenchymal tissues, often

osteosarcomas or soft tissue sarcomas
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as yet unknown function have been identified within this rcgion.]42 Recently,
expression of OVCAL was shown to be reduced in ovarian tumor cell lines and in
ovarian tumor tissues compared to normal ovarian tissues.!*®  Moreover,
overexpression of OVCAL in the ovarian cancer cell line A2780 was shown to
suppress clonal outgrowth in a colony formation assa_\,f.[43 Interestingly,
hypermethylation at chromosome 17pl13.3 has also been reported in approximately
one third of ovarian tumors and it was suggested that hypermethylation precedes
chromosome 17 loss.!**

On the long arm of chromosome 17, loss of 17q12-q21 has frequently been
d PEREBIE The breast and ovarian cancer susceptibility gene BRCAI,

87 and has since been

observe
which localizes to this region (17¢21), has been cloned in 1994
the center of attention (see chapter 6A for a review), Germ-line mutations in BRCA/
are responsible for approximately 50% of families that have a predisposition to breast
cancer and up to 80% of those in which multiple cases of both breast and ovarian
cancer occur.'*® However, mutations have proven to be infrequent in sporadic forms
of ovarian cancer.'*'* In addition to the BRCA! locus, two other regions of common
loss have been identified on chromosome 17, one at chromosome band 17q11.2 (NF/
locus) and the other at 17q23-24 (NM23 and prohibitin).139’153'155 The observed LOH
‘at the NF/ locus suggests that inactivation of the NFI gene, which codes for
neurofibromin, may play a role in the pathogenesis of ovarian cancer. The NF/ gene
contains a GTPase-activating protein-related domain that accelerates hydrolysis of
RAS-bound GTP to GDP, thereby converting RAS from its active to inactive form,
Germ-line mutations in the NFI gene are responsible for neurofibromatosis 1°,
which is highly associated with the development of neurofibromas. Somatic NF/
mutations have also been observed in tumors other than neurofibroma'™® but in
ovarian tumors no NF/ mufations have been detected,"’ The NA23-1 (non-
metastatic) or NME/! (non-metastatic cells expressed) gene has several functions
including nucleoside diphosphate kinase activity, serine autophosphorylation and
protein-histidine kinase activity. Mutation of the NM23-/ gene is a rare event’® but

% Neurofibromatosis 1, also known as von Recklinghausen disease is characterized by increased
incidence of benign peripheral nerve sheath tumors (neurofibromas), which can progress to
malighancy, Patients develop a broad range of nonspecific cognitive impairments, including
low IQ, learning disabilities and behavorial difficuliies.
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enhanced expression of NM23-1 as well as the isoform NM23-2 has been detected in
ovarian carcinomas, correfating with enhanced expression of HER-2."* An inverse
relationship was observed between metastatic potential and expression of NM23-1 in
ovarian cancer, expression being higher in lymph node-negative tumors than in lymph
node-positive cases'"'* and an independent prognostic role was attributed to NM23-
1 e;qn'essicm.160 Interestingly, an increased sensitivity to cisplatin has been observed
in NM23-transfected breast (MDA-MB-435) and ovarian carcinoma (OVCAR-3) cell
lines'®" but expression of NM23 could not predict response to platinum-containing
therapy.“52 Finally, many studies have suggested that loss of the entire chromosome
17 may be a relatively frequent event in ovarian tumors, thus deleting TP33, BRCAI
and other potential tumor suppressor genes in a single event, 63168

Allelic loss at chromosome 1823 has also been reported in ovarian tumors.
The DCC (deleted in colorectal carcinoma) gene, which is involved in the
development of colorectal cancer, has been proposed as a candidate gene but the

region of loss does not always include this locus.'®” Moreover, SMADA4 (DPC4) also
168

167,168

maps to 18q21 but mutations in this gene are rare.

The neurofibromatosis type 2 (NF2) gene has been proposed as a plausible
candidate for reported losses on chromosome 22q but detailed LOH studies have
shown that the common loss region lies distal to NF2, 169,470

1.5,  TPS3 pathway

Abnormalities of the TP53 (tumor protein 53) tumor suppressor gene are among
the most frequent molecular events in human neoplasia. Such abnormatlities probably
facilitate carcinogenesis primarily through abrogating the tumor suppressor activities
of the wild type TP53 protein, although at least some forms of tumor-associated
mutant proteins may also contribute overt oncogenic activities. The current view of
the normal function of TPS3 is that it is a transcription factor, which after a certain
stimuius can induce both celf cycle arrest and apoptosis. The biological effect of TP53
following DNA damage has been most intensively studied. The rapid induction of
TP53 activity in response to genomic damage serves to ensure that cells carrying such
damage are effectively taken care off. In addition, TP53 may also contribute directly

“or indirectly to particular DNA repair processes. The pivotal role of TP53 in
maintaining genomic integrity has earned it the nickname “guardian of the
genome”'’! and in 1994 it was chosen as “molecule of the year”. Besides cell cycle
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arrest, DNA repair and apoptosis the 7P353 gene has also been implicated in
senescence, cell differentiation and angiogenesis. It is however beyond the scope of
this thesis to go into detail regarding those functions. The following sections will
discuss the role TP33 plays in the regulation of the cellular stress response as well as
the signals and mechanisms that regulate TP53 activity, Since TP53 is one of the most
studied proteins in the whole of contemporary biology with more than 17.000 papers
so far written, it is inevitable that this Introduction will not be fully comprehensive.
Therefore, some useful www-links relating to TP53 are shown below.

www-links relating to TP53:
http:/perso.curie. fr/Thierry.Soussi/

Thierry Soussi’s TP53 mutation database
hitp://metatab.unc.edu/dnam/mainpagpe htmi

Neat Cariello’s TPS53 mutation database and software
hitp:fwww . jare. fi/p5 3/homepage. hitm

Mutation database, introduction, lnks
htlp://pS3.genome.ad.jp/

Mutation database and data analysis
http:/fbioin{onmatics. weizmann.ac.il/hotmolechase/entries/ps3. him

Various information, gene card for TP53 and other useful links
hittp://www3 . nebi.nbm.nib.gov: 80/hibin-post/Ominvdispinim? 191 170

OMIM TP53 site- links to other TP53 information on the WEB
htp:/fwww pds.med . umich.edw/users/frank/fogo. html

TP53 structure

1.5.1. TP53 gene structure

The 20 kb gene consists of 11 exons, the first of which is noncoding. The TP33
gene encodes a 393 amino acid phosphoprotein with a molecular weight of 53 kD.
The TP53 protein has several functional domains (Figure 1), The highly charged
acidic amino-terminal region is involved in transcriptional activation,)”?!”® This
domain allows the TP53 protein, in the context of its specific binding to a target DNA
sequence, to recruit the basal transcriptional machinery and thereby activate the
expression of target genes. In a‘ddition, this domain is also critically involved in
regulating the stability and activity of TP53. The central part of the molecule confers
sequence-specific DNA-binding,!"*!7 Interestingly, four of the five highly
evolutionary conserved domains map to this central region of the protein.I7f6 This
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region is also the most common target for mutational inactivation of TP53. The DNA-
binding domain is separated from the transcriptional activation domain by a region
containing a series of repeated proline residues, which is typical for a polypeptide that
can interact with signal transduction molecules that contain an SH3 binding
domain.!”’ Furthermore, the carboxy-terminal region coatains an oligomerisation
region”s'lso for the formation of stable tetramers, the form in which TP53 is
predominantly found. The adjacent region is enriched in basic amino acids and can
bind to single-stranded DNA and RNA. This region may be involved in the
recognition of damaged DNA and its subsequent repair.m't83 In addition, post-
translational modifications of this region may confer key regulatory properties.
Finally, the carboxy-terminal region contains three nuclear localization signals, which

| . . | . 18
are necessary for directing the protein to the nucteus. 4
Activation $H1 binding Sequence specific DNA Tetramerization Basi¢
domain domain binding domatn domain domain
1 104 300 393
I It it v v

Figure I: Structure of the TP33 protein,

There are several functional domains in TPS53, including an N-terminal acidic domain
which is requived for transeriptional activation famine acids 20-42), an SH3 domain, a
sequence-specific DNA binding domain (amino acids 100-293), a tetramerization domain
near the C-terminal end (amino acids 319-360) and a highly charged basic region at the
carboxy ferminus which interacts divectly with single stranded DNA. Boxes indicate the
evolutionary conserved regions.

1.5.2.  Regulation of TP53

Under normal conditions, TP53 is latent and does not interfere with normal
cellular transactions. Moreover, the TP33 protein is very labile with a half-life of only
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a few minutes.'®® However, in cells containing wild type 7P53 genes, TP53 is
markedly stabilized and its activity is induced by a variety of stimuli, including
chemotherapeutic agents, oxidative stress, hypoxialgﬁ, nucleotide depletionm and
oncogene expression (Figure 2). It is generally accepted that the rapid stabilization
and activation of TPS3 protein in response to stress occurs mainly through post-
translational mechanisms (reviewed by Prives and Hall)'*® although changes in the
rate of transcription or translation may also play a minor role, The post-translational
activation of TPS53 involves covalent modifications, particularly protein
phosphorylation. In response to various types of stress TP53 becomes phosphorylated
on multiple sites. A number of kinases have been implicated in this process in-vitro,
including casein kinase I (serines 6 and 9), DNA-PK (serines 15 and 37), ATM and
ATR (serine 15), CAK (serine 33), cdk2 and cde2 (serine 315), protein kinase ¢
(serine 378} and CKII (casein kinase II} (serine 392), Interestingly, phosphatases may
play a role as well in the stabilization and activation of TP53. lonogenic radiation, for
example, appears to result in both de nove phosphorylation of serine 15 and
dephosphorylation of serine 376. Phosphorylation of TP53 may affect its interaction
with other proteins, including MDM?2 (see below), as well as its ability to bind to
DNA. Finally, TP53 may also be subjected to other types of modifications, including
acetylation and glycosylation'®, which both may lead to increased DNA binding. The
histone acetylases p300/CBP and PCAF have been shown to directly acetylate TPS3
at lysines 382 and 320 respectively (in the regulatory region of its carboxy-terminal
domain), thereby activating the binding activity of TPS53. 190191

In addition to the covalent modifications described above, protein-protein
interactions also play a role in regulating TPS3 (reviewed by Jayaraman and
Prives).'”? A key player in the regulation of TP53 is the MDM2 (mouse double
minute) protein (in humans also referred to as HDM2). TP33 binds to the MDM2 gene
and activates its trzmS(:ription.'93’194 On the other hand MDM?2 protein binds to TP53
within the TP53 transactivation domain and hereby blocks the transcriptional activity
of TP53.'"1% Thus an autoregulatory loop exists'™, which probably serves to keep
TP53 under tight control and to terminate the signal once the triggering stress has
been effectively dealt with (Figure 3). Furthermore, MDM2 promotes ubiquitination
of TP53, probably by functioning as an E3 ubiquitin protein ligase, which covalently
attaches ubiquitin groups to TP53.'""7 The ubiquitinated TPS3 is subsequently
degraded by the proteasome.'”® Other mechanisms for TP53 ubiquitination and
degradation also exist, e.g. JNK (c-Jun N-terminal kinase).199 The importance of the
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TP53-MDM2 interaction is underscored by the finding that mdm2 nullizygous mouse
embryo’s are not viable unless 33 is likewise deleted.2**" Since degradation of
TPS3 requires the binding of MDM?2, phosphorylation of residues positioned within
the binding site for MDM2 may interfere with binding and lead to TP53
stabilization.”? Otherwise MDM2 may become phosphorylated in a manner that
disrups its interaction with TP53%% or alternatively MDM2 may retain DNA binding
but become impaired with regard to its ubiquitination activity.”"*

Cellular stress:

DNA damage
fgenotoxicity

Adaptive

Cucogene activation responses:

Hypoxia @ Growth arrest

Heat shock @ Apoptosis

Nitric oxide @ Repair
Ribonucleotide @ Other

depletion
Other

Figure 2; Signals that activate TP53,

Activation resulis in increased levels of TPS3 protein as well as in increased activity.
Adaptive responses include but are not restricted to growth arrest, apoptosis and DNA
repair. Response may be influenced by cell and tissue-type,

In addition o covalent modifications, the ability of MDM?2 to promote TP53
ubiquitination can also be modulated by binding of other regulatory proteins. The
pI4*”* (altemative reading frame) protein (also known as pl9*™ in mice), for
example, binds to MDM2 and to a lesser extent to TP53 and this binding prevents
MDM2-mediated TP53 proteolysis, apparently by blocking the ubiquitination activity
of MDM2.2%52%% The ARF protein arises through translation of an alternative reading
frame derived from the p/6™ " tamor suppressor gene, The manner by which a single
genetic locus encodes two proteins is unprecedented in mammals, p16™** is encoded

by three closely linked exons (la, 2 and 3). An alternative first exon (1), which maps
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upstream in the human genome, is spliced to exon 2, yielding a B-transcript that is
almost identical in size to the o-transcript that encodes p16™**, Since the initiator
codon in exon 1B is not in frame with sequences encoding p16™5* in exon2, the p-
transcript encodes the novel polypeptide pl4**F, Overexpression of both proteins
induces cell cycle arrest through distinct mechanisms: p16™%* directly inhibits the D-
type cyclin-dependent kinases CDK4 and CDK6 whereas pl4*%" induces the
stabilization of TP53. Signals known to induce signaling via the ARF-TP53 pathway
include MYCZIO'm, EiAzlz’m, RASZ425 and B-catenin.216 The pl4ARF-TP53
pathway thus serves as a cellular defense mechanism against abnormal growth

promoting signals.

Stress
stimuli

Biochemical modifications:
ATM/ATR, DNA-PK

@rsy) @

Increase in the
amount and
activity of TPS3

Target TP53 for
degradation

Transcriptional
activation of target

genes

Figure 3: The TP53-MDM2 autoregulatory loop.

The TP33 protein binds to the MDM2 gene and activates lts transcription, The resuitant
MDM2 protein binds to TP53 and blocks the activity of TP53. In addition, MDM2 targets
TP53 for ubiquitin-mediated degradation.
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INK4a locus

pLGINKa / \ pl4ARE
. “’L' . active cyclin-cdk4 Jm
cyclinfodkd s compleg Induction of ‘
ﬁTPS?& degradation

Other mitogenic -
signals: MYC, RAS, TP33 poe MDM2

WVANAN

Rb/E2F sl Rp-P + E2F Stress Growth arrest

signals & apoptosis

proliferation

Figure 4: The pl 6’“’“"-}114”” -TP53 connection.
The INK4a locus encodes pl6™ which can induce cell eycle arvest, and p 4%, which
can prevent TP33 from breakdown.

1.5.3.  TP33 function

Following a stress signal TP53 becomes activated and can induce either a cell
cycle arresi or apoptotic cell death (reviewed by Amundson et al).m These activities
are for the greater part due to the ability of TP53 to form homotetramers that bind to
specific DNA sequences and activate transcription.”'4 The importance of TPS53
binding i{s underscored by the fact that many of the TPS3 residues that directly contact
DNA are mutational hotspots in human cancer.”'®

Growth arrest

With respect to growth arrest, many TP53 target genes have been identified. Two
well-known cell cycle control genes include p2/, also known as WAF! (wild type
TP53 activated fragment !)219, CiP1 (cdk-interacting protein l)220 or SDII (senescent
cell-derived inhibitor 1) and /4-3-3¢:*' The induction of p21 is responsible for Gi
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arrest whereas the induction of 14-3-3c mediates G2 arrest. These checkpoints
prevent cells with damaged genomes from undergoing DNA replication or mitosis.
P21 mediates G1 arrest by inhibiting the activity of cyclin-dependent kinases (CDKs),
which  phosphorylate the retinoblastoma (RB) gene product.zzo In its
hypophosphorylated form, RB sequesters the E2F transcription factor, thereby
preventing transition from Gl to S phase (Figure 5). The RB-E2F complex actively
represses the expression of E2F target genes required for the transition from the G1 to
S-phase. In addition, RB recruits histone deacetylase (HDACTI), which blocks
transcription by promaoting nucleosome compaction.222 p21 also promotes ceil cycle
arrest by preventing PCNA (proliferating cell nuclear antigen) from activating DNA
polymerase 8, which is essential for DNA replication, In addition, TPS3
transcriptionally activates GADD4S5 (growth arrest and DNA damage inducible),
which codes for a protein that binds to PCNA.”** GADD45 has also been implicated
in DNA repair.

p21-PCNA M7 \
é ok ..,L \ 14336 1

replication -L CAK  GADD4s 1
arrest l cde25C-P =¥ dc25C

cyclinD/cdk4/6

cyclinA,Elcdk2 DNA repair | cyclinB/edc2-P == cyclinB/ede2

RbH/E2F w—=—=t Rb-P + E2F

$ ¢ M phase
e

Figure 5: Induction of growth arrest by TP53 (adapted in revised form from Sionov aud
Haup), 224

Activation of TP33 induces p21, which plays a central vole in the induction of GI arrest,
and 14-3-3c, which promotes G2 grrest,
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TP53 can also trigger growth arrest in a p2l-independent way. TP53 can bind to
cyclin H and p36Mat1, thereby inhibiting the protein kinase complex that activates the
CDK2/cyclin A complex required for G1/S transition.?®® In addition to G1 arrest,
TP53 can also induce an efficient G2 arrest. The product of the /4-3-30 gene
sequesters the phosphorylated form of ¢dc25C, a phosphatase of the cyclinB/cdc2
complex that is essential for the G2/M transition.”?®??7 TP53 can also inhibit the
cyclinB/ede2 complex through the induction of GADDA45, which disrupts this
complex, probably via a direct interaction with cdc2.

Apoptosis

TP53 mediates multiple apoptotic pathways and both sequence specific
transactivation dependent and independent pathways have been identified (Figure 6).
With respect to sequence specific transactivation, an increasing number of
TP53-reponsive genes are being associated with apoptotic pathways. By inducing
proteins acting at the receptor signaling level, TP53 may sensitize cells to apoptosis,
The insulin-fike growth factor-1 binding protein 3 (IGF-BP3) induces apoptosis by
blocking the survival signaling by IGF-1.22 In addition, TP53 also represses the
IGE-] 1'eceptor229 and hereby assures an efficient block of this suvival pathway. The
death receptor Fas/Apo-1/CD95, which is upregulated by TP53, is another mediator
acting at the level of receptor signaling for apoptosis. Fas/Apo-1 is a membrane
receptor protein from the tumor necrosis factor receptor (TNFR) family. Binding of
the Fas ligand to Fas/Apo-1 activates a cascade of signaling events resuliing in
activation of the ICE-like proteases (caspases) culminating in apoptosis. In addition,
TP53 may facilitate the transport of Fas from the Golgi complex to the cell
membrane. " TP53 also induces the death receptor KILLER/DRS, which is another
member of the TNFR {hmiiy.23 !'nteraction with its ligand TRAIL, also catled Apo2L,
activates the cytoplasmic death domain of KILLER/DRS, which subsequently
activates the caspase cascade resulting in apoptosis.232

In addition to proteins acting at the tevel of receptor signaling for apoptosis, TP53
can also transcriptionally activate genes, which encode proteins that act downstream
by activating apoptotic effector proteins. For example, BAX (BCL-2 associated
protein X) is a TP53-induced member of the BCL-2 fami!y.233 The BAX protein
;‘)romotes apoptosis by facilitating the release of cytochrome C from the mitochondria,
which in turn activates the caspase cascade.?* BAX has been shown to homodimerize
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as well as heterodimerize with BCL-2, which plays a role in promoting cell survival
and inhibiting apoptosis. The ratio of those two proteins determines cell survival or
death in a stressed cell.*®® In addition to up-regulation of BAX expression, TP53 can
either directly or indirectly transcriptionally down-regulate the expression of the
BCL-2 genﬁ.236 Moreaver, overexpression of BCL-2 was shown fo increase the half-
life of BAX, suggesting a feedback mechanism that may help to maintain the ratio of
BCL-2 to BAX protein in physiologically appropriate ranges.”’

An alternative route by which TP53 may signal to the mitochondria is through the
elevation of the levels of reactive oxygen radicals.”*® In this view several TP53-
induced genes (PIG/-14) have been identified with a potential to induce oxidative
stress.””  For example, PIG3 shares homology with an NAPDH-quinone
oxidoreductase, which generates reactive oxygen radicals.?*® Other TP53-induced
genes have also been identified, including PAG608, which encodes a zinc finger
protein whose overexpression can promote apoptosis in tumor cell lines.>*” However,
further study will be required to determine the mechanism by which these latter genes
contribute to the control of apoptosis. Furthermore, it is important that although
several TP53-induced target genes can promote apoptosis, the expression of each
alone is usually insufficient to cause significant cell death, The apoptotic target genes
may therefore need to act in concert by activating parallel apoptotic pathways in order
to mount a full apoptotic response.

DNA repair

20292 The C-terminus of

TP53 has also been implicated in DNA repair processes,
the TP53 has been shown to bind directly to sites of DNA damage, including
mismatches'™?, single-stranded DNA*? and irradiated DNA.'3 TP53 may thus serve
as a damage detector, either alone or as part of a larger recognition complex.
Moreover, a number of DNA repair proteins have been identified that interact with or
regulate TP53, presumably through its C-terminus. These include the XP-B and XP-D
components of TFITH and RADS1.2" with respect to the latter protein, an interesting
interaction has been observed between BRCAI, RADS51 and TP53 and this is further
discussed in chapter 6A, The redox/repair protein Ref-1 was discovered to be a potent
activator of TP53 DNA-binding and transactivation.*® TP53 and its downstream
effector genes have also been shown to play a direct role in DNA repair. As already
discussed, the GADD4S5 (growth arrest and DNA damage inducible) gene, for
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example, is upregulated by TP53 in response to DNA damage. GADD435 can stimulate
DNA excision repair and, in addition, binds to PCNA,

IGF-1
= D
: \ IGF-BP3

PIGs {e.g. PIG3)

P UBAX , .
] Reactive Oxygen Species

Golgi 3
’ N

IECL-Z

S

Caspase  gmem= Cytochrome C
activation release

Figure 6: Induction of apoptosis by TP53 (adapted in revised form from Sionov and

mitochoadria

Haupt).”"
TPS3 mediated apoptosis through direct sequence specific transactivation dependent

(solid lines) and independent (broken lines) mechanisms.

1.5.4. TP33 gene family

Many critical ceflular regulators are members of gene families with overlapping
and often complementary functions {e.g. retinoblastoma gene family consisting of
RB-1, p107 and p!30). For many years TP53 was not thought to be part of a family.
Recently however, two mammalian TP53 homologues, p73 and p51 (also known as
p40, p63, KET or p73L), have been identified (reviewed by Ka<=,lin).252’246'251 Both
p73 and p51 can, at least when overproduced, mimic the ability of TP53 to bind to
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DNA, activate transcription and induce apoptosis. The p73 gene maps to chromosome
1p36, a region that is frequently deleted in neuroblastoma and a variety of other
human cancers®*® whereas p3 1 maps to chromosome 3q27-8, which is deleted in some
bladder cancers. As a result of alternative splicing cells produce multiple isoforms of
p73 {p730 and B) and pS1 (p5S1A and B). Moreover, unlike TP33, which is
ubiquitously expressed, expression of p73 and p51 appears to be restricted to certain
tissues. Although p51 and p73 transcripts have been detected in a variety of human
tissues, their expression has not been reported in ovaries.”**2%! Moreover, neither p73
nor pi! appear to be frequently mutated in human cancers. 21425335 These
observations are, however, based on limited studies reported to date and additional
studies are clearly indicated. Furthermore, it has been suggested that p73 is
monoallelically expressed and that loss of the transcribed allele is associated with
h:nlol'igmlesis.2‘16 However, biallelic expression of p73 has been observed in tumor
specimens and it has been demonstrated that p73 mRNA levels are increased rather
than decreased in tumor tissue relative to surrounding normal tissue, 254236257
Furthermore, in contrast to p33-deficient mice, those lacking p73 show no increased
susceptibility to spontanéous tumo:)rigenesis.258 Unlike TP33, p73 is not induced by
DNA-damaging agents. The normal functions of p51 and p73 remain to be elucidated.

1.5.5, Role of TP53 in cancer

Mutations in the tumor suppressor gene TP353 occur in about 50% of all human
tumors, making it the most frequent target for genetic alterations (general reviews>
21 and for updates see websites). Mutation is often accompanied by loss of
heterozygosity. Nevertheless, mutation without LOH may also be disadvantageous
since some TP53 mutants can inactivate wild type TP53 through hetero-
oligomerization. Moreover, some TP53 mutants can enhance transformation when
introduced into TP53 nullizygous cells suggesting that properties other than hetero-
ologimerization with TP53 must contribute to their ability to promote transformation.
In addition to TP53 mutation, altered degradation or neutralization of TP53 otherwise
may also promote cancer without a need to alter the TP53 gene itself, For example,
the development of cervical and angogenital cancers has been linked to degradation of
TP53 by the human papilloma virus E6 protein.m“264 Otherwise, excessive MDM?2
expression achieved through MDM2 gene amplification or other mechanisms can lead
to neutralization and degradation of TP53. Sarcomas for example often overproduce
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MDM? as a result of amp]if'1cation.265‘266 Elevated MDM?2 levels as the result of
enhanced translation have also been observed in choriocarcinoma cell lines.”®” A
chiange in the subcellular localization may be another way fo inhibit TP53’s activities.
For example, TP53 mutations are rare in neuroblastomas but the TPS3 protein is
seemingly sequestered in the cytoplasm. Thus, neutralization of TP53 function is a

common and possibly requisite step in human cancer.

1.6.  Prognostic factors

The overall 5-year survival rate for women with ovarian carcinoma is on the order
of 30%. Current routinely used prognostic factors are based on clinico-pathological
criteria, which are subject of inter- and intraobserver differences. More quantitative
approaches to identify new biologic factors associated with clinical prognostic
significance may decrease the subjectivity frequently associated with prognostic
factors. Numerous molecular genetic lesions have been identified which may be useful
for prognostic characterization of ovarian cancer patients. However, after 20 years of
intensive research there are still significant gaps in our knowledge concerning ovarian
cancer etiology, development and treatment, Understanding genetic events that lead to
initiation and progression of ovarian cancer remains an important challenge in
gynecological research. Although several genes involved in ovarian cancer have been
identified, many more genes remain to be discovered and the clinical significance of
the cancer genes already known is still in its infancy. With respect to the classical
prognostic factors, some of these are discussed below,

FIGO stage

The most important determinant of clinical outcome is the surgicopathologic stage
at the initial time of diagnosis. The staging system defined by the International
Federation of Gynecologic Oncologists (FIGQ) is shown in Table 2. For patients with
stage | disease survival rates have been reported over 90%,%%8 Patients with stage II1
disease, in which the disease has spread outside the pelvis into the abdominal cavities,
have a S-year survival rate of approximately 20% whereas patients with stage IV
discase have a survival rate of less than 5% Subdividing each stage stage shows
marked differences in patient survival for the substages.> For example, for patients
with stage lITA discase a 5-year survival of 39.3% has been reported compared to 17%
for stage ITIC.°
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The initial volume of tumor mass at the time of diagnosis has been shown to
provide significant prognostic information.””® However, since complete tumor celi kill
by chemotherapy is more likely with small tumor volumes than with large tumors, the
extent of residual disease after primary surgery is of greater importance. Patients with
residual tumor nodes smaller than either 1 or 2 cm after debulking surgery have a
better prognosis than patients in whom such resection is not carried out. 5137 The

number of residual masses may be a prognostic factor as well 278

Table 2: FIGO staging system: for epithelial ovarian cancer of the ovary

FIGO Definition

Stage 1 tumor limited to the ovaries
1A one ovary, no ascites, intact capsule
B both ovaries, no asciles, intact capsute
IC ruptured capsule, capsular involvement, positive peritoneal washings or malignhant

ascites '
~Stage Il ovarian tumor with pelvic extension
T A pelvic exlension to uterus or tubes

1B pelvic extension to other pelvic organs (bladder, rectum, or vagina)
Ic pelvic extension plus findings indicated for IC

Stage III tumor outside the pelvis or with positive nodes
HIA microscopic seeding outside the true pelvis

1IIB gross deposits <2 ¢m
Hic gross deposits >2 cm or positive nodes

Stage IV distant organ development, including liver parenchyma or pleural space

Reproduced from Cannistra®

Histolagy and grade

The descriptive histologic classification of the World Health Organization (WHQ)
has found widespread acceptance but there is a high degree of subjectivity (both
interobserver and intraobserver variability) in assigning histologic type and grade.””
B! There is no consensus on the prognostic relevance of the various histologic
types®”, except that the clear cell histology may be associated with an adverse
pro:)gnosis.3’2?2‘232'284 Furthermore, it has been reported that serous carcinomas with a
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high number of psammoma bodies have a better prognosis than patients whose tumors
demonstrate no or a low psammoma body content.”® While histologic typing of
epithelial ovarian cancer according to the WHO classification is in wide use, there is
no universally accepted grading system. Most commonly, ovarian carcinomas are
graded in architectural terms as well, moderately or poorly differentiated, However,
other grading systems, as for example the Broders’ system that assesses the
percentage of differentiated cells, are also used by different pathologists. Histologic
grade appears to be a particularly important prognostic factor in patients with early
stage disease, Stage 1 patients with well or moderately differentiated tumors have a
significantly better survival compared with poorly differentiated tumors.>>268
However, in advanced stage patients, treated with cisplatin, most studies have failed
to demonstrate a significant correlation between grade and survival, In the last few
decades the introduction of quantitative techniques have allowed for a more objective
and consistent approach to the grading of ovarian carcinomas. Tumor aneuploidy as
demonstrated by DNA flow cytometry, has been shown to be an independent adverse
prognostic factor, 77020387 1y addition, quantitative pathologic (morphometrical)
features, including mitotic activity index, the mean nuclear area and volume
percentage of epithelinm  have also been shown to lhave prognostic

impoﬂa1106.2?0’286’288

Age and performance status
Patient characteristics including patient age and performance status (Karnofsky
score) have also been shown to correlate with patient outcome, #2899 However,

performance status suffers from problems with subjectivity.

1.7.  Aim of the study and outline of the thesis

In ovarian tumorigenesis multiple genetic and epigenetic alterations must occur
before a clinically malignant ovarian tumor manifests. The most likely way to develop
new, effective therapies for epithelial ovarian cancer patients is to improve our
understanding of and ability to identify the genetic changes leading to initiation and
progression of ovarian cancer and to sensitivity and resistance to chemotherapy. The
aims of this study were to gain more insight into the genetic events that lead to
initiation and progression of ovarian cancer and to assess the added value of currently

available molecular markers in ovarian cancer.
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Initial studies on cell lines have shown that the multiple tumor suppressor gene |
(MTS1/CDKN2/p16™) is homozygously deleted or mutated in many human cancer
cell lines. It was therefore assumed to be an important player in a variety of human
cancers including ovarian cancer. In chapter 2 the prevalence and relevance of
p16™8% alterations in ovarian carcinomas and in ovarian cancer cell lines is
described.

There is clear experimental evidence that aberrations in the TP53 tumor suppressor
gene play a critical role in the development and progression of ovarian cancer. The
TP53 gene is mutated and/or overexpressed in up to 50% of ovarian tumors. However,
the prognostic and predictive significance of 7P353 aberrations (i.e. overexpression
and gene mutation) is still under debate. Tumor heterogeneity, small numbers of
tumors, different therapies and different technigues used for studying TP53 may be
responsible for the reported inconsistencies abont the prognostic value of TP53. With
respect to techniques, most studies have utilized an immunohistochemical approach to
study TP33 status. Since generally only missense mutations are associated with a
relative overexpression of the protein, studying 7P53 alteration by means of
immunchistochemistry is not adeguate to detect all aberrations, Chapter 3 describes a
high prevalence of TP53 non-missense mutations in ovarian carcinoma. Since these
mutations were not accompanied by protein accumulation, the importance of
performing both mutational and immunohistochemical analysis is discussed,

Subsequently, chapter 4 describes the prognostic significance of both TP53
mutation and TPS3 protein expression, and also of the combination of these data.
Since it is not known how and to what extent 7P53 mutations affect the function of
the protein, more insight could come from the study of “downstream genes” of TP53.
In addition to the clinical value of TP53, chapter 4 describes the expression of certain
TP53 downstream genes, including the cell cycle inhibitor p21 and the apoptosis-
related BAX and BCL-2, in relation to clinico-pathological parameters, clinical
outcome and response to platinum-based chemotherapy.

Although the 7P33 gene is frequently altered or overexpressed in malignant
ovarian tumors, chapter § describes that 7P353 alterations are not often observed in
borderline tumors. It is not known whether these borderline tumors are precursors of
malignant carcinomas or whether they represent a distinct class of tumors, Some data
have indicated that mutations in the proto-oncogene K-RAS are more frequent in
borderline tumors compared to carcinomas, supporting the latter hypothesis. Chapter 5
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also describes the prevalence of K-RAS mutations in borderline tumors and discusses
the results in relation {o this theory.

Chapter 6A covers a review on the breast cancer susceptibility gene 1 (BRCA/).
Germ-line mutations in this gene are responsible for up to 80% of families with both
breast and ovarian cancer. It is proposed that TP53 dysfunction may be required for
BRCA l-associated ovarian tumorigenesis. In addition to this hypothesis, chapter 6B
includes our own findings with respect to the presence of TP53 alterations in BRCA/-
associated ovarian tumors, ‘

Finally, chapter 7 critically discusses the results of the studies described in this
thesis and gives new perspectives.

References

L. Netherlands Cancer Registry: Gynaecological tumours in the Netherlands. 1989-1993.
Utrecht, 1997

2. Netherlands Cancer Registry: Incidence of cancer in the Netherlands 1995, Utrecht, 1998

3. Ozols RF, Rubin SC, Dembo Al, et al: Epithelial ovarian cancer, in Hoskins W, Perez

CA, Young RC (eds): Principles and Practice of Gynecologic Oncolgy. Phitadelphia, J.B.
Lippincott, 1992, pp 731-781

4. Cannistra SA: Cancer of the ovary. N Engl ] Med 329:1550-9, 1993
Friedlander ML: Prognostic factors in ovarian cancer. Semin Oncol 25:305-14, 1998
6, van der Burg ME, van Lent M, Buyse M, et al: The effect of debutking surgery after

induction chemotherapy on the prognosis in advanced epithelial ovarian cancer.
Gynecological Cancer Cooperative Group of the European Organization for Research and
Treatment of Cancer, N Engl ] Med 332:629-34, 1995

7. Rao BR, Slotman BJ; Endocrine factors in common epithelial ovarian cancer. Endocr Rev
12:14-26, 1991
8. Negri E, Franceschi 8, Tzonou A, et al: Pooled analysis of 3 European case-control

studies: 1. Reproductive factors and risk of epithelial ovarian cancer, Int ¥ Cancer 49:50-6,
1991

9. Franceschi S, La Vecchia C, Booth M, et al: Pooled analysis of 3 European case-controt
studies of ovarian cancer: II. Age at menarche and at menopause, Int J Cancer 49:57-60,
1991

10. Franceschi S, Parazzini F, Negri E, ¢t al: Pooled analysis of 3 Euwropean case-control

studies of epithelial ovarian cancer: I1]. Oral contraceptive use. Int J Cancer 49:61-5, 1991

37



INTRODUCTION

I
12.

18.
19.

20,

21,

22,

23,

24,

25.

26,

27,

28,

38

Fathalla MF: Incessant ovulation--a factor in ovarian neoplasia? Lancet 2:163, 1971
Fathalla MF: Factors in (he causation and incidence of ovarian cancer. Obstet Gynecol
Surv 27:751-68, 1972

Risch HA: Hormonal etiology of epithelial ovarian cancer, with a hypothesis concerning
the role of androgens and progesterone. J Natl Cancer Inst 90:1774-86, 1998

Venn A, Watson L, Lumley J, et al: Breast and ovarian cancer incidence afier infertitity
and in vitro fertilisation. Lancet 346:995-1000, 1993

Risch HA: Estrogen replacement therapy and risk of epithelial ovarian cancer. Gynecol
Oncol 63:254-7, 1996

Weber AM: Honmone replacement therapy as a risk factor for epithelial ovarian cancer:
resulls of a case-control study. Obstet Gynecol 90:641-2, 1997

Garg PP, Kerlikowske K, Subak L, et al: Hormone replacement therapy and the risk of
epithelial ovarian carcinoma: a mmeta-analysis. Obstet Gynecol 92:472-9, 1998

Burmeister I, Healy DL: Ovarian cancer in infertility patients. Ann Med 30:525-8, 1993
Venn A, Watson L, Bruinsma F, et al: Risk of cancer after use of fertility drugs with in-
vitro fertilisation. Lancet 354:1586-90, 1999

Rossing MA, Daling JR: Complexity of surveiltance for cancer risk associated with in-
vitro fertilisation. Lancet 354:1573-4, 1999

Coughlin S8, Giustozzi A, Smith SJ, et al: A mela-analysis of estrogen replacement
therapy and risk of epithelial ovarian cancer, J Cin Eptdemiol 53:367-375, 2000

Heller DS, Westhoff C, Gordon RE, et al: The refationship between perineal cosmetic tale
usage and ovarian talc particle burden. Am J Obstet Gynecol 174:1507-10, 1996

Chang S, Risch HA: Perineal talc exposure and risk of ovarian carcinoma, Cancer
79:2396-401, 1997

Cramer DW, Liberman RF, Titus-Ermstoff L, et al: Genital talc exposure and risk of
ovarian cancer. Int J Cancer 81:351-6, 1999

Wong C, Hempling RE, Piver MS, et al; Perineal talc exposure and subsequent epitheliat
ovarian cancer; a case- control study. Obstet Gynecol 93:372-6, 1999

Whysner J, Mohan M: Perineal application of tale and comstarch powders: evaluation of
ovarian cancer risk. Am J Obstet Gynecol 182,720-4, 2000

Amos CI, Struewing JP; Genetic epidemiology of epithelial ovarian cancer. Cancer
71:566-72, 1993

Lynch HT, Casey MJ, Lynch J, et al: Genetics and ovarian carcinoma. Semin Oncol
25:265-80, 1998




CHAPTER 1

29.

0.

3L

32.

33

4,

35
36.

37.

18

39

40,

41,

42,

43.

44,

45,

Woodruff JD: Hislory of ovarian neplasia: facis and fancy. Obstet Gynecol Annual 5:331-
344, 1976

Scully RE: Ovarian tumours; a review. Am J Pathol 87:686-720, 1977

Clement PB: Histology of the ovary. Am J Surg Pathol 11:277-303, 1987

Pejovic T, Heim S, Mandahl N, el al: Bitateral ovarian carcinoma: cytogenetic evidence of
unicentric origin. Int J Cancer 47:358-61, 1591

Kupryjanczyk J, Thor AD, Beauchamp R, et al: Ovarian, peritoneal, and endometrial
serous carcinoma: clonal origin of multifocal disease. Mod Pathol 9:166-73, 1996

Abeln EC, Smit VT, Wessels JW, el al; Molecular genelic evidence for the conversion
hypothesis of the origin of malignant mixed mullerian tumours. J Pathol 183:424-31, 1997
Hanahan D, Weinberg RA: The hallmarks of caneer. Cell 100:57-70, 2000

Hahi WC, Counter CM, Lundberg AS, et al: Creation of human tumour cells with defined
genetic elements, Nature 400:464-468, 1999

Stamon D3, Clark GM, Wong S8G, et al; Human breast cancer: correlation of relapse and
survivat with amplification of the HER-2/neu oncogene, Science 235:177-82, 1987

Berns EM, Foekens JA, van Staveren IL, et al: Oncogene amplification and prognosis in
breast cancer: relationship with systemic treatment. Gene 159:11-8, 1995

Bems EM, Klijn JG, Henzen-Logmans SC, et al: Receptors for hormones and growth
factors and (onco)-gene amplification in human ovarian cancer. Int J Cancer 52:218-24,
1992

Bast RC, Jr., Boyer CM, Jacobs I, et al: Cell growth regulation in epithelial ovarian
cancer, Cancer 71:1597-601, 1993

Rubin SC, Finstad CL, Wong GY, el al; Prognostic significance of HER-2/neu expression
in advanced epithelial ovarian cancer: a multivariate analysis. Am J Obstet Gynecol
168:162.9, 1993

Dobianer K, Hruza C; Ehrlich G, et al: HER-2 amplification but not butyrylcholinesterase
multability reflecls aggressiveness of European-originated ovarian tumors. Gynecol Oncol
56:200-6, 1995

Slamon DJ, Godolphin W, Jones LA, et al: Studies of the HER-2/neu proto-oncogene in
human breast and ovarian cancer. Science 244:707-12, 1989

Berchuck A, Kamel A, Whitaker R, et al: Overexpression of HER-2/neu is associated with
poor survival in advanced epithelial ovarian cancer, Cancer Res 50:4087-91, 1990
Hengstler JG, Lange J, Kett A, et al; Contribution of ¢-erbB-2 and topoisomerase I{alpha

to chemoresistance in ovarian cancer. Cancer Res 59:3206-14, 1999

39



INTRODUCTION

46,

47,

48,

49.

50.

51,

52

53.

54.

55.

36,

57.

58,
59.

40

Nijman HW, Kenemans P, Poort-Keesom RJ, et al: Influence of chemotherapy on the
expression of p53, HER-2/neu and proliferation markers in ovarian cancer, Eur J Obstet
Gynecol Reprod Biol 83:201-6, 1999

Rubin SC, Finstad CL, Federici MG, et al: Prevalence and significance of HER-2/neu
expression in early epithelial ovarian cancer. Cancer 73:1456-9, 1994

Medl M, Sevelda P, Czerwenka K, et al: DNA amplification of HER-2/neu and INT-2
oncogenes in epithelial ovarian cancer. Gynecol Oncol 59:321-6, 1995

Fajac A, Benard J, Lhomme C, et al: ¢-ertbB2 gene amplification and protein expression in
ovarian epithelial tumors: evaluation of their respective prognostic significance by
multivariate analysis. Int J Cancer 64:146-51, 1995

Ross JS, Yang F, Kallakury BV, et al: HER-2/neu oncogene amplification by fluorescence
in situ hybridization in epithelial tumors of the ovary. Am J Clin Pathol 111:311-6, 1999
Pietras RJ, Fendly BM, Chazin VR, et al: Antibody to HER-2/neu receptor blocks DNA
repair after cisplatin in human breast and ovarian cancer cells. Oncogene 9:1829-38, 1994
Pegram MD, Slamon DJ: Combination therapy with trastuzumab (Herceptin} and cisplatin
for chemoresistant metastatic breast cancer: cvidence for receptor-enhanced
chemosensitivity, Semin Oncol 26:89-95, 1999

Kacinski BM, Carter D, Mittal K, et al: Ovarian adenccarcinomas express fins-
complententary transcripts and fins antigen, oflen with coexpression of CSF-1. Am J
Pathol 137:135-47, 1990

Baioccht G, Kavanagh JJ, Talpaz M, et al: Expression of the macrophage colony-

' stimulating factor and its receptor in gynecologic malignancies. Cancer 67:990-6, 1991

Tyson FL, Boyer CM, Kaufman R, et al: Expression and amplification of the HER-2/neu
(c-erbB-2) protooncogene in epithelial ovarian tumors and cell tines. Am J Obstet Gynecol
165:640-6, 1991

Kacinski BM, Carter D, Kohom EI, et al: Oncogene expression in vivo by ovarian
adenocarcinomas and mixed- mullerian tumors. Yale J Biol Med 62:379-92, 1989
Chambers SK, Kacinski BM, Ivins CM, et al; Overexpression of epithelial macrophage
colony-stimulating factor (CSF- 1) and CSF-1 receptor; a poor prognostic faclor in
epithelial ovarian cancer, contrasted with a protective effect of stromal CSF-1, Clin Cancer
Res 3:999-1007, 1997

Hamilton TC: Ovarian cancer, Part I: Biology, Curr Probl Cancer 16:1-57, 1992

Chambers SK, Wang Y, Gertz RE, et al: Macrophage colony-stimulating factor mediates
invasion of ovarian cancer cells through urokinase, Cancer Res 55:1578-85, 1995



CHAPTER |

60.

6l.

62,

63.

64

65,

66.

67,

68.

69,

70.

7L,

72,

73,

Kuhn W, Pache L, Schmalfeldt B, et al: Urokinase (uPA) and PAI-1 predict survival in
advanced ovarian cancer patients (FIGO HI) after radical surgery and platinum-based
chemotherapy, Gynecol Oncol 55:401-9, 1994

Chambers SK, Gertz RE, Jr,, Ivins CM, et al: The significance of urokinase- type
plasminogen activator, its inhibitors, and its receptor in ascites of patients with epithelial
ovarjan cancer, Cancer 75:1627-33, 1995

van der Burg ME, Henzen-Logmans SC, Berns EM, et al: Expression of urokinase-type
plasminogen activator (uPA) and its inhibitor PAI-1 in benign, borderline, malignant
primary and metastatic ovarian tumors. Int J Cancer 69:475-9, 1996

Kuhn W, Schmalfeldt B, Reuning U, et al: Prognostic significance of urokinase (uPA) and
its inhibitor PAI-1 for survival in advanced ovarian carcinoma stage FIGO Ilfc. Br J
Cancer 79:1746-51, 1999

van 't Veer LJ, Hermens R, van den Berg-Bakker LA, et al: ras oncogene activation in
human ovarian carcinoma. Oncogene 2:157-65, 1988

Yang-Feng TL, Li 8B, Leung WY, et al: Trisomy 12 and K-ras-2 amplification in human
ovarian tumors. Int J Cancer 48:678-81, 1991

Scambia G, Catozzi L, Benedetti-Panici P, et al: Expression of ras p21 oncoprotein in
normal and neoplastic human endometrium, Gynecoel Oncol 50:339-46, 1993

Scambia G, Masciullo V, Benedetti Panici P, ¢t al: Prognostic significance of ras/p21
alterations in human ovarian cancer. Br J Cancer 75:1547-53, 1997

Enomoto T, Weghorst CM, Inoue M, et al: K-ras activation occurs frequently in mucinous
adenocarcinomas and rarely in other common epithelial umors of the human ovary. Am J
Pathol 139:777-85, 1951

Tenerietto MG, Ebina M, Linnoila RI, et al: p53 and Ki-ras gene mulations in epithelial
ovarjan neoplasms, Cancer Res 53:3103-8, 1993

Mandai M, Konishi 1, Komatsu T, et al: Mutation of the nm23 gene, loss of heterozygosity
at the nm23 locus and K-ras mutation in ovarian carcinoma: correlation with tumour
progression and nm23 gene expresston, BrJ Cancer 72:691-5, 1995

Mok SC, Bell DA, Knapp RC, ¢t al: Mutation of K-ras protooncogene in human ovarian
epithelial tumors of borderline malignancy. Cancer Res 53:1489-92, 1993

Cheng JQ, Godwin AK, Bellacosa A, et al; AKT2, a putative oncogene encoding a
member of a subfamily of protein- serine/threonine kinases, is amplified in human ovarian
carcinomas. Proc Natl Acad Sci USA 89:9267-71, 1992

Bellacosa A, de Feo D, Godwin AK, et al: Molecular alterations of the AKT2 oncogene in

ovarian and breas! carcinomas, Int J Cancer 64:280-5, 1995

41



INTRODUCTION

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84,

85,

86.

87.

42

Shayesteh L, Lu Y, Kuo WL, ¢t al: PIK3CA is implicated as an oncogene in ovarian
cancer. Nat Genet 21:99-102, 1999 _
Baker VV, Borst MP, Dixon D, et al: c-myc amplification in ovarian cancer. Gynecol
Oncol 38:340-2, 1990

Tashiro H, Miyazaki K, Okamura H, et al: ¢c-myc over-expression in human primary
ovarian fumours: its relevance to tumour progression. Int J Cancer 50:828-33, 1992

van Dam PA, Vergote IB, Lowe DG, et al: Expression of c¢-erbB-2, c-myc, and c-ras
oncopioteins, insulin-like growth factor receptor I, and epidermal growth factor receptor in
ovarian carcinoma, J Clin Pathol 47:914-9, 1994

Smith DM, Groff DE, Pokul RK, et al: Determination of cellular oncogene rearrangement
or amplification in ovarian adenocarcinomas, Am J Qbstet Gynecot 161:911-5, 1989
Diebold J, Suchy B, Baretton GB, et al: DNA ploidy and MYC DNA amplification in
ovarian carcinomas. Correlation with p53 and bel-2 expression, proliferative activity and
prognosis. Virchows Arch 429:221-7, 1996

Auersperg N, Edelson MI, Mok SC, et al: The biology of ovarian cancer. Semin Oncol
25:281-304, 1998

Dodson MK, Hartmann LC, Cliby WA, et al: Comparison of loss of heterozygosity
patterns in invasive low-grade and high-grade epithelial ovarian carcinomas, Cancer Res
53:4456-60, 1993

Yang-Feng TL, Han H, Chen KC, et al: Altelic loss in ovarian cancer, Int J Caneer 54:546-
51, 1993

Weitzel JN, Patel J, Smith DM, et al; Molecular genetic changes associated with ovarian
caneer. Gynecol Oncol 55:245-52, 1994

Osbome RJ, Leech V: Polymerase chain reaction allelotyping of human ovarian cancer, Br
J Cancer 69:429.38, 1994

Brock JA, Liu WH, Smith ST, et al: Detection of numerical chromosome anomalies in
interphase cells of ovarian carcinomas using fluorescence in situ hybridization. Genes
Chromosomes Cancer 16:120-9, 1996

Saretzki G, Hoffimann U, Rohlke P, et al: Identification of allelic losses in benign,
borderline, and invasive epithelial ovarian tumors and correlation with clinical outcome.
Cancer 80;1241-9, 1997

Jones MH, Nakamura Y: Deletion mapping of chromosome 3p in fenwale genital tract

malignancies using microsatetlite polymorphisms, Oncogene 7:1631-4, 1992



CHAPTER }

88.

89.

90,

91.

92.

93.

94,

9s5.

96.

97.

98.

99.

100

161,

Rimessi P, Gualandi F, Morelli C, et al: Transfer of human chromosome 3 o an ovarian
carcinoma cell line identifies three regions on 3p involved in ovarian cancer, Oncogene
9:3467-74, 1994

Lounis H, Mes-Masson AM, Dion F, et al: Mapping of chromosome 3p deletions in human
epithelial ovarian tumors. Oncogene 17:2359-65, 1998

Fullweod P, Marchini S, Rader JS, et al: Detailed genetic and physical mapping of tumor
suppressor loci on chromosome 3p in ovavian cancer, Cancer Res 59:4662-7, 1999
Hendricks DT, Taylor R, Reed M, et al: FHIT gene expression in hwman ovarian,
endometrial, and cervical cancer cell lines. Cancer Res 57:2112-5, 1997

Wang L, Darling J, Zhang JS, et al: Frequent homozygous deletions in the FRA3B region
in tumor cell lines still leave the FHIT exons intact, Oncogene 16:635-42, 1998

Mandai M, Konishi I, Kuroda H, et al; Expression of abnormal transcripts of the FHIT
{fragile histidine triad) gene in ovarian carcinoma. Eur J Cancer 34:745-9, 1998

Buttitta F, Marchetti A, Radi O, et al: Evaluation of FHIT geue alterations in ovarian
cancer, BrJ Cancer 77:1048-51, 1998

Allan GJ, Cottrell S, Trowsdale J, et al: Loss of heterozygosity on chromosome 3 in
sporadic ovarian carcinoma is a late event and is not associated with mutations in APC at
592122, Hum Mutat 3:283-91, 1994

Tavassoli M, Steingrimsdottir H, Pierce E, et al: Loss of heterozygosity on ¢hromosome
Sq in ovarian cancer is frequently accompanied by TP53 mutation and identifies a tumour
suppressor gene locus at 5q13.1-21. Br J Cancer 74;115-9, 1996

Saito S, Sirahama S, Matsushima M, et al: Definition of a commonly deleted region in
ovarian cancers to a 300-kb segment of chromosome 6g27. Cancer Res 56:5586-9, 1996
Cooke IE, Shelling AN, Le Meuwth VG, el al: Alele loss on chromosome arm 6q and fine
mapping of the region al 6427 in epithelial ovarian cancer, Genes Chromosomes Cancer
15:223-33, 1996

Tibifetti MG, Bernasconi B, Furlan DD, et al: Early involvement of 6q in sutface epithelial
ovarian tumors, Cancer Res 56:4493-8, 1996

Colitti CV, Rodabaugh KJ, Welch WR, et al: A novel 4 ¢cM minimal deletion unit on
chromosome 6q25.1-q25.2 associated with high grade invasive epithelial ovarian
carcinomas. Oncogene 16:555-9, 1998

Shridhar V, Staub J, Huntley B, et al: A novel region of deletion on chromosome 6q23.3
spanning less than 500 Kb in high grade invasive epithelial ovarian cancer. Oncogene

18:3913-8, 1999

43



INTRODUCTION

102,

103.

104,

105.

106,

107.

108.

109,

110,

H1.

11z,

H3.

114,

115,

44

Foulkes WD, Ragoussis J, Stamp GW, et al: Frequent loss of heterozygosity on
chromosome 6 in human ovarian carcinoma, Br J Cancer 67:551-9, 1993

Prasad R, Gu Y, Alder H, et al; Cloning of the ALL-{ fusion partner, the AF-6 gene,
invelved in acute myeloid leukemias with the 1(6;11) chromosome transtocation. Cancer
Res 53:5624-8, 1993

Zenklusen JC, Weitzel IN, Ball HG, et al: Allelic loss at 7q31.1 in human pritnary ovarian
carcinomas suggests the existence of a tumor suppressor gene, Oncogene 11:359-63, 1995
Koike M, Takeuchi S, Yokota J, et al: Frequent loss of heterozygosity in the region of the
D78523 locus in advanced ovarian cancer, Genes Chromosomes Cancer 19:1-5, 1997
Edelson MI, Scherer SW, Tsui LC, et al: Identification of a 1300 kilobase deletion unit on
chromosome 7q31.3 in invasive epithelial ovarian carcinomas., Oncogene 14:2979-84,
1997

Huang H, Reed CP, Mordi A, et al: Frequent deletions within FRA7G at 7¢31.2 in
invasive epithelial ovarian cancer. Genes Chromosomes Cancer 24:48-55, 1999
Chenevix-Trench G, Kerr J, Friedlander M, et al: Homozygous deletions on the short amm
of chromosome 9 in ovarian adenocarcinoma cell lines and loss of heterozygosity in
sporadic tumors. Am J Hum Genet 55:143-9, 1994

Rodabaugh KJ, Biggs RB, Qureshi JA, et al: Detailed deletion mapping of chromosome 9p
and pl6 gene alterations in human borderline and invasive epithelial ovarian tumors.
Oncogene 11:1249-54, 1995

Schultz DC, Vanderveer L, Buetow KH, et al: Characterization of chromosome 9 in
human ovarian neoplasia identifies frequent genetic imbalance on 9q and rare alterations
involving 9p, including CDKN2. Cancer Res 55:2150-7, 1995

Devlin J, Elder PA, Gabra H, et al: High frequency of chromosome 9 deletion in ovarian
cancer: evidence for three tumour-suppressor toci. BrJ Cancer 73:420-3, 1996

Kamb A, Gruis NA, Weaver-Feldhaus J, et al: A cell cycle regulator potentiatly involved
in genesis of many tumor types, Science 264:436-40, 1994

Obata K, Morland SJ), Watson RH, et al: Frequent PTEN/MMAC mutations in
endometrioid but not serous or mucinous epithelial ovarian tumors. Cancer Res 58:2095-7,
1998

Saito M, Okamoto A, Kohne T, et al: Allelic imbalance and mutations of the PTEN gene
in ovarian cancer, Int J Cancer 85:160-5, 2000

Lynch ED, Ostermeyer EA, Lee MK, et al: Inherited mutations in PTEN that are
associaled with breast cancer, cowden disease, and juvenile polyposis, Am J Hum Genet
61:1254-60, 1997



CHAPTER 1

6.

7.

118.

119,

1290,

121

122.

123,

124,

125,

126.

127.

128.

129,

Tashiro H, Blazes MS, Wu R, et al: Mutations in PTEN are frequent in endometrial
carcinoma but rare in other common gynecological malignancies, Cancer Res 57:3935-40,
1997

Maxwell GL, Risinger JI, Tong B, et al: Mutation of the PTEN tumor suppressor gene is
not a feature of ovarian cancers. Gynecol Oncol 70:13-6, 1998

Yokomizo A, Tindall DJ, Hartmann L, ¢t al: Mutation analysis of the putative tumor
suppressor PTEN/MMACI in human ovarian cancer. Int J Oncol 13:101-5, 1998

Lin WM, Forgacs E, Warshal DP, et al: Loss of heterozygosity and mutational analysis of
the PTEN/MMACT! gene in synchronous endomelrial and ovarian carcinomas. Clin Cancer
Res 4:2577-83, 1998

Viel A, Giannini F, Tumiotto L, et al: Chromosomal localisation of two putative tlp
oncosuppressor genes involved in human ovarian tumeours. Br J Cancer 66:1030-6, 1992
Vandamme B, Lissens W, Amfo K, el al: Deletion of chromosome [1pl3-11pl5.5
sequences in invasive human ovarian cancer is a subclonal progression factor. Cancer Res
52:6646-52, 1992

Lu KH, Weitzel JN, Kodali S, et al: A novel 4-cM minimally deleted region on
chromosome 1IpiS.T associated with high grade nonmucinous epithelial ovarian
carcinomas. Cancer Res 57:387-90, 1997

Foulkes WIJ, Campbell IG, Stamp GW, et al: Loss of helerozygosity and amplification on
chromosome 1 tq in huntan ovarian cancer, Br ) Cancer 67:268-73, 1993

Gabra H, Taylor L, Cohen BB, et al: Chromosome {1 allele imbalance and
clinicopathological correlates in ovarian tumours. Br J Cancer 72:367-75, 1995

Davis M, Hitchcock A, Foulkes WD, et al: Refinement of two chromosome | 1q regions of
toss of heterozygosity in ovarian cancer. Cancer Res 56:741-4, 1996

Koike M, Takeuchi 8, Park S, et al: Ovarian cancer: loss of heterozygosity frequently
oceurs in the ATM gene, but structural alterations do not occur in this gene. Oncology
56:160-3, 1999

Davies R, Moore A, Sched] A, et al: Multiple roles for the Wilms' tumor suppressor, WT1.
Cancer Res 59:1747s-1750s; discussion 1751s, 1999

Bruening W, Gros P, Sato T, et al: Analysis of the 11p13 Wilms' tumor suppressor gene
(WT!) in ovarian fumors. Cancer Invest 11:393-9, 1993

Viel A, Giannini F, Capozzi E, et al: Molecular mechanisms possibly affecting WTI

function in human ovarian fumors, In¢ J Cancer 57:515-21, 1994

45



INTRODUCTION

130.

131,

132.

133,

134.

135.

136.

£37.

138.

139,

140.

141,

142,

143,

46

Gabra H, Langdon SP, Watson JE, et al: Loss of heterozygosity at 1122 correlates with
low progesterone receptor content in epithelial ovarian cancer. Clin Cancer Res 1:945-33,
1995

Hatta Y, Takeuchi S, Yokota J, et al: Ovarian cancer has frequent loss of heterozygosity at
chromosome 12pt2.3-13.1 (region of TEL and Kip! loci) and chromosome 12q23-ter:
evidence for two new tumour-suppressor genes, Br J Cancer 75:1256-62, 1997

Masciullo V, Sgambato A, Pacilio C, et al: Frequent loss of expression of the cyelin-
dependent kinase inhibitor p27 in epithelial ovarian cancer, Cancer Res 59:3790-4, 1999
Baekelandt M, Holm R, Trope CG, et al: Lack of independent prognostic significance of
p21 and p27 expression in advanced ovarian cancer: an immunohistochemical study. Clin
Cancer Res 5:2848-53, 1999

Li SB, Schwarlz PE, Lee WH, et al; Allele loss at the retinoblastoma locus in human
ovarian cancer. ] Nat! Cancer Inst 83:637-40, 1991

Dodson MK, Cliby WA, Xu HI, et al; Bvidence of functional RB protein in epithelial
ovarian carcinomas despite loss of heterozygosity at the RB locus. Cancer Res 54:610-3,
1994

Kim TM, Benedict WF, Xu HIJ, et al: Loss of heterozygosity on cliromosome I3 is
common only in the biologically more aggressive subtypes of ovarian epithelial mmors
and is associated with normal retinoblastoma gene expression. Cancer Res 54:605-9, 1994
Eccles DM, Brett L, Lessells A, et al: Overexpression of the p53 protein and allele loss at
17p13 in ovarian carcinoma. Br J Cancer 65:40-4, [992

Foulkes WD, Black DM, Stamp GW, et al: Very frequent loss of heterozygosity
throughout chromosome 17 in sporadic ovarian carcinoma. Int J Cancer 54:220-5, 1993
Godwin AK, Vanderveer L, Schultz DC, et al: A common region of deletion on
chromosome [7q in both sporadic and familial epithelial ovarian tumors distal to BRCAL,
Am ] Huom Genet 55:666-77, 1994

Phillips N, Ziegler M, Saha B, et al: Allelic loss on chromosome 17 in human ovarian
cancer, Int J Cancer 54:85-91, 1993

Phillips NJ, Ziegler MR, Radford DM, et al: Allelic deletion on chromosome [7p13.3 in
early ovarian cancer, Cancer Res 56:606-11, 1996

Schultz DC, Vanderveer L, Berman DB, et al: Identification of two candidate tumor
suppressor genes on chromosome 17p13.3, Cancer Res 56:1997-2002, 1996

Bruening W, Prowse AH, Schultz DC, et al: Expression of OVCAI, a candidate tumor
suppressor, is reduced in tumors and inhibits growth of ovarian cancer cells, Cancer Res

59:4973-83, 1999



CHAPTER |

144,

£45.

146.

147,

148,

149,

150.

151,

152

153.

154,

155.

156.

157,

158,

Pieretti M, Powell DE, Gallion HH, et al: Hypermethylation at a chromosome [7 "hot
spot" is a common event in ovarian cancer, Hum Pathol 26:398-401, 1993

Cornelis RS, Neuhausen SL, Johansson O, et al: High allele loss rates at 17q12-q21 in
breast and ovarian tumors from BRCAl-linked families. The Breast Cancer Linkage
Consortium. Genes Chromosomes Cancer 13:203-10, 1995

Caduff RF, Svoboda-Newntan SM, Ferguson AW, et al: Comparison of alierations of
chromosome 17 in carcinoma of the ovary and of the breast. Virchows Arch 434:517-22,
1999

Miki Y, Swensen J, Shattuck-Eidens D, et al: A strong candidate for the breast and ovarian
cancer susceptibility gene BRCAL, Science 266:66-71, 1994

Easton DF, Ford D, Bishop DT: Breast and ovarian cancer incidence in BRCA 1-mutation
carriers, Breast Cancer Linkage Consortium. Am JF Hum Genet 56:265-71, 1995

Merajver SD, Pham TM, Caduff RF, et al: Somatic mutations in the BRCA1 gene in
sporadic ovarian mmours, Nat Genet 9:439-43, 1995

Takahashi H, Behbakht K, McGovern PE, et al; Mutation analysis of the BRCA! gene in
ovarian cancers, Cancer Res 55:2998-3002, 1995

Berchuck A, Heron KA, Camey ME, et al: Frequency of germline and somatic BRCAI
mutations in ovarian cancer. Clin Cancer Res 4:2433-7, 1998

Tong D, Stimpfl M, Reinthaller A, et al; BRCAI gene mulaiions in sporadic ovarian
carcinomas: detection by PCR and reverse allele-specific oligonucleotide hybridization.
Ctin Chem 45:976-81, 1999

Jacobs I3, Smith SA, Wiseman RW, et al: A deletion unit on chromosome 17q in epithelial
ovarian tumors distal to the familial breast/ovarian cancer locus, Cancer Res 53:1218-21,
1993

Wertheim [, Tangir J, Muto MG, et al; Loss of helerozygosity of chromosome t7 in
human borderline and invasive epithelial ovarian tumors. Oncogene 12:2147-53, 1996
Tangir J, Muto MG, Berkowitz RS, et al: A 400 kb novel deletion unit centromeric to the
BRCALI gene in sporadic epithelial ovarian cancer. Oncogene 12:735-40, 1996

Li Y, Bollag G, Clark R, et al: Somatic mutations in the neurofibromatosis | gene in
human turnors, Cell 69:275-81, 1992

Foulkes WD, Englefield P, Campbell IG: Mutation analysis of RASK and the 'FLR exon'
of NF1 in sporadic ovarian carcinoma, Eur J Cancer 4:528-30, 1994

Mandai M, Konishi [, Koshiyama M, et al: Expression of metaslasis-related nm23-H1 and
mn23-H2 genes in ovarian carcinomas: correlation with clinicopathology, EGFR, c-erbB-

2, and c- erbB-3 genes, and sex steroid receptor expression, Cancer Res 54:1825-30, 1994

47




INTRODUCTION

159.

160.

161,

162,

163.

164,

165.

166.

167.

168,

169.

170.

171,

172,

173,

48

Viel A, Dall'Agnese L, Canzonieri V, et al: Suppressive role of the metastasis-related
nm23-H! gene in human ovarian carcinomas: association of high messenger RNA
expression with lack of lymph node metastasis. Cancer Res 55:2645-50, 1995

Scambia G, Ferrandina G, Marone M, et al: nm23 in ovarian cancer; correlation with
clinical outcome and other clinicopathologic and biochemical prognostic parameters, J
Clin Oncol 14:334-42, 1996

Ferguson AW, Flatow U, MacDonald NJ, et al: Increased sensitivity to cisplatin by nm23-
transfected tumor cell lines, Cancer Res 56:2931-5, 1996

Baekelandt M, Holm R, Trope CG, et al: The significance of metastasis-related factors
cathepsin-D and nm23 in advanced ovarian cancer. Ann Oncol 10:1335-41, 1999
Tavassoli M, Ruhrberg C, Beaumont V, et al: Whole chromosome 17 loss in ovarian
cancer, Genes Chromosomes Cancer 8:195-8, 1993

Pieretti M, Powell DE, Gallion HH, et al: Genetic alterations on chromosome {7
distinguish different types of epithelial ovarian tumors, Hum Pathol 26:393-7, 1995

Papp J, Csokay B, Bosze P, et al: Allele loss from large regions of chromosome 17 is
comnion only in certain histological subtypes of ovarian carcinomas. Br J Cancer 74:1592-
7, 1996

Quezado MM, Moskaluk CA, Bryant B, et al: Incidence of loss of heterozygosity at p53
and BRCA1 loci in serous surface carcinoma. Hum Pathol 30:203-7, 1999
Chenevix-Trench G, Leary ], Kerr J, et al: Frequent loss of heterozygosity on chromosome
I8 in ovarian adenocarcinoma which does net always inciude the DCC locus, Oncogene
7:1059-65, 1992

Takakura §, Okamoto A, Saito M, et al: Allelic imbalance in chromosome band 18921 and
SMAD4 mutations in ovarian cancers. Genes Chromosomes Cancer 24:264-71, 1999
Englefield P, Foulkes WD, Campbell 1G: Loss of heterozygosity on chromosome 22 in
ovarian carcinoma is distal to and is not accompanied by mutations in NF2 at 22q12. Br ]
Cancer 70:905-7, 1994

Bryan EJ, Walson RH, Davis M, et al: Localization of an ovarian cancer tumor suppressor
gene to a 0.5-cM region between D225284 and CYP2D, on chromosome 22q. Cancer Res
56:719-21, 1996

Lane DP: Cancer. p53, guardian of the genome, Nature 358:15-6, 1992

Fields 8, Jang SK: Presence of a potent transcription activating sequence in the p53
protein, Science 249:1046-9, 1990

Raycroft L, Wu HY, Lozano G: Transcriptional activation by wild-type but not
transforming mutants of the p53 anti-oncogene. Science 249:1049-51, 1990



CHAPTER |

174,

175,

176,

177.

178.

179.

180,

181,

182,

183,

184,

185,

186.

187.

188.

el-Deiry WS, Kern SE, Pictenpol JA, et al: Definition of a consensus binding site for p53.
Nat Genet 1:45-9, 1992

Pietenpol JA, Tokino T, Thiagalingam S, et al: Sequence-specific transcriptional
activation is essential for growth suppression by p53. Proc Natl Acad Sci USA 91:1998-
2002, 1994

Soussi T, Caron de Fromentel C, May P: Structural aspects of the p33 protein in relation to
gene evolution. Oncogene 5:945-52, 1990

Gorina 8, Pavletich NP: Structure of the p53 tumor suppressor bound to the ankyrin and
SH3 domains of 53BP2, Science 274:1001-5, 1996

Sturzbecher HW, Brain R, Addison C, et al: A C-terminal alpha-helix plus basic region
motif is the major structural determinant of p53 tetramerization, Oncogene 7:1513-23,
1992

Clore GM, Omichinski JG, Sakaguchi K, et al: High-resolution structure of the
oligomerization domain of p53 by multidimensional NMR. Science 265:386-91, 1994
Jeffrey PD, Gorina 8, Pavletich NP: Crystal structure of the tetramerization domain of the
p53 twmor suppressor at 1.7 angstroms, Science 267:1498-502, 1995

Jayaraman J, Prives C: Activation of p53 sequence-specific DNA binding by short single
strands of DNA requires the p53 C-terminus. Cell 81:1021-9, 1995

Lee 8, Elenbaas B, Levine A, el al: p53 and its 14 kDa C-terminal domain recognize
primary DNA damage in the form of insertion/deletion mismatches, Cell 81:1013-20, 1995
Reed M, Woelker B, Wang P, et al: The C-terminal domain of p53 recognizes DNA
damaged by ionizing radiation. Proc Natl Acad Sci USA 92:9455-9, 1995

Shaulsky G, Goldfinger N, Ben-Ze'ev A, et al: Nuclear accumulation of p53 protein is
mediated by several nuclear localization signals and plays a role in tumorigenesis. Mol
Cell Biol 10:6565-77, 1990

Rogel A, Popliker M, Webb CG, et al: p53 cellular tumor antigen: analysis of mRNA
levels in normal adull tissues, embryos, and tumors. Mol Cell Biol 5:2851-5, 1985
Graeber TG, Osmanian C, Jacks T, et al: Hypoxia-mediated selection of cells with
diminished apoptotic polential in solid tumours, Nature 379:88-91, 1996

Linke 8P, Clarkin KC, Di Leonardo A, et al: A reversible, p53-dependent GO/G! cell
cycle arrest induced by ribonucleotide depletion in the absence of delectable DNA
damage. Genes Dev 10:934-47, 1996

Prives C, Hall PA: The p53 pathway. J Pathol 187:112-26, 1999

49




INTRODUCTION

189.

190,

191,

192,

193.

194,

195,

196.

197.

198,

199.

200.

201.

202.

203.

204,

205,

50

Shaw P, Freeman J, Bovey R, et al: Regulation of specific DNA binding by p53: evidence
for a role for O- glycosylation and charged residues at the carboxy-terminus, Oncogene
12:921-30, 1996

Gu W, Roeder RG: Activation of p53 sequence-specific DNA binding by acetylation of
the p53 C-terminal domain. Cell 90:595-606, 1997

Sakaguchi K, Herrera JE, Saito S, et al: DNA damage activates p53 through &
phosphorylation-acetylation eascade, Genes Dev 12:2831-41, 1998

Jayaraman L, Prives C: Covalent and noncovalent modifiers of the p53 protein. Cell Mol
Life Sci 55:76-87, 1999

Barak Y, Juven T, Haffner R, et al: mdm2 expression is induced by wild type p53 activity.
Embo J 12:461-8, 1993

Wu X, Bayle JH, Olson D, et al: The p53-mdm-2 autoregulatory feedback loop. Genes
Dev 7:1126-32, 1993

Momand J, Zambetti GP, Olson DC, et al: The mdm-2 oncogene product forms a complex
with the p53 protein and inhibits p53-mediated transactivation, Cell 69:1237-45, 1992
Oliner ID, Pietenpol JA, Thiagalingam S, et al: Oncoprotein MDM2 conceals the
activation domain of fumour suppressor p53, Nature 362:857-60, 1993

Honda R, Tanaka H, Yasuda H: Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor
suppressor p53. FEBS Lett 420:25-7, 1997

Maki CG, Huibregtse JM, Howley PM: In vive ubiquitination and proteasome-mediated
degradation of p53(1). Cancer Res 56:2649-54, 1996

Fuchs SY, Adler V, Buschmann T, et al: JNK targets p53 ubiquitination and degradation
in nonstressed cells. Genes Dev 12:2658-63, 1998

Jones SN, Roe AE, Donehower LA, et al: Rescue of embryonic lethality in Mdm2-
deficient mice by absence of p53. Nature 378:206-8, 1995

Montes de Oca Luna R, Wagner DS, Lozano G: Rescue of early embryonic lethality in
mdm2-deficient mice by deletion of p53. Nature 378:203-6, 1995

Shieh SY, lkeda M, Taya Y, et al: DNA damage-induced phosphorylation of p353
atleviates inhibition by MDM2. Cell 91:325-34, 1997

Mayo LD, Turchi J}, Berberich SJ; Mdm-2 phosphorylation by DNA-dependent protein
kinase prevents interaction with p53. Cancer Res 57:5013-6, 1997

Kubbutat MH, Ludwig RL, Levine AJ, et al: Analysis of the degradation function of
Mdm?2, Cell Growth Differ 10:87-92, 1999

Sherr CI: Tumor surveillance via the ARF-p53 pathway. Genes Dev 12:2984.91, 1998



CHAPTER |

206.

207.

208.

209.

210,

211

212,

Kamijo T, Weber JD, Zambetti G, et al: Functional and physical interactions of the ARF
tumor suppressor with p53 and Mdm2, Proc Natl Acad Sci USA 95:8292-7, 1998

Zhang Y, Xiong Y, Yarbrough WG: ARF promotes MDM2 degradation and stabilizes
p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor suppression pathways,
Cell 92:725-34, 1998

Pomerantz J, Schreiber-Agus N, Liegeois NJ, et al: The Inkda tumor suppressor gene
product, p19Arf, interacts with MDM2 and neutralizes MDM2's inhibition of p33. Cell
92:713-23, 1998

Honda R, Yasuda H: Association of pl9(ARF) with Mdm2 inhibits ubiquitin ligase
activity of Mdm?2 for tumor suppressor p53. Embo J 18:22-7, 1999

Hermeking H, Eick D: Mediation of c-Myc-induced apoptosis by p53. Science 265:2091-
3, 1994

Zindy F, Bischen CM, Randle DH, et al: Myc signaling via the ARF tumor suppressor
regutates p53-dependent apoptosis and immortalization. Genes Dev 12:2424-33, 1998
Debbas M, White E: Wild-type p53 mediates apoptosis by E1A, which is inhibited by

EIB. Genes Dev 7:546-54, 1993

213

214,

215,

216.

217,

218,

219.

220

221.

de Stanchina E, McCurrach ME, Zindy F, et al: E1A signaling to p353 involves the
p19(ARF) tamor suppressor, Genes Dev 12:2434-42, 1998

Serrano M, Lin AW, McCurrach ME, et al: Oncogenic ras provokes premature cell
senescence associated with accumulation of p53 and pl16INK4a. Cell 88:593.602, [997
Palmero I, Pantoja C, Serrano M: p19ARF links the tumour suppressor p53 te Ras, Nature
395:125-6, 1998

Damalas A, Ben-Ze'ev A, Simcha |, et al: Excess beta-catenin proniotes accumulation of
transcriptionally active p53. Embe J 18;3054-63, 1999

Amundson SA, Myers TG, Fornace AJ, Jr.: Roles for p53 in growth arrest and apoptosis:
putting on the brakes afier genotoxic stress. Oncogene 17:3287-99, 1998

Cho Y, Gorina S, Jeffrey PD, et al; Crystal structure of a p53 tumor suppressor-DNA
complex: understanding tumorigenic mutations. Science 265:346-55, 1994

el-Deiry WS, Tokino T, Velculescu VE, et al: WAF1, a potential mediater of p53 tumor
suppression. Cell 75:817-25, 1993

Harper JW, Adami GR, Wei N, et al: The p21 Cdk-interacting protein Cipl is a potent
inhibitor of G1 cyclin- dependent kinases. Cell 75:805-16, 1993

Hermeking H, Lengauer C, Polyak K, et al: 14-3-3 sigina is a p53-regulated inhibitor of
G2/M progression. Mol Cell 1:3-11, 1997

51




INTRODUCTION

222,
223,
224,
225,

226.

227,
228.

229,

230.
23L
232,
233,

234,

235,
236.

237,

52

Brehm A, Miska EA, McCance DJ, et al: Retinoblastoma protein recruits histone
deacetylase to repress transcription. Nature 391:597-601, 1998

Smith ML, Chen IT, Zhan Q, et al: Interaction of the p53-regulated protein Gadd45 with
proliferating cell nuclear antigen. Science 266:1376-80, 1994

Sionov RV, Haupt Y: The celhilar respense to p53: the decision between life and death.
Oncogene 18:6145-57, 1999

Schneider E, Montenarth M, Wagner P: Regulation of CAK kinase activity by p53.
Oncogene 17:2733-41, 1998

Peng CY, Graves PR, Thoma RS, et al: Mitotic and G2 checkpoint control: regulation of
14-3-3 protein binding by phosphorylation of Cdc25C on serine-216. Science 277:1501-5,
1997

Kumagai A, Yakowec PS, Dunphy WG: 14-3-3 proteins act as negative regulators of the
mitotic inducer Cde25 in Xenopus egg extracts. Mol Biol Cell 9:345-54, 1998

Buckbinder L, Talbott R, Velasco-Miguel S, et al: Induction of the growth inhibitor IGF-
binding protein 3 by p53. Nature 377:646-9, 1995

Prisco M, Hongo A, Rizzo MG, et al: The insulin-like growth factor 1 receptor as a
physiologically relevant target of p53 in apoptosis caused by interleukin-3 withdrawal.
Mol Cell Biol 17:1084-92, 1997

Bennett M, Macdonald K, Chan SW, et al: Cell surface trafficking of Fas: a rapid
mechanism of p53-mediated apoptosis. Science 282:290-3, 1998

Wu GS, Bums TF, McDonald ER, 3rd, et al: KILLER/DRS is a DNA damage-inducible
pS3-regulated death receptor gene. Nat Genet 17:141-3, 1997

MacFarlane M, Ahmad M, Srinivasula SM, et al: Identification and molecular ¢loning of
two novel receptors for the cytotoxic ligand TRAIL. I Biol Chem 272:25417-20, 1997
Miyashita T, Reed JC: Tumor suppressor p53 is a direct transcriptional activator of the
human bax gene, Cell 80:293-9, 1995

Narita M, Shimizu 8, Ito T, et al: Bax interacts with the permeability transition pore to
induce penmeability iransition and cytochrome ¢ release in isolated mitochondria, Proc
Natl Acad Sci USA 95:14681-6, 1998

Oltvai ZN, Milliman CL, Korsmeyer SJ: Bel-2 heterodimerizes in vivo with a conserved
homolog, Bax, that acceleralels progranuned cell death. Cell 74:609-19, 1993

Miyashita T, Harigai M, Hanada M, et ab: Identification of a pS3-dependent negative
response element in the bel- 2 gene. Cancer Res 54:3131-5, 1994

Miyashita T, Kitada S, Krajewski S, et al; Overexpression of the Bel-2 protein increases
the half-life of p21Bax. J Biol Chem 270:26049-52, 1995



CHAPTER ]

238,

239.

240.

241,

242,

243.

244,

245.

246,

247,

248,

249,
250.

251

252,
253,

Johnson TM, Yu ZX, Ferrans VJ, et al: Reactive oxygen species are downstreant
mediators of p53-dependent apoptosis, Proc Natl Acad Sci USA 93:11848-52, 1996

Polyak K, Xia Y, Zweier JL, et al: A mode] for p53-induced apoptosis, Nature 389:300-3,
1997

Israeli D, Tessler E, Haupt Y, et al: A novel pS3-inducible gene, PAG608, encodes a
nuclear zinc finger protein whose overexpression promotes apoptosis, Embo J 16:4384-92,
1997

Stith ML, Chen I'T, Zhan Q, et al: Involvement of the p53 tumor suppressor in repair of
wv.-type DNA damage. Oncogene 10:1053-9, 1995

Offer H, Wolkowicz R, Matas D, et al: Direct involvement of p53 in the base excision
repair pathway of the DNA repair machinery. FEBS Lett 450:197-204, 1999

Bakalkin G, Selivanova G, Yakovileva T, et al: p53 binds single-stranded DNA ends
through the C-terminal domain and internal DNA segments via the middle domain,
Nucleic Acids Res 23:362-9, 1995

Buchhop S, Gibson MK, Wang XW, et al: Interaction of p53 with the human Rads]
protein, Nucleic Acids Res 25:3868-74, 1997

Jayaraman L, Murthy KG, Zhu C, et al: Identification of redox/repair protein Ref-1 as a
potenl activator of p53. Genes Dev 11:558-70, 1997

Kaghad M, Bonnet H, Yang A, et al: Monoallelically expressed gene related to p53 at
1p36, a region frequently deleted in neuroblastoma and other human cancers. Cell 90:809-
19, 1997

Schmale H, Bamberger C: A novel protein with strong homology to the tumor suppressor
p53. Oncogene 15:1363-7, 1997

Senoo M, Seki N, Ohira M, et al: A second p353-related protein, p73L, with high homology
te p73. Biochem Biophys Res Commun 248:603-7, 1998

Trink B, Okami K, Wu L, et al: A new human p53 homologue. Nat Med 4:747-8, 1998
Osada M, Ohba M, Kawahara C, et al: Cloning and functional analysis of human p5l,
which structurally and functionally resembles p53, Nat Med 4:839-43, 1998

Yang A, Kaghad M, Wang Y, et al: p63, a p53 homolog at 3q27-29, encodes multiple
products with transactivating, death-inducing, and dominant-negative activities. Mot Cell
2:305-16, 1998

Kaelin WG, Jr.: The emerging p53 gene family. J Natl Cancer Inst 91:594-8, 1999

Mai M, Huang H, Reed C, et al: Genomic organization and mutation analysis of p73 in

oligodendroghiomas with chromosome 1 p-arm deletions. Genomics 51:359-63, 1998

53




INTRODUCTION

254,

255,

256,

257.

258,

259,

260.

261,

262,

263.

264,

265,

266,

267.

54

Kovalev S, Marchenko N, Swendeman 8, et al: BExpression level, allelic origin, and
mutation analysis of the p73 gene in neuroblastoma tamors and cell lines, Cell Growth
Differ 9:897-903, 1998

Imyanitov EN, Birrell GW, Filippovich I, et al: Frequent loss of heterozygosity at 1p36 in
ovarian adenocarcinomas but the gene encoding p73 is unlikely to be the target. Oncogene
18:4640-2, 1999

Nomoto 8, Haruki N, Kondo M, et al: Search for mutations and examination of allelic
expression imbalance of the p73 gene at 1p36.33 in human lung cancers. Cancer Res
58:1380-3, 1998

Mai M, Yokomizo A, Qfan C, et al: Activation of p73 silent allele in lung cancer. Cancer
Res 58:2347-9, 1998

Yang A, Walker N, Bronson R, et al: p73-deficient mice have neurological, pheromonal a
nd inflammatory defects but lack spontanecous tumours, Nature 404:99-103, 2000
Greenblatt MS, Bennett WP, Hollstein M, et al: Mutations in the pS3 tumor suppressor
gene: clues to cancer etiology and molecular pathogenesis, Cancer Res 54:4855-78, 1994
Soussi T, Legros Y, Lubin R, et al: Multifactorial analysis of p53 alteration in human
cancer: a review. Int J Cancer 57:1-9, 1994

Hollstein M, Rice K, Greenblatt MS, et al: Database of p53 gene somatic mulations in
human tumors and cell lines, Nucleic Acids Res 22:355t-5, 1994

Wemess BA, Levine Al, Howley PM: Association of human papillomavirus types 16 and
18 E6 proteins with p33. Science 248:76-9, 1990

Mietz JA, Unger T, Huibregtse JM, et al; The transcriptional {ransactivation function of
wild-type p53 is inhibited by SV40 large T-antigen and by HPV-16 E6 oncoprotein. Embo
J 11:5013-20, 1992

Hoppe-Seyler F, Butz K Repression of endogenous p33 fransactivation function in HeLa
cervical carcinoma cells by human papillomavirus type 16 E6, human mdm-2, and mutant
p53. J Virol 67:3111-7, 1993

Ofiner JD, Kinzler KW, Meltzer P8, et al: Amplification of a gene encoding a p53-
associated protein in human sarcomas. Nature 358:80-3, 1992

Leach FS, Tokino T, Meltzer P, et al: p53 Mutation and MDM2 amplification in himan
soft tissue sarcomas. Cancer Res 53:2231-4, 1993

Landers JE, Haines DS, Strauss JF, 3rd, et al: Enhanced translation; a novel mechanism of
mdm2 oncogene overexpression identified in human fumor cells, Oncogene 9:2745-50,

1994



CHAPTER |

268.

269,

270.

271

272

273,

274,

275,

276.

277

278.

279,

Young RC, Walton LA, Ellenberg S8, et al: Adjuvant therapy in stage 1 and stage I}
epithelial ovarian cancer. Results of two prospective randomized trials, N Engl J Med
322:1021-7, 1990

Makar AP, Baekelandt M, Trope CG, et ali The prognostic significance of residual
disease, FIGO substage, twmor histology, and grade in patients with FIGO stage III
ovarian cancer, Gynecol Oncol 56:175-80, 1995

Baak JP, Schipper NW, Wisse-Brekelmans EC, et al: The ‘prognostic value of
morphometrical features and cellular DNA content in cis-plalin treated late ovarian cancer
patients. Br J Cancer 57:503-8, 1988

Griffiths CT, Parker LM, Fuller AF, Jr.: Role of cytoreductive surgical treatment in the
management of advanced ovarian cancer, Cancer Treat Rep 63:235-40, 1979

Einhorn N, Nifsson B, Sjovall K: Factors influencing survival in carcinoma of the ovary.
Study from a well-defined Swedish population. Cancer 55:2019-25, 1985

Gallion HH, van Nagelt JR, Donaldson ES, et al: Prognostic implications of large volume
residual disease in patients with advanced stage epithelial ovarian cancer. Gynecol Oncot
27:220-5, 1987

Voesl EE, van Houwelingen JC, Neijt JP: A meta-analysis of prognostic factors in
advanced ovarian cancer with median survival and overall survival (measured with the log
(relative risk] as main objectives. Eur J Cancer Clin Oncol 25:711-20, 1989

Marsoni S, Torri V, Valsecchi MG, et al: Prognostic factors in advanced epithelial ovarian
cancer, (Gruppo Interregionale Cooperativo di Oncologia Ginecologica (GICOG)). Br J
Cancer 62:444-50, 1990

Hoskins WJ, McGuire WP, Brady MF, et al: The effect of diameter of largest residual
disease on survival after primary cytoreductive surgery in patients with suboptimal
residual epithelial ovarian carcinoma. Am J Obstet Gynecol 170:974-9; discussion 979-80,
1994

Eisenkop SM, Friedman RL, Wang HJ: Complete cytoreductive surgery is feasible and
maximizes survival in patients with advanced epithelial ovarian cancer: a prospective
study. Gynecol Oncol 69:103-8, 1998

Hoskins WJ, Bundy BN, Thigpen JT, et al: The influence of cytoreductive surgery on
recutrence-free interval and survival in small-volume stage I epithelial ovarian cancer; a
Gynecologic Oncology Group study, Gynecel Oncot 47:159-66, 1992

Hernandez E, Bhapavan BS, Parmley TH, et al: Interobserver variability in the

interpretation of epithelial ovarian cancer, Gynecol Oncol 17:117-23, 1984

55




INTRODUCTION

280.

281.

282,

283.

284,

285,

286.

287

288,

289

290.

291.

56

Baak JP, Langley FA, Talerman A, et al: The prognostic variability of ovarian tumor
grading by different pathologists, Gynecol Oncol 27:166-72, 1987

Lund B, Thomsen HK, Olsen } Reproducibility of histopathological evaluation in
epithelial ovarian carcinoma, Clinical implications. Apmis 99:353-8, 1991

Malkasian GD, Jr., Decker DG, Webb MI: Histology of epithelial tumors of the ovary:
clinical usefulness and prognostic significance of the histologic classification and grading,.
Semin Oncol 2:191-201, 1975

O'Brien ME, Schofield JB, Tan S, et ak Clear cell epithelial ovarian cancer
(mesonephroid): bad prognosis only in early stages. Gynecol Oncol 49:250-4, 1993

Goff BA, Sainz de la Cuesta R, Muntz HG, et al: Clear cell carcinoma of the ovary: a
distinct histologic type with poor progrosis and resistance to platinum-based
chemotherapy in stage 1 disease. Gynecol Oncol 60:412-7, 1996

Kuln W, Kaufinann M, Feichter GE, et al: Psammomabody content and DNA-flow
cytometric results as prognostic factors in advanced ovarian carcinoma. Eur J Gynaecol
Oncol 9:234-4¢, 1988

Rodenburg CJ, Comelisse CJ, Hermans J, et al: DNA flow cytometry and morphometry as
prognostic indicators in advanced ovarian cancer: a step forward in predicting the clinical
ouicome, Gynecol Oncol 29:176-87, 1988

Vergote 1B, Kaern J, Abeler VM, et al: Analysis of prognostic factors in stage I epithelial
ovarian carcinoma: imporance of degree of differentiation and deoxyribenucleic acid
ploidy in predicting relapse. Am J Obstet Gynecol 169:40-52, 1993

Katsoulis M, Lekka J, Vlachonikolis I, et al: The prognostic value of morphometry in
advanced epithelial ovarian cancers, Br J Cancer 72:958-63, 1995

Omura GA, Brady MF, Homesley HD, ¢t al; Long-term follow-up and prognostic factor
analysis in advanced ovarian carcinoma: the Gynecologic Oncology Group experience. J
Clin Oncol 9:1138-50, 1991

Thigpen T, Brady MF, Omura GA, et al: Age as a prognostic factor in ovarian carcinoma,
The Gynecologic Oncology Group experience. Cancer 71:606-14, 1993

Ries LA: Ovarian cancer. Survival and treatment differences by age. Cancer 71:524-9,
1993



SPORADIC CDKN2 (MTS1/pP16™%4) GENE
ALTERATIONS IN HUMAN OVARIAN TUMOURS

M Schuyer, Il van Staveren, JGM Klijn, MEL van der Burg, G
Stoter, SC Henzen-Logmans, JA Foekens and EMJJ Berns

Br J Cancer 74:1069-1073, 1996



58



CHAPTER 2

Summary

The cell cycle regulatory proteins pl6 and p21 cause cell cycle amest at the Gl
checkpoint by inhibiting activity of cyclin D-CDK4 complexes. The TP353 gene,
regulating the p21 protein, is mutated at high frequency in ovarian cancer, The CDKN2Z
gene, encoding the pl6 protein, has been mapped to chromosome 9p21 and encompasses
three exons. To establish the frequency of CDKN2 gene abnormalities in ovarian tumour
specimens, we have studied this gene in five ovarian cancer cell lines and in 32 primary
and five metastatic ovarian adenocarcinomas. Using polymerase chain reaction-single
strand conformation polymorphism (PCR-SSCP) and sequencing techniques both exons |
and 2 of the CDKN2 gene, encompassing 97% of the coding sequence, were analysed. In
addition, the TP53 gene was studied for the presence of mutations. The cell line HOC-7
showed a 16 bp deletion in exon 2 of the CDKN2 gene, resulting in a stop codon, whereas
in cell fine SK-OV-3 this gene was found to be homozygously deleted. Nine primary
tumour specimens showed a migration shift on SSCP. Sequencing revealed a common
polymorphism (Alal48Thr) in seven of these ovarian fumour specimens. The two other
tumour samples were found to contain silent mutations, one at codon 23 (GGT-—GGA)
and the other at codon 67 (GGC—GGT), Mutations in the TP53 gene were observed in
46% of the ovarian tumour specimens. We conclude that CDXN2 gene alterations are rare
events i human ovarian cancer, The low prevalence of these alterations do not allow for

analysis of an association of this gene with prognosis,

Introduction

Cyclins, cyclin dependent kinases (CDKs) and cyclin-dependent kinase inhibitors
(CKIs) play a key role in cell cycle control. To achieve an orderly progression through
the cell cycle, different cyclin-CDK complexes need to be activated and deactivated at
appropriate times, Cyclin D-CDK4 is one of the complexes that promotes cell passage
through the G1 phase of the cell cycle. It increases the phosphorylation state of the
retinoblastoma protein which then releases transcription factors (e.g. E2F) essential
for progression into the S-phase (reviewed by Sherr, Hartwell and Kastan, and Hunter
and Pines)."3 Changes in the amount or composition of CDKs or their inhibitors may
lead to loss of cell cycle control and thus to uncontrolled cell growth.

One of the inhibitors of ¢yclin D-CDK4 as well as of other cyclin-CDK complexes
throughout the whole cell cycle is the p21 protein, encoded by the WAF! (CIPI/SDIT)
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gene.'M Upon genotoxic damage, expression of p21 is induced through the transcriptional
activation by TP53"".” The TP53 gene is located on chromosome 17p13.1 and mutation of
this gene is the most commen genetic abnormality yet found in human cancers. The
prevalence of TP53 mutations varies among tumour types with roughly 44% of ovarian
tumours being mutated (reviewed by Greenblatt ef al).8

Another negative regulator of cyclin D-CDK4/6 activity is the pl6 protein, encoded
by the CDKN2 (MTSHpl6™/CDK4I) gene®'® The CDKN2 gene, which has been
mapped to chromosome 9p21, was found to be deleted or mutated in a wide variety of
tumour cell lines, including nearly 30% of ovarian cancer cell lines."! Interestingly, loss
of heterozygosity (LOH) at 9p has been reported in 31% (49 out of 157) of human
epithelial ovarian tumours (reviewed by Shelling ef ah).l?

To determine whether alterations of the CDKN2 gene are involved in ovarian
carcinogenesis, we have studied this gene in 32 primary and five metastatic human
epithelial ovarian tumour specimens and in an additional five ovarian cancer cell lines. To
this end, exons | and 2, constituting 97% of the coding sequence, were examined using
PCR-SSCP and sequencing techniques. Qur results suggest that alterations of the CDKNZ
gene play no major role in the initiation or progression of ovarian cancer,

Materials and Methods

Cell lines

The human ovarian cancer cell lines used in this study were SK-OV-3 (HTB-77),
SK-QV-6, 2780, 2774, HOC-7 (a gift from Dr, Gtinther Daxenbichler, Innsbruck,
Austria), The SK-OV-3 and HOC-7 cell lines originated from ascites whereas the
other cell lines were derived from (adeno)carcinomas (ATCC).

Tumonr samples

Thirty-two primary and five metastatic ovarian adenocarcinomas were inctuded in this
study. One patient had bilateral adenocarcinoma of the same histological type. A sample
of both locations was investigated. The mean age as well as the median age of the patients
with ovarian tumours was 56 years (range, 26-85 years). Following the WHO
classification'> the primary and metastatic carcinomas were subtyped into serous (n = 14
primary, # = 5 metastatic), mucinous (n = 4), endometrioid (n = 7), clear-cell (n = 2),
mixed (n = 3), poorly differentiated (# = 1) and unknown (# = ). To estimate the

60



CHAPTER 2

percentage of tumour cells, frozen sections were made from a representative part of each
tumour and stained with haematoxylin and eosin. The percentages of tumour celis in the
primary tumour specimens were: below 25% (» = 8), between 25% and 50% (n = 3),
between 50% and 75% (n = 8) and above 75% (n = 12). With respect to the metsatatic
tumour specimens, the percentages of tumour cells were: between 50% and 75% (n = 3)
and above 75% (n = 2). In general, 68% of these tumours contained over 50% of tumour

cells.

DNA extraction, polymerase chain reaction (PCR), single strand conformation
polymorphism (SSCP} analysis and sequence analysis

Tumour specimens were stored in liquid nitrogen. Genomic DNA was extracled from
frozen tumour tissues or cell lines according to standard procedm‘es.]4 Exons 1 (150 bp)
and 2 (307 bp) of the CDKNZ2 geneES as well as exons 5, 6, 7 and 8 of the TP53 gene were
studied by PCR-SSCP at‘nalysis.i6 Locations and sequences of PCR-primers for exon 1"
and for exon 27 of the CDKN2 gene are shown in Figure 1 and Table 1 respectively.

Briefly, exon | was amplified by PCR using intronic primer pairsl5 as shown in Table
{. Exon 2 was amplified using primer pair M2-U/M2-D, generating a 522 bp fragment,
To enhance specificity and to generate smaller fragments, two nested PCRs were carried
out using primer pairs A1/A2 and BI/M2-D. About 200 ng genomic DNA was used for
PCR. Amplification was performed in the presence of 10% dimethyl suiphoxide (DMSQ)
and [o**P]dATP using a DNA thermal cycler-480 (Perkin Elmer/Cetus, Norwalk, CT,
USA). To improve specific annealing, a touchdown PCR procedure was used. Cycling
parameters are listed in Table I, Genomic input DNA and PCR product ratios were
compared on ethidium bromide-stained agarose gels (1.3 %) following the first 30 cycles
of PCR. The breast cancer cell lines, MCF7 and MDA-MB-231, which have a
homozygous deletion of the CDKNZ gene”, were taken as a control.

The exons 5-8 of the 7P33 gene were amplified using commercially available primers
(Clontech, Palo Alto, CA, USA). To obtain a false negative rate below 10%, products of
less then 200 bp were generated.ls To this end, the TP53 PCR products were digested
with Hinfl (exon 5), Haelll (exon 6) and Bsrl (exon 8). Exon 1 of the CDKN2 gene was
digested with BsrI and exon 2 (fragment B1/M2-D) was digested with Kpnl. For SSCP
analysis *2P-labelled PCR products were heat denatured and applied to a non-denaturing
8% polyacrylamide gel containing 10% (v/v) glycerol and electrophoresis was performed
at 30 W for 6 h at room temperature, PCR products showing an altered electrophoretic
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mobility were analysed again and then subcloned into a TA cloning vector (PCRII
Invitrogen, San Diego, CA, USA). At least ten individual clones were pooled and
sequenced by double-stranded sequencing (T7 sequencing kit; Pharmacia, Uppsala,
Sweden) using a 6% denaturing polyacrylamide gel containing 8 M urea.

Table 1: Primer sequences and cycling parameters for amplification
of exon 1 and exon 2 of the CDKN2 gene

Exon Primer sequences Cycling parameters
1 MI-U; 5-CGGAGAGGGGGAGAGCAG-3 50592°C,30s60°C,
MI1-D: 3-TCCCCTTTTTCCGGAGAATCG-3' 2 min 72 °C, 30 eycles
2 M2-U: 5-GAGAACTCAAGAAGGAAATTGG-Y 505929°C, 50557 °C,
M2-D: *-TCTGAGCTTTGGAAGCTCTCA-Y 2 min 72 oC, 30 cycles
Nested primers 50592 °C, 505 57 °C,
Al S“AGCTTCCTTTCCGTCATGC-3' 2 min 72 °C, 20 cycles
A2: $-ACCACCAGCGTGTCCAGGAAG-3
BI: 5 ACTCTCACCCGACCCGTG-3' 50892 °C, 50557 °C,
M2-D: $“TCTGAGCTTTGGAAGCTICICA-Y 2 min 72 °C, 20 cycles
Results

We have studied alterations in exons [ and 2 of the CDKN2 gene in 32 primary and
five metastatic ovarian adenocarcinomas and in five ovarian cancer cell lines using PCR-
SSCP and sequencing techniques,

Two cell lines, SK-OV-3 and HOC-7, showed alterations in the CDKN2 gene. No
PCR products for exon 1 and 2 could be generated using the cell line SK-OV-3,
indicating that the CDKN2 gene is homozygously deleted in this cell line. The integrity of
the DNA was confirmed by a successful amplification of TP53 (exons 5-8). The cell line
HOC-7 was found to have a 16 bp deletion in exon 2 of the CDKN2 gene. This deletion
removes nucleotides at positions 163-178, thereby placing the sequence in a different
reading frame and introducing a stop codon 256 bp downstream from the deletion. In
addition, this cell line also has a mutation (T—A) 36 bp downstream of this deletion.

Among the 32 primary tumours examined a total of nine (28%) altered migration
patterns were detected (Figure | and Table 2). Two mobility shifis correfated with silent
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mutations in exon 1 (codon 23:GGT—GGA) and exon 2 (codon 67:GGC.-»GGT; Figure
2). The remaining seven (22%) mobility shifts represented a common polymorphism
(GCG-»ACG; Figure 2), substituting a threonine for an alanine at codon 148. The
metastatic tumour specimens, however, revealed no mobility shifts by SSCP.

Primer Locations

Mi-U M1-D M2-y M2-D

ey scn L 4 ]
Al A2

y B1 M2-D

G

Exon e 2 77

ND

Figure 1 Top: Primer locations for amplification of exon 1 and exon 2 of the CDKN2
gene (as described in the Materials and methods section). Bottom: Examples of PCR-SSCP
analyses of CDKN2 fragments. (a) A migration shift in exon 1. (b and ¢} Migration shifis in
exon 2, The corresponding sequence analyses are shown in Figure 2, The asterisks indicate
the altered migration patterns. D: denatured, ND: not denatured,
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Table 2: Genetic alterations of the CDKN2 and TP53 genes in primary
and metastatic ovarian adenocarcinomas,

TP53 CDKN2 alteration
Sample Histology Tumour _ alteration
cells (%) Exon Exon Codon Nucteotide Amino acld
change change
Primary
591 Serous 525 6 2 67 GGC5GGT  Gly-»Gly
615 Serous <25 7
602 Serous <25
638 mucinous <25 2 148 GCGHACG  AlaoThr
580 mucinous <25
623 endometrioid <25 2 148  GCGHACG  Ala-»Thr
624 mixed <25
604 unknown <25 2 148 GCGHACG Ala>Thr
582 serous 25-50 7 2 148 GCGACG Ala-Thr
603 serous 25-50
657 mucinous 25-50 5
601 Serous 50-75 8
616 Serous 50-75 6
626 Serous 50-75 8
585 SErous 50-75
618 serous 50-75
459 poorly diff. 50-95 6
545 mixed 50-75
649 mixed 50-75
553 serous 275 7
5602 SErous >75
621 Serous 275
565 mucinous >75 2 148 GCGACG  AlaoThr
620 endometrioid > 75 ]
622 endometrioid =75 6
564 endometrioid >75 6 2 148  GCGSACG AlasThr
605 endomelrioid =75 7 2 148 GCGACG  AlaThr
595 endometrioid 275
612 endometrioid =75
625 clear cell 275 1 23 GGT>GGA  Gly—Gly
586 clear cell >75
596 SErous n.d,
Metastatic
583 serous 50-75 5
617 serous 506-75 8
540 SErous 50-75
547 Serous 275 7
574 5€rous =75 5
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With respect to TP53 gene alterations, 13 out of 32 (41%) primary tumour specimens
and four out of five (80%) metastatic tumour specimens showed aftered migration
patterns on SSCP. Of the seven tumours having a polymorphism in the CDKN2 gene
three tumour specimens showed an alteration in the 7P53 gene. DNA sequencing analysis
showed that two mutations occurved in exon 7 (Arg248Trp & Arg248Leu), whereas the
third mutation was found in exon 6 (Ile195Thr; Table 2). Of the two tumours having a
silent CDKN2 gene mutation, one also showed a mutation in exon 6 (Arg213stop) of the
TP53 gene.

codon 23

GGT

Y

GG

Figure 2: Sequence analysis of the CDKN2 gene in human ovarian cancer.

PCR products with altered migration paiterns were analysed. (a and b} Silent mutations in
codon 23 (exon 1) and 67 (exon 2). (¢} A common polymorphisi in codon 148 (exon 2}. The
asterisks indicate the base changes. Sequences are read from bottom to top in the 5'— 3'

direction.

Discussion

To determine whether alterations of the CDKN2 gene may be critical in the formation
of ovarian cancer, we have analysed primary and metastatic ovarian adenocarcinomas and
ovarian cancer cell lines for the presence of CDKN2 gene alterations, One of the five cell
lines tested, SK-OV-3, was found to be homozygously deleted for the CDKNZ gene,
whereas another cefl ling, HOC-7, showed a partial deletion of 16 bp in exon 2, resulting
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in a frameshift and a premature stop codon. Okamoto et al™® and Schultz et al'® also found
a homozygous deletion in the cell line SK-OV-3, Homozygous deletions have been
reported in nearly 30% (two out of seven) of ovarian cancer cell lines."! Our solid ovarian
tumour specimens, however, were not indicative of homozygous deletions. Among the 32
primary ovarian adenocarcinomas studied, only two silent mutations were found in one
out of 14 serous and one out of two clear cell tumour specimens. The common
polymorphism Alal48Thr, previously described as Alal40Thr by Caimns ef al®®, was
observed in seven ovarian adenocarcinomas (one out of 14 serous, two out of four
mucinaus, three out of seven endometrioid and one out one unknown), We observed no
CDKN2 alterations in five metastatic tumour samples. Campbell et al” and Schultz er af"®
observed no mutations in 67 primary and five out of 40 ovarian tumowrs showing LOH on
Op respectively. In addition, the latter author reported homozygous deletions of the
CDKN2 gene in 14% (16 out of 115) of ovarian neoplasms using comparative multiplex
PCR. However, 50% of the tumours used in their study were common epithelial fumours,
whereas the other 50% were of different histopathological subtype, mainly benign
tumows.

The low prevalence of CIDKNZ gene alterations observed by us may also be explained
by technical difficulties associated with primary tumour studies. Data on analyses of
mutations or other genetic abnormalities in fumours where the material studied contains
less than 50% tumour cells should be interpreted with caution. For example, the presence
of homozygous deletions in tumours may be masked by a considerable non-neoplastic cell
content. Although in the present study the majority of the tumours contained over 50% of
tumour cells, we were not able to observe major differences in signal intensities when
comparing genomic input DNA and PCR product ratios (after 30 cycles). In addition,
with respect to mutations concern may also exist. However, Table 2 shows that CDKN2
and TP53 gene mutations are equally prevalent in tumour samples with either a smaller or
a higher percentage of tumour cells. A possible underestimation of mutations and/or
deletions in tumour tissues could be excluded by dissecting tumour cells from
surrounding normal tissue. Another explanation for the low prevalence of CDKN2 gene
mutations may be the sensitivity of the SSCP technique. To reduce the false-negative rate
below 10%, we digested the PCR products used in this study in order to generate
fragments of less than 200 base pairs,'> Moreover, a normal 753 mutation spectrum was
observed since, of all tumours studied, 46% showed a TP53 alteration as determined by
SSCP. A recent review by Shelling ef al? reported that 44% (46 out of 105) ovarian
tumours showed 7P53 mutations, measured by SSCP.
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A low frequency of CDKN2 gene alteration in tumours and a higher frequency in cell
lines has also been described in tumours of the breast'”??, head and neck23’24, lung,
bladder, kidney, brain and colon. % In contrast, homozygous deletions and/or mutations
occur more ofien in mesotheliomas%, melanomas”, non-small-cell lung ca:‘cinomaszg,
gliobEas;tt:mnas29 and several other tumours.*®!

This study does not rule out a putative role of methylation of the CDKN2 gene in
ovarian cancer. De nove methylation of the 5CpG island of CDKN2 is a frequent
abnormality in non-small-cell lung cancer, gliomas, head and neck squamous cell
carcinoma, breast and colon cancer’>™ This methylation could lead to lack of expression
of CDKN2 protein causing loss of cell cycle control. This will be a subject for further
study.

In conclusion, alterations in the CDKN2 gene are infrequent in both primary and
metastatic ovarian adenocarcinomas, suggesting that CDKN2 gene mutations play no
significant role in the initiation or progression of ovarian cancer. A study on an
association with prognosis is not attainable owing to the low prevalence of CDKN2
mutations. Since LOH at 9p21 has been reported in up to 50% of primary epithelial
ovarian tumours™ >, one or more other tumour-suppressor genes may be present in the

region of 9p21.
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CHAPTER 3

Summary

As in many human malignancies, TP53 mutations are the most common genetic
alterations in malignant human ovarian tumours. An approach often used in the
determination of 7P53 status is immunohistochemical staining of the protein. Non-
missense mutations, especially those of the null type, causing premature termination
codons and resulting in truncated proteins, may often not be detectable by
immunohistochemistry, Therefore, current estimates of TP53 alterations in ovarian
cancer may be inaccurate. By using polymerase chain reaction-single strand
conformation polymorphism analysis and sequencing techniques, we have found a
high prevalence of TP53 non-missense mutations in exons 5-8 in ovarian tumour
specimens from patients from the southwestern part of The Netherlands. Twenty-nine
of 64 tumours showed mutations, of which 10 were non-missense mutations. The
majority (9 of 10} of these non-missense mutations, including 7 nonsense mutations
and 2 frameshift deletions, were null type mutations and could not be detected by
immunohistochemical staining, Five of the 7 nonsense mutations were mutations at
codon 213 (Arg—Stop). The nature of the high prevalence of this nonsense mutation
in our series of ovarian carcinomas remains unknown. In addition to the 9 null type
mutations, a splice junction mutation was encountered. In conclusion, we have
observed a high prevalence (13%) of ovarian tumours with null type mutations in
exons 5-8 that did not result in immunostaining, Our data sugpest that, especially in
ovarian cancer, immunological assessment of TP53 is not an adequate tool to study
TP53 alteration, A frequent nonsense mutation at codon 213 in 5 (8%) out of 64
tumour specimens represents an important finding,

Introduction

Mutation of the tumour suppressor gene TP33, also named as P53, is the most
common single gene alteration identified thus far in many human cancers, The
majority of abnormalities (78%) are missense poinl mutations within the sequence-
specific DNA binding domain encompassing exons 3-8 (for reviews see Greenblatt ef
al and Harris).”2 Missense point mutations give rise to the production of proteins with
increased stability. The prolonged half-lives of these mutant proteins cause an
accumulation, mainly in the nucleus, that can be detected immunochistochemically in
contrast to 'wild type TP53 protein that cannot be detected immunohistochemically
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due to its short half-life.} Immunohistochemistry has therefore become an important
tool in the assessment of TPJ3 status.

Mutations, however, may not invariably agree with immunohistochemical staining
of the TPS3 protein since positive TPS53 staining can result from mechanisms other
than 7P53 mutation such as binding of TP53 to viral or cellular proteins, thus causing
stable complexes with these proteins. In addition, null type mutations such as
nonsense mutations, insertions and deletions resulting in frameshift errors and some
splice junction mutations may result in truncated protein products that cannot be
detected by immunohistochemical tf:(:hniqlu:s.‘1

Human ovarian cancer, being the most significant cause of gynaecological deaths
in the western world, is also frequently associated with 7P53 mutation. TP53 gene
mutation and/or overexpression occurs in approximately 50% of malignant ovarian
cancers {for review see Shelling ef al).5 Missense point mutations account for more
than 85% of all TP353 gene abnormalities reported in ovarian cancer.®
High frequencies of non-missense mutations have been reported in ovarian cancers
from U.S. women.”® In these American studies, analyzing the enlire open reading
frame of 753, deletions occurred at high frequency (15%).

In our studies on TP53 alterations and protein expression in ovarian carcinomas
from women from the southwestern Netherlands, we have also encountered a high
occurrence rate of non-missense mutations within exons 53-8, However, instead of
deletions, we observed that nonsense mutations, patticularly a nonsense mutation in
exon 6 (codon 213485} were prevalent. Since these mutations were not detectable
by  immunohistochemistry, we recommend careful interpretation of
immunohistochemically obtained data for screening, diagnosis, prognosis and

treatment strategies of human ovarian cancer.

Materials and Methods

Tumour specimens

Tumour specimens, obtained from 64 women with primary epithelial ovarian
cancer living in the southwestern part of The Netherlands, were snap-frozen at the
time of surgery in liquid nitrogen and stored at -80°C until processing, According to
the World Health Organization criteriag, 30 adenocarcinomas were classified as
serous, 9 as mucinous, 13 as endometrioid, 4 as clear cell, 3 as mixed and § as poorly
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differentiated carcinomas. Tumour stage was determined according to the criteria of
the International Federation of Gynaecology and Obstetrics (FIGO)m. Twenty-five
tumours were stage I or II and 39 tumours were stage III or [V. The median age of the
patients was 51 years (range 28 - 82).

DNA isolation and PCR-SSCP

High m.w. chromosomal DNA was prepared from frozen tissue samples by
proteinase-K digestion and phenol/chioroform extraction according to standard
procedures.“ Exons 5-8 of the TP53 gene were amplified using intronic primer pairs
as previously described.?

For SSCP analysis *2P-labelled PCR products were diluted with milliQ-H20 (1:4).
To obtain a false-negative rate below 10%, products smaller than 200 bp were
generated”, To this end, 7P53 PCR products were digested with Hinfl (in case of
exon 5), Haelll (exon 6) and Bsrl (exan 8), SSCP analysis was performed using a
non-denaturing 8% polyacrylamide gel containing 10% (v/v) glycerol. Gels were run
with 1x Tris-Borate-EDTA buffer at 30 W for 6 hr at room temperature, Breast cancer
cell lines were used as controls: ZR75-1 as a negative control and SK-BR-3 {mutated
in codon 175, exon 5), T-47D) (codon 194, exon 6), EVSA-T (codon 241, exon 7) and
MDA-MB-231 (codon 280, exon 8) or the colon cancer celf line HT-29 (codon 273,
exon 8) as positive controls. PCR products showing an altered elecirophoretic
mobility were analyzed again. Since a base change in codon 213 destroys a naturally
occurring Tagl restriction site, samples with a nonsense mutation at codon 213 were
reanalyzed to confirm the mutation by digestion of exon 6 PCR product or fragment II
RT-PCR product with the restriction enzyme Tagl.

RT-PCR

Total RNA was isolated from 7 30-pm thick cryostat sections using RNAzolB
(Teltest, Friendswood, TX) as described by the manufacturer, Total RNA was reverse
transcribed to ¢cDNA by using superscriptll RNase H-reverse transcriptase (Gibco
BRL, Breda, The Netherlands) and random hexamers and oligo d(T) as primers,
Subsequently, the resulting cDNA was used for PCR analysis. Two fragments were
amplified covering codons 93-209 (fragment I, exons 4-6) and 188-393 (fragment II,
exons 6-11).
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Primers used for generating fragment I are:

5“CTGTCATCTTCTGTCCCTTCCCA-3' (sense) and
S“TCTGTCATCCAAATACTCCACACG-3' (antisense).

Primers used for generating fragment I are:
5'"CTGGCCCCTCCTCAGCATCTTAT-3' (sense} and
5-TCAGTCTGAGTCAGGCCCTTCTGT-3' (antisense).

PCR reactions consisted of 0.8 mM dNTP, 1 uM of each primer, 1.5 mM MgCl,, 50
mM KCI, 10 mM Tris-HCI, 0.1% Triton X-100, 0.2 U Taql DNA polymerase and
approximately one-tenth of cDNA in a total reaction volume of 25 pl covered with a
drop of mineral oil. PCR cycling conditions included an initial 2 min denaturation
step at 94°C followed by 35 cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 2
min, and finally a terminal extension at 72°C for 7 min,

Subcloning and sequencing

PCR products showing an altered SSCP migration pattern were either sequenced
using an AmpliCycle sequencing kit (Perkin Elmer/Roche Molecular Systems, Nutley,
NI} or, when SSCP band shifts were indicative of a deletion, were subcloned using a
TA cloning kit (Invitrogen, Leek, The Netherlands). RT-PCR product I of one tumour
sample (919) was also subcloned. Individual clones were sequenced using a T7
sequencing kit (Pharmacia, Uppsala, Sweden). Electrophoresis was performed using a
6% polyacrylamide gel containing 8 M wrea in 1x Tris-Borate-EDTA buffer at 60 W,

Fragment II RT-PCR preduct of a tumour sample (696) with two nonsense
mutations at codon 213 and codon 306 was digested with Tagl. A 380 bp Taqgl
fragment was isolated (QIAquick gel extraction kit, QIAgen, Santa Clarita, CA) and
cloned in a pBluescript SK-vector linearized with Clal, Individual clones were
sequenced using a T7 sequencing kit (Pharmacia).

Immunohistochemical stalning

Immunohistochemical staining for TP53 was performed by a peroxidase-labelled
streptavidin-biotin-complex technique. Five-micron-thick cryostat sections were fixed
in acetone and preincubated with 5% BSA-PBS. Endogenous biotin was blocked with
avidin and biotin (avidin-biotin blocking kit, Vector, Burlingame, CA) for 10 min,
respectively. Sections were subsequently incubated with DO-1 (diluted 1:200, clone
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SC-126, Santa Cruz Biotechnology, CA) for one hr. After washing with PBS,
biotinylated rabbit anti-mouse Ig (diluted 1:200, Dako, Glostrup, Denmark) in PBS
containing 2% normal human serum was applied for 30 min followed by an
incubation with peroxidase-labelled strepiavidin-biotin complex (Vecta Stain Elite
Peroxidase kit, Vector) for 30 min. Visualization of the antibodies was performed by
incubating the sections with diaminobenzidine (Fluka, Buchs, Switzerland) in the
presence of hydrogen peroxide for 10 min. All reactions were performed at room
temperature. Sections were finally counterstained with Harris  haematoxylin,
dehydrated and mounted with Pertex. Breast carcinoma tissues with known TP53
overexpression served as positive controls. In the negative controls primary antibody
was omiltted. Sections were evaluated by 2 observers and were considered positive for
TP53 when a distinct nuclear staining was seett in greater than 10% of tumour cells.?

Results

Polymerase chain reaction-single strand conformation polymorphism (PCR-S8CP)
of exons 5-8 of the TP53 gene in 64 primary epithelial ovarian tumours revealed 30
band shifts in 29 tumours (45%), which were confirmed in independent experiments,
The samples showing altered migration patterns, indicative of a mutation, were
sequenced to study the nature and the location of the mutations. Twenty-nine
mutations (45%) and two (3%) neutral polymorphisms (2134%4%) were encountered.

Table 1: Mutations leading to premature termination of the protein in human
ovarian cancers

# Histology FIGO % IIC  Exon  Cadon NMutation Effect Type
no, stage tumor
cells
620  endomelrioid 2C 25-50  neg 5 136 CAA-TAA  GlnoStop nonsense
1214 poorly diff. 4 >75 neg 6 196 CGACA Stop 150 bp  frameshift
downsircam det
107 Serous 3C >75 neg 6 206 TTGGATG Stop frameshift
A-TGA del
591 Serous 3 <25 neg 6 213 CGATGA  Arg—oStop nonsense
6lo serous 3 25-50  neg 6 213 CGA-»TGA  Arg—Stop nonsense
697 serous 3B >75 neg 6 213 CGA-TGA  Arg—»Stop  nonsense
793 erdometrioid 2C 25-50 neg 6 213 CGA»TGA  Arg—Stop  nonsense
696 poorly diff. 3 >75 neg & 213 CGA-»TGA  Arg—»Stop nonsense
8 06 CGATGA Arg—Stop nonsense
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Eighteen tumour specimens were found to have missense mutations and 17 of
these specimens showed positive immunostaining with the monoclonal antibody DO-1
(data not shown). One tumour specimen showed a silent mutation and negative
immunostaining, Moreover, 10 non-missense mutations were encountered in 9 tumour
samples. Nine of the [0 non-missense mutations, including 7 nonsense mutations (ali
C—oT transitions) and 2 frameshift deletions, were null type mutations causing
premafure termination codons and as a result showed negative immunostaining (Table
1). The other non-missense mutation was a splice junction mutation resulting in a
strong nuclear staining (80% of the nuclei). At the genomic level this splice junction
mutation consisted of a deletion of the final 5 bp (tacag) of the intron between exon 4
and 5, thus including the 5%-splice acceptor site (Figure 1). To investigate this
specimen in more detail, RT-PCR was performed,

Cloning of the RT-PCR product (fragment I) and sequencing revealed an in-frame
21 bp deletion (codons 126-132, Figure 1). Hence, the cell's splicing machinery used a
cryptic splice site (nucleotides 395-396) within exon 5, thereby causing an in-frame
deletion of the first 7 codons of exon 5,

Seven of the 9 non-missense mulations were encountered in exon 6. Five
mutations were nonsense mutations at codon 213 (2134%75P: Taple 1). To rule out
the possibility that these nonsense mutations could be due to cross-contamination of
DNA, we have performed RT-PCR using fresh cryostat sections. In this way, 3
tumour specimens were indeed confirmed to have nonsense mutations at codon 213,
No frozen tumour specimens were available for the other 2 tumours with a codon 213
nonsense mutation. The non-invasive borderline component, however, was available
from 1 of these 2 tumours. This sample (591) did not show the nonsense mutation that
was seen in the invasive tumour component, implying that, at least in this case, the
multation is not germ line based.

One of the tumour specimens with a nonsense mufation at codon 213 was found to
have an additional mutation in exon 8 (696; Table | and Figure 2). To investigate
whether the twoe mutations were located on the same allele, this specimen was
analyzed in more detail. To this end, RT-PCR product (fragment II) was digested with
Taql restriction enzyme. Only DNA carrying the wild type sequence at codon 213 will
yield a 380 bp product after this digestion. Subctoning of this 380 bp fragment and
subsequent sequencing demonstrated the presence of the mutation at codon 306, This
shows that the two mutations are not located on the same allele.
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Figure 1! Sequence analysis of tumour sample 919 with a splice junction mutation,

{a) Infronic 5 bp deletion (tacag) including the 5'-splice acceptor site (underlined).

(h) 21 bp deletion in the cDNA corresponding to codons 126-132, Sequences are shown 5'
thottom) to 3' (top). Exon sequences are shown in capitals and intron sequences in lower

case.

Discussion

The prognosis and treatment strategies of ovarian carcinoma remain to a large degree
based on patient and tumour characteristics and (histo)pathological features (typing,
grading, staging). There is, however, a desire to find a prognostic factor in ovarian
cancer to individuatize treatment protocols, The TP53 tumour suppressor gene
is the most commonly altered gene in human ovarian cancer. Nevertheless, the
prognostic value of TP53 abnormalities remains obscure. Different techniques are
used to determine TP53 status of which immunohistochemistry is most commonly
used. Since not all mutations can be detected by inmmmohistochemistry,
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A B:
EXON 6 EXON 8
codon 213 : T C G A codon 306 T C G A
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Figure 2; Sequence analysis of tumour sanple 696 with two nousense mutations.
s . A

(a) Nonsense mutation in exon 6, codon 213",
o 4

(b) Nonsense mutation in exon 8, codon 30675,

discrepancies may exist between immunohistochemical data and genetic analysis. An
interesting finding in our studies on TP53 in ovarian cancer is that we observed a high
prevalence of tumours with non-missense mutations. Mutations were detected in 29 of
64 {45%) ovarian tumours. Nine tumour specimens (14%) showed 10 non-missense
mutations. These non-missense mutations showed a poor concordance with
immunohistochemical data, Only ! of 9 tumour specimens with non-missense
mutations showed positive immunostaining.

The occurrence of tumours with non-missense mutations (31% of the tumours with
mutations) in exons 5-8 in this study is high, According to a database containing
information on 333 ovarian cancer mutations (database update 1997:
http://'sunsite.unc.edu/dnam/mainpage.htmi)(’, only 15% of the mutations in exons 5-8
are non-missense mutations, A high prevalence of non-missense mutations has also
been reported by Skilling et al’. Among 64 ovarian carcinomas from midwestern 1.8,
women, screened for TP53 dysfunction over the entire open reading frame, 39 (61%)
mutations were detected, Fourteen of these mutations (36%) were null mutations
(defined as frameshift inserfions and deletions, nonsense and splice junction
mutations) and the majority (9 of 14) were deletions, Ten null mutations (26%),
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including 8 deletions, | insertion and 1 splice junction mutation, were located within
exons 5-8. In a larger study Casey et al® have reported similar findings, Of 108
ovarian tumours from midwestern U.S. women 62 (57%) cases showed mutations in
exons 2-11. Twenty-two tumours showed either deletions, insertions, nonsense or
splice junction mutations, Twelve of these 22 non-missense mutations, including 8
deletions, 2 insertions, 1 splice junction and 1 cryptic splice mutation, were located
within exons 5-8. Thus, in these American women the majority of non-missense
mutations in exons 5-8 are deletions whereas in our study nonsense mutations (7 out
of 10) predominate with a nonsense mutation in exon 6 (21348°5°) being most
prevalent (5 out of 7). This C:G to T:A transition has been described in 1 ovarian
fumour thus far.'* Nevertheless, codon 213 is a more frequent target for nonsense
mutations in other human cancers like colorectal (41% of all nonsense mutations),
gastric (33%) and breast (21%) carcinoma.® A codon 213 nonsense mutation has also
been described as a germline mutation in a Japanese family with Li-Fraumeni like
syndrome15 and recently, this mutation was detected in a German family with Li-
Fraumeni syndmme.16 Furthermore, codon 213 has also been described as a neutral
polymorphic site with a silent mutation in the third position of the codon, occurring in
3-10% of the normal population.” As expected, we also observed 2 neutral
pelymorphisms at codon 213, concordant with these published data.

Both exogenous carcinogens and endogenous biological processes are known to
cause mutations' and may coniribute to ovarian carcinogenesis to different extents in
different populations. Since codon 213 consists of a CpG dinucleotide, which is a
target for cytosine methylation, the nonsense mutation at codon 213 could be the
result of endogenous deamination of S-methyleytosine to thymine, Denissenko et al'®
have suggested that methylated CpG dinucieotides, in addition to being an
endogenous promutagenic- factor, may represent a preferential target for exogenous
chemical carcinogens. Thus, perhaps a combination of endogenous alteration and
exogenous carcinogen could be responsible for the high prevalence of the nonsense
mutation at codon 213 in this study. All patients with codon 213%%5°P nonsense
mutations were Caucasian and were living in the same area. However, no overall
increase in mutations at other CpG dinucleotide sites in the 7P53 gene was observed

compared with 7P53 mutation databases (update 1997. hitp://sunsite.me.edu/
dnam/mainpage.html). L6
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In addition to the null type mutations, a splice junction mutation was observed.
This splice junction mutation deletes the final 5 bases at the intron-exon junction of
exon 5. This results in the use of an alternative splice acceptor in exon 5 causing a 21
bp deletion spanning codons 126-132 in the messenger RNA. Casey et a]s, using only
mRNA to study TP53 mutation, have also described this 21 bp deletion. Since they
did not investigate the genomic structure, it is tempting to speculate that this 21 bp
deletion starting at codon 126 is also the consequence of a splice junction mutation,

Another intriguing sample was a tumour in which 2 nonsense mutations were
encourttered and no immunohistochemical staining was observed. These mutations
were demonstrated not to be assigned to the same allele. Since published data have
shown that ovarian carcinoma is mainly of unifocal origin'>*®, we speculate that the
mutations are located on both alleles. Interestingly, this patient had a disease free
survival of only 2 months,

In summary, we have encountered a high prevalence (9 of 64) of tumours with
non-missense mutations in exons 5-8 of the TP53 gene in ovarian cancers from the
southwestern part of The Netherlands. The majority (9 of 10) of non-missense
mutations were null type mutations leading to truncated proteins. All tumour
specimens with null type mutations did not show detectable immunohistochemical
staining. We thus conclude that immunohistochemistry misses a substantial number of
mutations in ovarian cancer and this may have severe impact on protein-based studies
on the prognostic significance of TP53. Furthermore, a frequent nonsense mutation
(codon 213 Arg—Stop) in TP53 in 5 of 64 (8%) tumour specimens is an important
finding. The nature of the high prevalence of this mutation is unknown, Molecular
epidemiological studies, including patient characteristics, ethnicity, place of
residence, clinical course and mutagen exposure will be necessary to better
understand the high prevalence of the nonsense mutation at codon 213. Studies on
larger series of ovarian tumours are needed to elucidate whether this clustering is
typical for the southwestern part of The Netherlands or also occurs in ovarian tumours
from other parts of The Netherlands.
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Summary

Purpose: Traditional clinicopathological features do not predict which patients
with ovarian cancer will develop chemotherapy resistance. The TP33 gene is
frequently mutated and/or overexpressed in ovarian cancer but its prognostic
implications are controversial, Furthermore, little is known on the impact of TPS3-
downstream genes on prognosis. Therefore we analyzed TP33 mutation and protein
expression as well as the expression of the TP53-downstream genes p2/, BAX and
BCL-2 in ovarian tumor tissues and evaluated the results in relation to clinico-
pathological parameters, clinical outcome and response to platinum-based
chemotherapy. Methods: Expression of TP53, p2l, BAX and BCL-2 was studied
using immunohistochemical analysis. 7P53 mutation status was studied using SSCP
and sequencing. Associations of tested factors with patient and tumor characteristics
were studied by Spearman rank correlation and Pearsons X2 test, The Cox proportional
hazard model was used for univariate and multivariate analysis. The associations of
tested factors with response were tested using logistic regression analysis, Results:
TP53 mutation, p21 and BCL-2 expression were not associated with increased rates of
progression and death. Expression of TP53 was associated with a shorter overall
survival only (relative hazard rate [RHR], 2.01; P = .03). Interestingly, when
combining 7P353 mutation and expression data, this resulted in an increased
association with overall survival (P = .008). BAX expression was found to be
associated with both a longer progression-free (RHR, 0.44; P = .05) and overall
survival (RHR, 0.42; P = ,03). Those patients whose tumors simultaneously expressed
BAX and BCL-2 had a longer progression-free and overall survival compared to
patients whose tumors did not express BCL-2 (P = .05 and .015 respectively). No
relations were observed between tested factors and response to platinum-based
chemotherapy. Conclusion: We conclude that BAX expression may represent a novel
prognostic factor for patients with ovarian cancer. The combined evaluation of BAX
and BCL-2 may provide additional prognostic significance.

Introduction

Epithelial ovarian cancer is the most lethal gynecologic malignancy in Western
countries, About 70% of the patients present with an advanced stage meaning that
widespread intraperitoneal metastasis has already occurred. Despite a high overall
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clinical response rate to modern treatment, including debulking surgery and platinum-
based chemotherapy, reported 5-year survival rates for women with advanced ovarian
cancer are still less than 25%.! Although the majority of patients initially respond to
chemotherapy, two thirds of the patients will die due to progressive disease that has
become refractory to chemotherapy,! The prognostic characterization of ovarian
cancer patients is currently routinely based on clinico-pathological criteria. These
features, however, have been proven insufficient to define prognostic subgroups and
to accurately predict response to chemotherapy. Identification of new prognostic
factors to select patients with good or bad outcome might help to improve treatment.

The resistance of tumors to platinum-containing chemotherapy has been a matter
of great interest during the past decade, The cytotoxic effect of cisplatin and its
analogues is mediated through the interaction with DNA and formation of a variety of
DNA adducts, followed by the induction of programmed cell death (apoptosis) and/or
other mechanisms of cell death.2? It has been suggested that defects in the apoptotic
pathway can result in chemotherapy resistance.* Many genes that either positively or
negatively influence apoptosis have been identified among which are members of the
BCL-2 gene family, The BCL-2 protein has been related to the inhibition of apoptosis
and also to prolonged celf survival following DNA-damage.>® On the other hand, the
BAX protein, another member of the BCL-2 family, accelerates apoptosis and
antagonizes the anti-apoptotic function of BCL-2.7 BAX has been shown to
homodimerize as well as to heterodimerize with BCL-2, and the balance belween
BAX and BCL-2 is crucial for survival following an apoptotic stimulus.” In addition,
recent studies have demonstrated that BCL-2 and BAX regulate not only apoptosis
but also the cell cycle. Interestingly, the tumor suppressor gene 7P53, which is
mutated frequently (up to 50%) in epithelial ovarian tumors®, has besides cell cycle
arrest, senescence and DNA repair, also been implicated in apoptosis.

Several authors have reported that TP53 mutations, estimated by TPS3 protein
accumulation might be of clinical significance in ovarian cancer. However, the
prognostic value of TP53 is still controversial.? Tumor heterogeneity, small numbers
of tumors and different techniques used for studying TP53 may be responsible for the
reported inconsistencies about the prognostic value of TP53. Moreover, it is not
known how and to what extent TP53 mutation affects the function of the protein.
More insight could come from the study of “downstream genes” of TP53. To date,
genes considered to be target genes of TP53 include BCL-2, BAX, topoisomerase II,
multidrug resistance gene 1 (MDR/), insulin like growih factor binding protein-3
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(IGFBF3), vascular endothelial growth factor (FEGF) and the cell cycle inhibifor
p21/WAFL/CIPL.

For the present study, we used immunohistochemistry (IHC) to assess the
expression of TP53, p21, BAX and BCL-2 in epithelial ovarian tumors, In addition,
polymerase chain reaclion-single strand conformation polymorphism (PCR-SSCP)
and sequence analysis was applied to determine 7P53 mutation status. Our aim was to
analyze whether and which protein fevels and/or mutational status are significantly
related to patient characteristics, disease outcome and response to platinum-based
chemotherapy. None of the factors investigated showed a clear association with
response to platinum-based chemotherapy. However, we found that high BAX
expression is a favorable prognosticator in univariate analysis. Our results suggest that
BAX expression may be a novel prognostic factor for patients with ovarian cancer,

Pattents and Methods

Patients and tissues

In the present study 102 tumor tissue specimens from patients who underwent
primary surgery for ovarian cancer between 1988 and 1993 in hospitals in the
southwestern part of the Netherlands were included. The median age of the patients at
the time of surgery was 56 years (range 27-86). The disease was staged according to
the International Federation of Gynecology and Obstetrics (FIGO).!? Tissue biopsies
were placed on ice immediately following surgery and stored in liquid nitrogen.
Ninety-one samples were resected from the tumor within the ovary whereas eleven
samples were obtained from the tumor extension to the omentum. Histological typing
and grading were assessed on paraffin-embedded tissue specimens according to the
classification of the World Health Organization (WHO). All tissue samples were
reviewed by the same pathologist (SH-L). A detailed description of patient and tumor
characteristics is listed in Table 1, Three patients received radiation and 81 patients
were treated with post-operative chemotherapy, Platinum-containing therapy was
given to 75 patients (7ix cyclophosphamide/cisplatin; 3x cyclophosphamide/
carboplatin and 1x taxol/cisplatin), The remaining six patients received
cyclophosphamide (2x) or melphalan (3x) and in one patient treatment was not
specified. Clinical response was assessed according to the standard WHO response
criteria.!! Tn brief, complete response (CR) was defined as the disappearance of all
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clinically measurable tumor lesions, Partial response (PR) was defined as a 50% or
more decrease in size of all lesions, Stable disease (SD) was either a decrease in size
of less than 50% or an increase in size of less than 25% of one or more measured
tumor lesions. Progressive disease (PD) was cither a 25% or more increase in size of
otie or more clinically measured lesions or the appearance of new disease
manifestations. Twenty-one patients had a complete response, six in whom the CR
was confirmed by second-look laparotomy: in three patients a pathologic CR and in
the other three patients microscopic residual disease was observed. Response was not
assessable in 40 patients, of whom 27 had no macroscopic residual tumor afler
surgery and 13 had residval tumor less than 1 cm. The median follow-up for patients
still alive was 78 months {range 2-120 months).

Table 1: Patient and tumor characteristics

Patient and tumor No. of patients Patient and tunor No. of patients

characterlstics characferistics

Al 102 Residual discase

FIGO stage None 42
early (I-TTA) 34 < lem 28
advanced (IIB-IV) 68 >tem 32

Histologic type Ascites
SErous 5k Present 55
mucinous 13 Absent 46
endometrioid 17 Unknown 1
clear ceil 6 Response to chemotherapy*
mixed 7 Complete 2t
poorly differentiated 8 Partial 4

Tumor grade stable disease 1
1 t6 progressive disease 1
2 36 not assessable 40
3 42 unknown 4

unknown 8
* For 81 patients who received post-operative chemotherapy

Immunohistochemistry

Immunohistochemical staining was performed by a peroxidase labeled
streptavidin-biotin-complex technique on 90 tumor samples. Five micron thick
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cryostat sections were fixed in 4% buffered formalin in case of TPS3 and p21 or in
acetone in case of BAX and BCL-2 and preincubated with 5% BSA-PBS for 5
minutes. Endogenous biotin was blocked with avidin and biotin (Avidin-biotin
blocking kit, Vector Laboratories, Burlingame, CA, USA) for 10 minutes
respectively, Sections were subsequently incubated with the appropriate mouse
monoclonal for one hour, i.e. for TP53 clone DO-1 (1:200, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and DO-7 (1:100, Dako, Glostrup, Denmark); for p21 clone
2G12 (1:100, Pharmingen, San Diego, USA); for BAX clone 4F11 (I mg/ml, 1:100;
Beckman Coulter BV, Mijdrecht, The Netherlands); for BCL-2 clone 124 (1:100,
Dako, Glostrup, Denmark). After washing with PBS (2x 5 minutes), biotinylated
rabbit anti mouse Ig (diluted 1:200, Dako) in PBS containing 2% normal human
serum, was applied for 30 minutes followed by an incubation with peroxidase labeled
streptavidin-biotin-complex (Vecta Stain Elite Peroxidase kit, Vector Laboratories,
Burtingame, CA, USA) for 30 minutes. Visualization of the antibodies was performed
by incubating the sections with diaminobenzidine tetrahydrochloride (Fluka Chemie,
Buchs, Switzerland) in the presence of 3% hydrogen peroxide for 10 minutes, All
reactions were performed at room temperature, Sections were finally counterstained
with Harris haematoxylin, dehydrated and mounted with Pertex. Positive and negative
controls were included. Sections were evaluated by two observers (SH-L and JHF),
When possible, dependent on the amount of tumor tissue, 300 epithelial tamor cells
were counted and results were given as the percentage positive tumor cells.
Expression data were divided into two categories: low (< 10% tumor cells) and high
(>10% tumor cells) TP53 expression® (79 samples evaluable); no p21 (no staining in
any of the tumor cells) and p21 (>0% tumor cells) expression (69 samples evaluable);
low (< 75% tumor cells) and high (>75% tumor cells} BAX expression, as determined
by isotonic regression analysis!3 (52 samples evaluable); low (< 40% tumor cells) and
high (>40% tumor cells) BCL-2 expression! (88 samples evaluable).

TP53 expression was the onty marker studied using two different (DO1 and DO7)
antibodies, which recognize overlapping epitopes. Staining results for both antibodies
were similar in 65 tumors. However, a low level of staining (range 12-35%) was
observed with DO7 antibody in eight tumors that were immunonegative (< 10% tumor
cells) with DO1 antibody, With respect to clinical correlations, only results with DO1
antibody are shown,
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DNA isolation, PCR-SSCP and sequencing

The tumor tissue was pulverized in the frozen state to a fine powder and
homogenized in phosphate buffer according to the EORTC procedure.!> High
molecular weight chromosomal DNA was isolated from 82 tumor specimens, of
which 70 were also available for our immunohistochemical studies, DNA was isolated
from an aliquot of the total tissue homogenate according to standard procedures,'®
Exons 5-8 of the TP53 gene were subsequently analyzed by single-strand
conformation polymorphism (SSCP).'7 Following SSCP, products with an altered
electrophoretic mobility were analyzed again, PCR products were then either
subcloned into a TA-cloning vector (TA-cloning kit, Invitrogen BV, Groningen, The
Netherlands) and sequenced (T7 sequencing kit, Pharmacia Biotech, Uppsala,
Sweden) or were directly sequenced (AmpliCycle sequencing kit, Perkin Elmer Cetus,
Norwalk, CT, USA). Electrophoresis was performed using a 6% denaturing
polyacrylamide gel containing 8 M urea. Sequencing gels were autoradiographed

without infensifying screens.

Statistics

The strength of the associations between TP33, p2l1, BAX and BCL-2 as
continuous variables was tested by Spearman rank correlation. Pearson’s y2-test was
used for categorical variables. To test whether staining percentages for TP53 differed
in tumor specimens with and without a mutation the Mann-Whitney test was used. A
cut-off point for BAX expression was determined using isotonic regression analysis. 13
The relationship between patient and tumor characteristics and TP53, p21, BAX and
BCL-2 as categorical variables was tested using Pearson’s xz-test. Overall and
progression-free survival probabilities were calculated by the actuarial method of
Kaplan and Meier!® and the log-rank test was used to test for differences between
groups. The Cox proportional hazard model was used for univariate and multivariate
survival analysis, To evaluate whether factors contribute to the prognostic value of the
classical prognostic factors in a multivariate analysis for progression-free and overall
survival, patients were stratified by age, FIGO stage, residual tumor rest and the
presence of ascites. The likelihood ratio test was used to test between models with
variables in- and excluded. The association of variables with response to
chemotherapy was tested using logistic regression analysis. All statistical analyses
were performed with STATA statistical software (release 6.0 College Station, TX:
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Stata Corporation), Two-sided P-values less than .05 were considered statistically

significant.

Results

Immunostaining

The expression of TP53, p2l, BAX and BCL-2 was studied by
immunohistochemistry in primary ovarian tumors. Table 2 shows the immunostaining
results for each marker. Sevently-nine tumors were evaluable for TP53
immunostaining with DOl antibody. In 31 specimens (39%) no nuclear
immunoreactivity was detected. For the other 48 samptles, 13 tumor specimens (16%)
showed TP53 staining in less than 10% of tumor cells and staining in over 10% of
tumor cells was observed in 35 (44%) tumors. These latter specimens were considered
positive using the cut-off point of 10% positive cells. Nuclear p21 expression was
evaluated in 69 ovarian tumors, Nineteen specimens (28%) demonstrated p21
immunoreactivity and were defined as positive. BAX immunostaining was evaluable
in only 52 tumors. Cytoplasmic BAX staining was observed in 45 tumors and
according to the cut-off point of 75% tumor cells, 40 tumors (77%) were positive for
BAX. Cytoplasmic BCL-2 immunostaining was evaluable in 88 tumors, Using the
cut-off point of 40% positive tumor cells, 29 (33%) tumors were considered positive.
No significant relationships were observed between TP53, p2l, BAX or BCL-2

expression,
Table 2: Immunostaining results

TP53 p2i BAX BCL-2
Nevaiuab]c 79 69 52 88
Tumors with staining 48 *t 15 % 458 48§
Range of staining 1-100 I-36 25-100 1-100
Median staining 74 4 140 78
Cut-off point >10 >0 >75 >4(
Positive tumors (%) 35 (44) 19 (28) 40 (77) 29 (33)

* Only nuclear staining was considered. t Cytoplasmic staining was observed in 16 (20%) tumor
.specimens of which 15 also had nuclear staining. I Cytoplasmic staining was observed in 15 (22%)
tumor specimens of which 5 also had nuclear staining, § Cytoplasmic staining was considered.
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TP53 gene alterations and relationship with immunostaining

Eighty-two epithelial ovarian tumor specimens were studied for TP53 mutations
by PCR-SSCP analysis {exons 5-8) and sequencing. Among 36 (44%) tumor samples
with altered migration patterns, 37 sequence alterations were detected. These included
22 (65%) missense point mutations resulting in an amino acid substitution, 7 nonsense
mutations (in 6 tumors) and 2 frameshift deletions, leading to premature termination
of the protein (24%) and a splice junction mutation leading to an altered transcription
product. Two neutral mutations and three neutral polymorphisms at codon 213, which
generally occur in 3-10% of the normal population'?, were not scored as mutations
since these sequence alterations do not alter the amino acid.

A significant correlation was observed between 7P53 mutation and
immunohistochemical status (P < .001). As expected, especially the missense
mulations correlated with positive immunostaining, Of the 20 fumor specimens with
missense  mutations  that  were both analyzed by sequencing and
immunohistochemistry, 19 specimens were found to be immunopoesitive (>10%
positive tumor cells). However, of the 7 tumor specimens with non-missense
mutations that were also analyzed by immunohistochemistry, only the sample with a
splice site mutation showed nuclear accumulation of the TP53 protein. Furthermore, 9
out of 36 mutation-negative specimens, which were analyzed for TP53 expression,
demonstrated immunopositivity although the level of expression was lower (median:
37%; range 15-90%) than that in immunopositive fumor specimens with a confirmed
TP53 mutation (median: 90%, range 47-100%; P = .0001).

Relationships with patient and tumor characteristics

A significant correlation was observed between TP33 mutation or overexpression
and advanced FIGO stage (P = .008 and .02 respectively) and between TP53
expression and the size of residual tumor after surgery, i.e. in tumors with a residual
tumor rest larger than I cm TP53 expression was found more frequently (P = .004;
Table 3), Funthermore, TP33 mutation and TPS3 and BCL-2 expression were less
frequently observed in more differentiated tumors, although these differences were
not significant, Staining for p21 was more often observed in {umors of patients with
residual tumor lesions larger than 1 cm (P = .04). No other relations were found
between patient and tumor characteristics and p21, BAX or BCL-2,
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Table 3: Relationships of TP53 mutation and TP53, pZ1, BAX and BCL-2 expression with patient and tumor

characteristics
(Gene mutatien Protein expression
Factor TPS3 TP53 p21 BAX BCL-2
n positive Povalue n positive P 2 positive P- 1] poesitive P ” positive P
(%) 0 value (%) value (%) value (%) value
Al 80 3139 79 35(44) 69 19 (28) 52 428D 88 29(33)
Age
< median 44 16 (36) 42 [7 (40) 37 822 25 18 (72) 46 16 (35}
>median 36 15(42) .63 37 18 (49) 47 32 11 (34) 24 27 22 (81) 42 42 13 (31) .70
FIGO-stage
early 27 5(19) 27 7 (26) 22 4(18) 16 13 (81) 29 11 (38}
advanced 53 26 (49) .008 52 28(54) 02 47 15 (32} 23 36 27(75) .62 59 18 (31) 49
Tumor rest
< lem 53 17 (32) 54 18(33) 46 9(20) 34 28(82) 59 20(34)
> 1 em 27 14 (52} 09 25 17 (68) .004 23 10 (43) 04 18 12 (67) 20 29 9(31) 79
Ascites
absent 37 13 (35 36 13(36) 31 7 {23) 24 19 (79) 37 10 (27}
present 42 17 (40) .63 4 22(52) 15 37 11 (30} S 28 21(75) 72 30 19 (38) 28
Histology
Serous 38 I8 (47) 38 21 (54) 35 10 (29) 27 19 (70) 45 18 (40)
non-serous 42 13(3D) 13 40 14 (35) .09 34 9 (26} .85 25 21(84%) 24 43 11 (26) A5
Grade
1 1 2(18) 10 3(30) 7 2{29) 9 6 (67) 12 2{17)
2 30 12 (40) 28 829 26 7(27) 14 13 (93) 31 13 (42)
3 33 15 (43) 27 35 19 (54) .09 32 8(25) 98 27 19 (7 21 38 12 (32} 28
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Progression-free and overall survival

In Cox univariate regression analysis, older age, advanced FIGO-stage, larger
tumor rest and ascites at presentation were significantly associated with a short
progression-free and overall survival (Table 4). Patients with grade 3 tumors had an
early progression compared to patients with grade | tumors. No association was
observed between p21 or BCL-2 expression and progression-free or overall survival
in univariate analysis. Patients with BCL-2 positive tumors, however, appeared to
have a longer progression-free survival {median: 36 months) and overall survival
{median: 59 months) compared to patients with BCL-2 negative tumors (median PES:
27 and OS: 34 months) but the differences were not statistically significant (Kaplan-
Meier curves not shown). TP53 protein expression was found to be associated with a
poor overall survival (Table 4). As shown in Figure IB, patients with TP53
immunopositive tumors experienced an earlier death (P = .03) compared to patients
with TPS3 negative tumors. Although there was a trend toward a poor progression-
free survival in patients with TP53 immunopositive tumors, this difference was not
statistically significant (Figure 1A). Patients whose tumors showed 7P53 mutations
also tended to have a worse progression-free and overall survival compared to patients
whose tumors exhibiled no mutations. However, these differences were not
statistically significant (Figure 1C and D). Categorizing TF53 mutation to missense
mutations, which generally lead to immunoexpression, and non-missense mutations,
did not result in a refation between mutation and prognosis either (Table 4). Next we
combined the results of the genetic and immunohistochemical TP53 analysis. Patients
whose tumors demonstrated a mutation and/or immunopositivity had a similar
progression-free and overall survival and were thus combined (“TP53 rest™). Patients
with both mutation negative and inumunonegative tumors, however, had a better
progression-free (P = .07) and overall survival (£ = .008) compared to patients with
either one or both parameters positive (Figure 1E and F),

Figure 1 (next page): Progression-free and overall survival as a function of TP53
Immunoltistochemical (A and B), mutational (C and D) and immunalistochemical and
mutational status combined (E and F). The rest group includes patients with mutation
negative/immunopositive, mutation positive/immunonegative and mutation positive/
immunopositive tumors, The cut-off point used for TP53 expression was [0% positive
tumaor cells. Number in parentheses indicate number of relapses or deathsftotal in each

group.
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High BAX expression was associated with a favorable progression-free (P = .05)
and overall survival (P = .03; Table 4 and Figure 2A and B). The median progression-
free and overall survival of patients in the high BAX group was 27 and 54 months
respectively compared to 11 and 18 months in the low BAX group. In an exploratory
subgroup analysis in patients with advanced disease (n = 32 for PFS; n = 35 for OS),
BAX expression was also significantly associated with a longer progression-fice
(RHR, 0.40; 95% Cl, 0.17 to 0.95; P = .04) and overall survival (RHR, 0.43; 95% ClI,
0.19 to 0.97; P = .04). Since BAX and BCL-2 are antagonists and known to form
heterodimers, we studied whether the combined evaluation of BAX and BCL-2
expression provided additional information on overall or progression-free survival.
All patients with a low expression of BAX in their tamors had a similar poor survival,
irrespective of BCL-2 status. However, of the patients with BAX positive tumors,
those simultancousty expressing BCL-2 showed a significantly longer progression-
free and overall survival compared to patients whose tumors did not express BCL-2
(Figure 2C and D),

Mudltivariate Analysis for Progression-free and Overall Survival

A possible independent prognostic significance of BAX or TP53 expression was
examined by Cox multivariate analysis for progression-free and overall survival,
Univariate analysis (Table 4) showed that age, FIGO stage, residual tumor rest after
cytoreductive surgery, and the presence of ascites are factors that strongly predict
disease outcome and survival, Van der Burg ef al and Neijt ef af have also described
this.2®21 In nultivariate analyses patients were stratified by these factors, BAX
expression and grade, both significantly related with progression-free survival in
univariate analysis, were included in the model. Only BAX expression tended to
predict progression (RHR, 0.35; CI, 0.11 to L.11; P = 075). In the multivariate
analysis for overall survival, BAX or TP53 expression was tested but neither was

found to be independently associated with survival.

Figure 2 (next page): Progression-free and overall survival as a function of BAX
immunohistochemical status (A and B) and BAX and BCL-2 immunohistochemical
status combined (C and D). The cut-off point used for BAX expression was 75% and for
BCL-2 expression 40% positive tumor cells, Number in parentheses indicate number of
relapses or deathsfiotal in each group.
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Table 4; Cox univariate analysis of progression-free and overall survival

Progression-free survival

Overall survival

Factor*
P-value  RHR (95% CD)t P-value RHR (95% CIyt

Age (continuous) 03 1.02 (1.00-1.04) 004 1.03 (1.01-1.05)
>56 vs, £ 56 year 02 1.94 (1.12-3.35) 001 2.68(1.53-4.69)
FIGO-stage

advanced vs. early <.001 8.80(3.72-20.82) <001 24,95 (6.05-102.88)
Twmor rest

>lemvs. <lem <001 5.53 (3.08-9.94) <.001 6.01 (3.40-10.64)
FIGO-stage/Tumor rest

advanced/ < | cmi vs. early <001 6.33 (2.57-15.61) <.001 17.77 (4.19-75.37)

advanced/ >1 cm vs, early 18.17 (7.10-46.48) 42,71 (10.02-182.06)
Ascites

present vs. absent .01 211 (1,20-3.72) <001 3.05(1.68-5.56)
Histology

NON-SETous VS, Serous 21 071 (0.41-1.21) .24 0.73 (0.43-1.24)
Grade

grade 2 vs. grade | 03 1.95 (0.66-5.80) 18 1.27 (0.50-3.21)

grade 3 vs, grade 1 3.27(1.14-9.36) 1.96 (0.81-4.75)
TP53 mtation

mutation vs. no mutation 0 1.69 (0.91-3.13) 10 1.66 (0.91-3.05)

missense vs, no mutation 25 1.77 (0.90-3,50) 27 1.69 {0.87-3.28)

non-missense vs, no mutation 1.50 (0.57-3.95) 1.60 (0.61-4.21)
TP53 expression

>10% vs. < 10% A8 1,53 (0.82-2.83) 03 2.01(1.08-3.74)
p21 expression

>0%vs. 0% 32 1.40 (0.73-2.68) 49 1.26 (0.65-2.47)
BCL-2 expression

>40 % vs. < 40 % 37 0.75(0.39-1.42) 31 0.72 (0.38-1.37)
BAX expression

>75 % vs, < 75 % .05 0,44 (0.19-1.01) 03 0.42 {0.19-0.9%)

* PES (O8): n =94 (n= 101) for clinico-pathological variables except for ascites and grade
(1 respectively 8 missing values); n =48 (n=>51) for BAX expression; n= 82 (n = 87) for BCL-2
expression; n = 65 {n =68 ) for p21 expression; n = 74 (n =78 ) for TP53 expression; n =73
(n="79) for TP53 mutation,  RHR: relative hazard rate with 95% confidence interval (CI).
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CHAPTER 4

Respounse to platinum-based chemotherapy in advanced disease

Of the 68 patients with advanced stage disease, 58 patients received platinum
containing first-line chemotherapy. For three patients response was unknown and for
21 patients response was not assessable due to no or small residual tumor rest afler
surgery. The overall clinical response rate was 68% (23/34), i.e, 19 patients achieved
a complete response and four a partial response, One patient had stable disease and 10
patients experienced progressive disease. In an exploratory analysis we studied the
association of the markers investigated with response to platinum-containing
combination therapy in advanced stage disease. There was no significant association
between response to chemotherapy (complete or partial response versus stable or
progressive disease) and p21, BAX, BCL-2 and TP53 expression or TP53 mutation.

Discussion

Besides the classical prognostic factors, it would be beneficial for patients with
ovarian cancer if there were additional tumor-associated markers that could more
reliably predict the rate of progression and/or the efficacy of response to
chemotherapy. In the present study we determined the relationship between TP53
mutation and expression and the expression of its downstream genes (i.e. the cell
cycle inhibitor p21, the cell death agonist BAX and its antagonist BCL-2) and
evaluated the outcome in relation to patient and tumor characteristics, survival and
response to platinum-containing chemotherapy in patients with ovarian cancer,

There is clear experimental evidence that TP53 aberrations play a critical role in
the development and progression of ovarian cancer. However, the prognostic and
predictive significance of TP353 aberrations (i.e. overexpression and gene mutation) is
still unclear,»122238 The lack of unanimity may be due to the heterogeneous
population of ovarian cancer patients as well as to methodological differences,
Furthermore, miscellaneous chemotherapeutic regimens and different definitions of
response make it difficult to evaluate the predictive value of response to
chemotherapy. Since there still is a controversy with respect to the value of
immunohistochemical or molecular based techniques®®4!, we have chosen to utilize
both approaches to study the clinical relevance of TP53. In the present study we have
found TPS3 expression but not 7753 mutation to be of prognostic value. In univariate
analysis, TP53 expression was found to be significantly associated with a poor overall
survival {P = .03). However, as shown in multivariate analysis, TP53 expression was

101




MULTIFACTORIAL ANALYSIS OF TP53, P21, BAX AND BCL-2

not independently associated with survival. Interestingly, when combining TP53
mutation and expression data, this resulted in an increased association with overall
survival (P = .008) whereas the association with progression-free survival was
bordertine significant (# = .07). Patients whose tumors were both mutation- and
immunonegative had a clear survival advantage compared to patients whose tumors
had either a mutation and/or TP53 overexpression (RHR, 2.85; P = .006). Wen et a/*?
have recently reported that the combination of both TP53 expression and mutation
data results in a stronger prediction of outcome as well. However, more studies are
needed to verify the prognostic value of the combined expression and mutation data.
With respect to treatment, no association between TP53 expression or mutation and
response to platinum-based chemotherapy was found in this relatively small group of
advanced ovarian cancer patients. This is in agreement with data from previous
immunohistochemical-based studies26:303442 byt in contrast to other studies using
either immunological®?* or molecular-based techniques, 2728

The presence of a TP53 aberration is not informative for the biological function of
TP53. Additional information could be provided by the study of downstream genes of
TP53, i.e. the cell cycle inhibitor p2{, the apoptosis-related B4X and its antagonist
BCL-2. Although TP53 regulates the expression of these genes in vifro**46, we could
not confirm any correlation between 7P53 mutation or expression and expression of
p21, BCL-2 or BAX in ovarian tumor specimens. This is consistent with findings
from several other studies?®#24749 glthough an inverse correlation between TP53 and
BCL-2 and between TP53 and p2l has also been reported in ovarian tumor
tissues.*0*! The lack of a correlation between TP53 and its downstream genes may
reflect the fact that expression of these genes can also be regulated by TPS53-
independent pathways.

Expression of p2! was only associated with tumor rest and not with any of the
other patient and fumor characteristics studied. Furthermore, p2l expression was
neither associated with clinical outcome or with response to platinum-containing
chemotherapy. This is in agreement with a recent report that also failed to find an
association between p2l expression and prognosis or response to platinum-based
chemotherapy in 185 paraffin-embedded tumor specimens from stage III ovarian
cancer patients.¥ However, in contrast to these findings and using a polyclonal
antibody in 295 paraffin-embedded ovarian tumor specimens, Anitila ef al reported
that low p21 expression is a marker of poor overall survival,!
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No statistically significant association between BCL-2 expression and survival
was found, However, patients with increased BCL-2 expression tended to have a
better progression-free and overall survival compared to patients with low BCL-2
expression in their tumors. Several studies have correlated BCL-2 with a survival
advantage in ovarian cancer??424850 byt failed to find an association with overall
response to chemotherapy.%48 In contrast, BCL-2 expression has also been reported
to be associated with a poor prognosis and resistance to chemotherapy,525* Since
BCL-2 is thought to function as an anti-apoptotic protein, a correlation between BCL-
2 expression and a favorable outcome may seem paradoxical, This inhibition of tumor
cell growth by BCL-2 has also been observed in certain solid tumor cell lines and in
breast cancer as well.>»35 Furthermore, it has been suggested that BCL-2 plays a role
in the suppression of angiogenesis.’® Thus BCL-2 may have different functions in
normal differentiated and in cancer cells, Moreover, there is also evidence that BCL.-2
functions as a pro-apoptotic protein in some circumstances since overexpression of
the BCL-2 protein has been shown to increase the half-life of the BAX protein.®’

We have demonstrated the clinical relevance of BAX protein expression. High
expression levels of BAX were found to be associated with an improved progression-
free and overall survival in univariate analysis. When corrected for classical factors,
BAX expression tended to be an independent factor in multivariate analysis for
progression-free survival, The clinical relevance of BAX expression has also been
demonstrated by Tai ef a/.>® Tn a comparable group of 45 ovarian cancer patients these
authors showed that high BAX levels were associated with improved disease-free
survival only. BAX expression was found not to be associated with overall survival,
probably reflecting the short follow-up (median: 21 months) of the patients. In
confrast, another study in 215 ovarian cancer patients described that BAX expression
was correlated with a poor clinical outcome,?

Since BCL-2 is a critical factor for susceptibility to an apoptotic stimulus, the ratio
of BCL-2 to BAX may be even of greater importance.8” Surprisingly, in this study we
observed that the combination of BAX and BCL-2 expression was a stronger
predictor of outcome than BAX expression alone, Patients with both BAX and BCL.-2
positive tumors showed a better survival compared to patients with BAX
positive/BCL-2 negative tumors, BCL-2 status did not add on the prognosis of
patients with BAX-negative fumors.

It has been suggested that BAX may be involved in the development of cisplatin
resistance.®! A cisplatin-resistant ovarian cancer cell line was found to have reduced
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BAX mRNA levels, which is consistent with the loss of TP53’s ability to transactivate
BAX as a consequence of TP53 mutation. As in the present study, BAX levels did not
significantly correlate with response to platinum-containing chemotherapy. An
association between high BAX levels and improved response to combination therapy
consisting of paclitaxel and cisplatin in a small group of 26 patients was observed by
Tai ef al.’% A relation between BAX and paclitaxel responsiveness has further been
suggested by in vitro studies showing that BAX could preferentially sensitize ovarian
cancer cells to the effects of paclitaxel and vincristine, as opposed to carboplatin or
fonizing radiation.62%% The relation between BAX expression and response (o
paclitaxel needs further investigation.

In conclusion, TPS53 expression but not TP53 mutation was found to predict
overall survival in ovarian cancer patients. The combined evaluation of TP53
mutation and protein expression provides additional information, especially in those
patients whose tumors are negative for both expression and mutation. Furthermore,
high BAX expression was found to be associated with a favorable outcome in
univariate analysis. The simultaneous evaluation of BAX and BCL-2 expression
provides additional prognostic information when compared to BAX alone, Future
studies should therefore focus on the ratio of BCL-2 to BAX in relation to clinical

oufcome,
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CHAPTER 5§

Summary

Borderline ovarian tumors are intermediate in their clinical behavior between
benign adenomas and malignant neoplasms, and are associated with overall 10-year
survival rates in excess of 90%. It is unclear whether borderline tumors represent a
biological continuum of stepwise progression toward invasive carcinoma or whether
they are distincl entities, each arising de novo. The characterization of oncogenes and
tumor suppressor genes, such as K-R4S and 7P53 may give insight into the biology of
borderline tumors and/or may also serve as markers associated with prognosis. We
observed that TP53 mutation is infrequent in borderline tumors. In contrast, K-RAS
mutations are mwore common, having been found in 27% of borderline tumors.
Interestingly, these mutations are strongly associated with the mucinous cell type.

Introduction

As early as 1929 Taylor[ reported a series of patients with semi-malignant tumors
of the ovary. However, it was not until 1973 that this group of tumors was formally
recognized by the World Health Organization (WHO) and the International
Federation of Gynecology and Obstetrics (FIGO) as a distinct category with the
interchangeable terms cystadenomas of borderline malignancy and carcinomas of low
malignant potential.z’3 Ovarian borderline tumors constitute approximately 5% of
ovarian tumors. Patients with borderline tumors are usually older than patients with
benign neoplasms and younger than women with frank malignancies. Although
borderline tumors have some clinical and pathological features in common with
ovarian carcinomas, they usually behave relatively benignly even in the presence of
widespread abdominal disease, Most borderling tumors are of the serous (60%) or
mucinous (34%) histological subtype, with endometrioid, clear cell, Brenner and
mixed epithelial types making up the remaining 6%. The major histological fealure
used to separate ovarian borderline tumors from invasive carcinomas is destructive
stromal invasion. The distinction between a pushing border versus destructive
infiltrative growth is often the only feature that differentiates a borderline tumor from
one that is fully malignant. This sometimes makes this tumor difficult to classify.

The survival of patients with borderline tumors is superior to patients with
epithelial ovarian cancer, The 5-year survival rate is about 95% and 20-year survival
is 80%." Borderline ovarian tumors often present as early stage lesions. Surgery is the
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recommended treatment for early-stage tamors and patients with these tumors have an
excellent prognosis and a nearly 100% survival. Approximately 15% to 20% of
patients with bordertine tumors present with advanced stage disease at the time of
diagIIOSiS.4’5 Stage 111 patients typically have a 56-73% survival long term.® The
benefit of postsurgical therapy in patients with advanced stage borderline tumors has
not been well established,’

Molecular analyses of oncogenes and tumor suppressor genes have contributed to
the debate as to whether benign and borderline tumors are part of a continuum in the
transformation of epithelial cells to malignancy, A similar pattern of mutations in
benign, borderline and malignant tumors would be consistent with a contimuim
hypothesis whereas a different pattern of alterations would support the hypothesis that
they are different entities. Some investigators suspect that borderline tumors, as
intermediate form of malignancy, may be a precursor of invasive carcinomas whereas
others believe that borderline tumors are separate biological entities. Indeed, several
studies showed that the incidence of K-RAS mutation in ovarian borderline tumors
was much higher than in invasive carcinomasg'”, suggesting that they might occur
through independent pathwa:)/s.8 Other evidence, however, suggests that malignant
epithelial tumors may result from the progressive transformation of benign and/or
borderline tumors.'? For example, loss of heterozygosity analyses showed no distinct
patterns of loss between borderline tumors and adenocarcinomas but loss of
heterozygosity was observed at lower levels in borderline tumors.'® Furthermore,
benign or borderline epithelium has been identified in some serous and mucinous
carcinomas suggesting malignant progression from altered benign epithelium.I3

The relationship between borderline ovarian tumors and invasive epithelial ovarian
carcinoma will become more clear as more genes are studied. Furthermore, the
discovery of markers that can predict a poor prognosis should aid the clinician in
making decisions about the therapy for a particular patient with a borderline ovarian
tumor. The characterization of oncogenes and tumor suppressor genes, such as K-RAS
and TP53 may give insight into the biology of borderline tumors and/or may also
serve as markers associated with prognosis. Whereas the TP53 gene is the most
commonly mutated tumor suppressor gene in human cancer, the K-RAS gene has been
implicated as the most commonly nutated oncogene associated with human tumors,
including ovarian malignancies. The K-RAS gene is a member of the R4S gene family
consisting of the three members N-, H- and K-RAS, which code for highly homologous
proteins with a molecular weight of 21 kDa. K-RAS localizes to chromosome band 12pl2
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and encodes a small membrane bound GTP-binding protein that serves as a relay signal
from receptor tyrosine kinases (e.g. EGF/PDGF) to the nucleus." In the active GTP-
bound conformation p21-RAS protein transmits a signal to an effector molecule. The
stimulation of signal transduction cascades results in the synthesis or activation of specific
transcription factors, thereby stimulating cell proliferation, The transforming potential of
K-RAS has been refated mainly to point mutations in codon 12 aithough, sometimes,
base substitutions occur in codons 13 or 61, Surveys of tumor series show that K-RAS
mutations are commonly present in human adenocarcinomas originating at several
sites, including colon (up to 80% of colorectal carcinomas), hing (up to 50% of lung
adenocarcinomas), and pancreas (up to 90% of pancreatic carcinomas).ls'[7
Interestingly, K-RAS mutations have been detected in benign lfesions of the colonic
epithelium that precede the development of malignant tumors.'® Therefore, K-RAS
mudations have been suggested to represent early genetic events in the process of
carcinogenesis,

To get more insight in the biology of ovarian borderline tumors we have studied
K-RAS and TP53 mutations and TP53 expression in borderline tumors and in the
bordetline components of carcinomas,

Materials and Methods

Tumor specimens

Tumor specimens were obtained from 30 patients diagnosed with a borderline tumor.
Histology was assessed on paraffin material according to the World Health Organization
criteria.”” Serous tumors were graded according to Burks et al® Briefly, nuclear atypia
was graded on a three-tier scale. Grade | was characterized by predominantly round to
oval nuclei with relatively fine chromatin and small nucleoli; grade 2 by moderately
enlarged, oval to more rounded nuclei with less evenly dispersed chromatin and more
prominent nucleoli; grade 3 by markedly enlarged pleomorphic and vesicular nuclei with
many nuclei displaying prominent eosinophilic nucleoli. The same criteria were used for
mucinous tumors. In addition, serous tumors showing a pattern of highly complex
micropapillae structures were noted.* Sections were evaluated by one pathologist (8-
HL). Nineteen tumor gpecimens were classified as serous and [1 as mucinous. Sixteen
specimens were grade I, 7 grade Ii, 4 grade 1l and for 3 specimens grade was not
determined. In addition, seven so-called borderline components were collected: initially,
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frozen tumor sections were found to contain borderline tumor components but, following
revision, invasive areas pointing to carcinoma were also observed in the paraffin sections
(archive material) of these tumors. In one case, the transition form carcinoma to the
borderline component was observed in the paraffin section. Four of the borderline
components had a serous and three hiad a mucinous histology. All borderline components

were grade 111,

DNA isolation and PCR-SSCP

High molecular weight chromosomal DNA was isolated from fiozen tumor tissue
specimens according to standard pmcedm‘es.20 Mutations in K-RAS {exon !, encoding
mutational hotspots codons 12 and [3) and TP33 (exons 5-8) were studied using
Polymerase Chain Reaction-Single Strand Conformation Polymorphism (PCR-SSCP) and
sequencing. PCR-SSCP for 7P53 was performed as previously described, 2"
Exon 1 of K-RAS was amplified using intronic primers: KRI1 (5-TGATAGT
GTATTAACCTTATG-3") and KR2 (5’- TTTATCTGTATCAAA GAATG-3"). Cycling
parameters were 94° for 4 min, followed by 25 cycles of 94°C for 1 min, 50°C for 1.5 min
and 72°C for 2 min, and terminated by 72°C for 7 min, PCR products were diluted with
milliQ-HyO (1:4) and checked on ethidium bromide-stained agarose gels (1.3%). To
decrease the false negative rate, PCR products were subsequently digested with Hinfl,
resulting in fragments of 95 and 154 bp. SSCP analysis was performed using a non-
denaturing 8% polyacrylamide gel containing 0% {(v/v) glycerol. Gels were run with 1X
Tris-borate-EDTA buffer at 30W for 6 to 7 hr at room temperature. The colon cancer cell
lines SW-480 (codon 12:GGT—GTT) and SW-1398 (codon 12:GGT—TGT) and the
breast cancer cell line MDA-MB-231 (codonl3:GGC—GAC) were used as positive
controls. Samples showing an altered migration pattern were analyzed again and
independent PCR products were sequenced using a T7 sequencing kit (Pharmacia,
Uppsala, Sweden) following subcloning using a TA cloning kit (Invitrogen, Leek, The
Netherlands).

Immunohistochemistry

Immunohistochemical staining for TP53 was performed on frozen formalin-fixed 5
micron thick sections using a peroxidase-labelied streptavidin-biotin-complex technique
as previously described. X! The monoclonal DO1 (Santa Cruz) and DO7 (Dako) antibodies
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were used. Sections were considered positive when 10% of tumor cells showed a clear

nuclear staining.23

Results

K-RAS alterations in borderline tumors

Seven out of 26 (27%) borderline tamors, which were studied for K-RAS mutations
were found to have mutations in codon [2 (Table 1). Interestingly, 5 of 8 (63%) mucinous
borderline tumors specimens showed mutations (3x Gly12Val, 2x GlyI12Asp) compared
to only 2 of 18 (11%) serous tumors (both Gly12Val).

TCGA

Q==

- =

Mutant Mutant
Codon 12:Gly Codon 12:Asp Codon 12:Val

Figure 1: K-RAS codon 12 mutations in ovarian borderline tunors

TP53 alterations in borderline tnmors

Thirty tumor specimens were studied for 7253 mutations. Mutation of 7P33 was
observed in only one mucinous tumor (Thr284Ala). In addition, two tumor specimens

showed a common neutral polymorphism (Gly213Gly). With respect to
immunostaining, the percentage of positive tumor cells ranged from <1% to 55% with
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Table 1: K-RAS and TP53 atterations in ovarian borderline tumors

'TP53 expression
K-RAS TP33 {% positive tumor cells}
Histology Grade Age mutation mutation DOI DO7
serous’ I 62 - - n.d, nd.
serous I 34 - - <1% <1%
SErous | 28 - - <1% <1%
SCrous I 40 - - 9 <1%
serous I 47 - - 5% 3%
Serous I 87 - - 3% 12%
serous’ 1 59 - - 28% 8%
serous’ I 8t Glyl2Val - 30% 2%
serous I 40 Glyl12Val - 55% 30%
SErOUS I 74 nad. - <1% <1%
Serous 1l 43 - - 2% %
Serous | 27 - - 4% 6%
serous 1 32 - - 8% 3%
SET0US II iz - - 12% 10%
SETOUS ] 43 - - 3% 30%
Serous 1 47 - Gly213Gly 17% 16%
serous mt 52 - - 9% <1%
serous 1511 34 - - 17% 5%
serous nd, 49 - - 9% nd.
mucinous I 53 nd. - % 15%
nHICInOUS I 56 - - nd. n.d.
nuicinous I 72 - - <1% <1%
Muginous I 47 - - 2% <1%
mucinous | 68 Gly [2Asp - 2% <1%
mucinous | 43 Gly12Asp - 5% 10%
mucinous 1 69 nd. Gly213Gly <1% <I%
mucinous 3l 26 Glyi2Val - <1% <I%
mucinous m 48 nd. The284Ala <1% <1%
mucinous nd, 83 Gly12Val - 12% 12%
mucinous n.d, 27 Gly12Val - <1% <1%
(n.d).: not defermined {-); no mutation

K-RAS mutations:  Gly12Val: GGT—GTT Glyl12Asp: GGTGAT

TP53 mutations:  Gly213Gly: CGACGG Thi284Ala: ACA—»GCA
1) left ovary; right ovary contains carcinoma; 2} implant on diaphragm;
3) also contains adenoma; 4} micropapillary pattern
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a median of 6% for the DO1 antibody and 3% for the DO7 antibody. According to the
10% cut-off point, which is commonly used for invasive carcinomas®", TP53
immunostaining with at least one monoclonal antibody was observed in ten of 28 (36%)
tumor specimens analyzed. Only four out of 27 (I5%) tumor specimens showed
immunopositivity with both monoclonal antibodies.

K-RAS and TP33 alterations in borderline components

In addition, seven bordertine components were studied from tunors that included a
carcinoma component. Four of these borderline components showed a K-R4S mutation,
Two of these mutations (both Glyl2Val) were observed among the serous tumors
whereas the other two (both Glyl2Asp) were found in mucinous tumors. One mucinous
tumor without K-KAS mutation showed a 753 mutation in exon 8 of the 7P53 gene
{Arg273His). The resuits are summarized in Table 2.

Table 2: K-RAS and TP53 alterations in borderline components

TP53 expression

. K-RAS TPs3 (% positive tumor cells)
Histology Grade Age mutation mutation DOt bO7
Serous m 62 - - <1% <1%
Serous I 76 Glyl2val - 15% 12%
Serous 133 29 Glyl2val - 20% 15%
serous ' 33 . - <% <1%
mucinous HE 68 Glyl2Asp - 26% 30%
muginous I 73 - Arg273His 58% 65%
ncious 11 34 Glyl2Asp - 60% 20%
(n.d.} not determined (-): no mutation

£} micropapillary patiern

Discussion

Despite substantial advances in our understanding of other adenocarcinomas,
patticularly in the colon, very little is known about the molecular evolution of ovarian
tumors. It is likely that, as in other solid tumors, multiple events including inactivation
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of tumor suppressor genes and activation of cellular oncogenes are required for the
transformation of normal ovarian epithelium to benign, borderline, malignant and
metastatic tumors, The issue of whether or not borderline tumors progress to frankly
malignant ovarian adenocarcinomas is an important one in screening for ovarian cancer
and in the treatment of borderline tumors. The relationship between borderline ovarian
tumors and frankly invasive adenocarcinomas is now beginning to be explored with the
tools of epidemiology and molecular biology.

In an exploratory study we have demonstrated K-RAS mutations in 27% (7 out of 26)
borderline tumors. Interestingly, borderline components were found to have more
K-RAS mutations (4 out of 6 or 67%), although the number is small. Furthermore, it
should be noted that only exon 1 of the K-RAS gene, encoding codons 12 and 13, has
been analyzed. Although K-RAS mutations can also occur at codon 61, these mutations
are rather infrequent and therefore the prevalence of K-RAS mutations is not expected to
be highly underestimated. The fact that K-R4S mutations are commonly detected in
ovarian bordertine tumors suggests that these changes may represent an early genetic
alteration, High incidences of K-RAS mutations have also been observed by others.
However, data concerning K-RAS mutations in invasive carcinoma are conflicting,
Several authors reported higher K-RAS mutation frequencies in borderline tumors (30-
50%) compared to invasive carcinomas (4%).*"' Based on these observations it has been
suggested that borderline tumors and invasive carcinomas each may follow a different
molecular developmental pathway and thus are separate biological entitics.® However, we
observed K-RAS mutations more frequently in mucinous tumors (63%) than in tumors
with a serous histology (11%). Likewise, other authors have also reported an association
of K-RAS mutation with mucinous differentiation in ovarian bordetline tumors and/or
invasive carcinomas, 28 Interestingly, mucinous tumors represent approximately 35%
of borderline tumors compared to only 10% of ovarian carcinomas. This may explain why
some have observed a higher incidence of K-RAS mutations in borderline tumors
compared to invasive carcinomas, Interestingly, by investigating only tumors with a
mucinous histology, even more K-RAS mutations (85%) have been found in
adenocarcinomas compared to borderline tumors (73%)27, which supports the hypothesis
that borderline tumors represent a pathological continuum between benign and frankly
invasive neoplasms. Since the different histological distribution of borderline tumors and
invasive carcinomas has not been considered, the conclusion that borderline tumors and
carcinomas arise independently is therefore not justified

Finally, the association of X-R4S mutation with mucinous borderline tumors suggests
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that it may play a role in maintaining the mucinous differentiation pathway of ovarian
epithelial cells. Moreover, K-RAS gene mutations have been associated with a mucinous
subtype in other types of human cancers as well, including colon, pancreas and lung
carcinomas.”®* These studies all support the idea that K-RAS activation plays a role in
the cellular pathway of tumor differentiation.

With respect to TPS53 alterations, we showed that mutation of the TPS53 gene is
infrequent in borderline tumors. This finding is consistent with that of previous
studies.#***¢ Tn addition, several studies have also shown that TP53 overexpression is
rather uncommon in borderline tumors, although reported percentages varied from 4 to
24% (mean between 10 and 15%).9’37"‘10 However, it should be noted that different
antibodies, different methods of scoring (e.g. intensity or percentage of stained tumor
cells) and cut-off points and finally different tumor material (paraffin-embedded or
frozen) make it difficult to compare studies. In the present study we have observed
immunopositivity for TP53 (using the 10% cut-off point) with at least one monoclonal
antibody in 10 of 28 (36%) borderline tumors and 5 of 7 (71%) borderline components.
When both antibodies are evaluated, only 4 of 27 (15%) borderline tumor specimens are
considered positive. Surprisingly, the percentages of stained tumor cells are much smaller
than usually observed in ovarian adenocarcinomas.”’ Furthermore, carcinomas that do not
stain often completely lack any staining for TP53. It reinains unknown why in the absence
of TP53 mutations some borderline tumor specimens reveal TP53 immunostaining, 753
mutations may have been missed due to the fact that they are located outside exons 5-8.
Otherwise, the cut-off point of 10% positive tumors cells perhaps needs to be adjusted in
case of ovarian borderline fumors. For example, using a 20% cut-off point, which has also
been used for ovarian carcinomas®, only 2 out of 27 (7%) fumor specimens score positive
with both antibodies,

In conclusion, we have shown that K-RAS mutations occur frequently in mucinous
borderline tumors. Conversely, 7P53 mutations are uncommon in borderline tumors.
The role of TP53 accumulation in borderline tumors needs to be further investigated.
It remains controversial whether borderline tumors are capable of progression to
invasive carcinoma or whether they represent different entities. Some ovarian
epithelial neoplasms are heterogencous and benign, borderline and malignant components
may coexist within an individual tumor. It has been postulated that the benign or
borderline areas might have preceded the development of the malignant component. In
the current study seven borderline components adjacent to an area of invasive tumor
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cells were investigated, An increased incidence of K-RAS and 7P53 mutalion and
accumulation was observed in these borderline components compared to pure
borderline tumors, suggesting that these tumors indeed progress to the malignant
invasive phenotype through an accumulation of genetic alterations. It would be
interesting, especially in these tumors, to study both the borderline and the invasive
component, Microdissection techniques, however, are a prerequisite.

Recently, some investigators have proposed to abandon the borderline category
and return to the old benign-malignant classification system. Mucinous borderline
tamors have a good prognosis and can be trealed as benign tumors with the exception
of those tumors associated with pseudomyxoma peritonei, These latter tumors are
thought to be secondary neoplasms of the appendix. With respect to serous borderline
tumors, these can be unevenly divided into a larger group of atypical proliferative
epithelial cystadenomas and a smaller category of recently described noninvasive
carcinomas, designated micropapillary serous carcinoma (MPSC).43’44 These latter
neoplasms have a complex micropapillary architecture and often lack destructive
infiltrative growth but appear to behave as low-grade invasive carcinoma. They are
often associated with invasive implants that in furn are associated with recurrences
and a poor prognosis, Therefore these tumors should be classified and treated as
carcinoma. ™™ However, this class of tumors is not well characterized and currently
there are no molecular markers available that distinguish between these tumors and
the benign ones with a more favorable prognosis. Since TP53 alterations are common
in serous ovarian carcinomas and, additionally, predict a poor prognosis in ovarian
carcinoma, 7P353 mutation or overexpression could represent a suitable marker.
However, only two tumor specimens in this study met the pathological criteria of a
micropapillary serous tumor™ and no TP53 alteration was found in these fumors. One
other study45 also reported absence of 7P53 mutations in micropapillary serous
ovarian carcinoma. Interestingly, the latter study reported a moderately intense TPS53
staining in these tumors.

Further analysis of genetic abnormalities in larger tumor sets and in patients with
follow-up may delineate the relationship between borderline ovarian tumors and
epithelial ovarian carcinomas better, and will hopefully lead to a unifying hypothesis

as to the origin of these important ovarian lesions.
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Summary

The identification of the breast/ovarian susceptibility genes, BRCAI and BRCA2
was an important advancement in the field of breast and ovarian cancer research,
About 40-50% of site specific hereditary breast cancers and up to 80% of hereditary
breast-ovarian cancers result from mutations in the BRCAI gene, Although BRCA1
mediates multiple functions in the cell, including a role in DNA damage repair and
gene transcription, the role of BRCA! has not completely been elucidated yet. It has
been suggested that mutational inactivation of TP53 may be required for BRCA/-
associated tumorigenesis. Several studies have shown that TP53 is more frequently
inactivated in BRCA I-associated tumors than in sporadic breast or ovarian cancer. Up
to 90% of BRCA/-associated tumors harbor either a 7P53 mutation and/or TP53
protein accumulation. The remaining tumors may well have other alterations affecting
the cell cycle checkpoint, Loss of this checkpoint may be obligatory for BRCA.-
tumorigenesis. In this review, we discuss recent advances in BRCA-research and
stress the pivotal role TP53 may play in BRCA /-associated carcinogenesis.

Introduction

Since its identification in 1994, the human breast and ovarian cancer susceptibility
gene (BRCA!) on chromosome 17q2l1 has proven to be a gene of great interest.
Inherited mutations in the BRCA! gene predispose women to breast and ovarian
cancer and account for nearly half of familial breast cancers and for up to 80% of
families with both breast and ovarian cancer.? In addition, germ-line mutations of the
BRCAI gene confer a substantially increased risk for prostate cancer in male
pr‘:)i’:vands.3 Moreover, a role for BRCA! as a potential human prostate tumor
suppressor has been propos;ecl.4

Carriers of a BRCA! germ-line mutation have a 90% life-time risk to develop
either breast or ovarian cancer’ although certain BRCA/ mutations have been
associated with a considerable lower penetrance”’ Compared to non-familial
{sporadic) breast and ovarian cancer, BRCA [-associated tumors occur at younger age,
are more frequently bilateral, are of higher histological grade, show an increased
proliferative capacity (as demonstrated by higher S-phase fractions and higher mitotic
index) and are more often aneuptoid.s’9 Interestingly, the total number of
chromosomal gains and losses, estimated by comparative genomic hybridization, has
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been found to be twice as high in BRCA/-linked breast cancers than in sporadic breast
cancers.'® In contrast with sporadic breast cancer, tumors from BRCA/! germ-line
carriers are more frequently estrogen receptor (ER), progesterone receptor (PgR) and
HER2/neu negative9'” and demonstrate more TP353 alterations, The latter alterations
are also more prevalent in BRCA [-associated tumors from ovarian cancer patients but
alterations in the oncogenes K-RAS, ERBB-2 (HER2/neu), c-MYC and AKT2, ali
known to play a limited role in sporadic ovarian tumorigenesis, have not been
reported. 12

Whether the prognosis of BRCA i-related breast and ovarian cancer differs from their
sporadic counterparts is still a matter of debate. The prognosis for women with BRCA -

SA1 o worse!®! than

related breast or ovarian cancer has been reported to be similar
that for age-matched breast or ovarian cancer patients without BRCA/ mutations. In
contrast with these studies, carriers with ovarian cancer have been reported to have a more
favorable outcome than non-cariers. '*

The majority (86%) of BRCAI mutations that have been described are frameshift,
nonsense or splice-site mutations that generate a truncated BRCAI protein.19 A genotype-
phenotype correlation has been suggested by Gayther et at?® who observed that mutations
in the 3' third of the gene are associated with a lower proportion of ovarian cancer,
Furthermore, mutations in either the amino or the carboxyl termini are correlated with
highly proliferating breast cancers.”! Tumors from BRCA /-germ line carriers show loss of
heterozygosity {(LOH) around the BRCA/ locus at 17g21 which invariably involves foss
of the wild-type allele.”* This impties that BRCAI may function as a tumor suppressor
gene. The tumor suppressive function of BRCA/ is further supported by experimental
studies which show that antisense oligonucleotides accelerate the growth of normal
and malignant mammary epithelial cell lines.?” Moreover, introduction of the wild-
type BRCA! gene inhibits growth of breast and ovarian cancer cell fines.”®
Interestingly, loss of heterozygosity at the BRCA! locus also frequently oceuss in sporadic
brf.-astZ(‘L32 and ovarian carcinomas.’ ¥ However, somatic BRCAI mutations are rarely
observed in these tumors.” **® The reduction in BRCA! mRNA levels observed in
invasive breast tumors relative to the normal breast epithelium and carcinoma in situ
suggests a role for BRCA1 in sporadic breast cancer.”” The reduced BRCAL levels in
these tumors may result from alterations other than coding-region mutations including
LOH or deletion, preferential alellic expression™ or hypermethylation of the promoter

1'egion.40'4l
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Both hereditary and sporadic cancer are thought to arise from an accumulation of gene
defects. In addition to the germ line inheritance of a mutant BRCA/ allele, not only the
wild-type BRCA! allele has to be inactivated but other acquired somatic alterations must
be involved in the development of a BRCA/-associated tumor as well. Recent studies
suggest that the TP33 gene is a key factor in BRCA /-associated carcinogenesis, Besides
an overview of BRCA/, this paper will focus on the proposed prominent role of TP53 in
BRCA-associated carcinogenesis.

BRCAI structure and function

The BRCAI gene consists of 24 exons, spanning a 100 kb region on chromosomal
band [7q21. The gene encodes a 1863 amino acid nuclear protein which is expressed
in a variety of adult human tissues including breast, ovary, testis and thymus.! BRCA/
expression is relatively high in tissues undergoing rapid growth and differentiation
and has been shown to be regulated by the steroid hormones estrogen and
progesterone.“'ﬂ The induction of BRCA/ transcription by steroid hormones may
however be indirect and rather be the result of the milogenic activity of these
hormones.** Several reports have shown that the BRCAI protein is expressed and
phosphorylated in a cell-cycle dependent fashion, with levels increasing in late Gl
and maximum expression and phosphorylation during the S- and M-})!}ases.45“48 In
celi lines several naturally occurring splice variants of BRCA1 have been

identified. *° The subcellular localization remains controversial, BRCA| has been
localized to the nucleus®' but others have shown that BRCAI localizes to the
(:ytoplasm.52

Functional domains

Molecular features of the BRCAI protein reveal several characteristic domains
(Figure 1). Two putative nuclear localization signals (NLS 1&2) are located in exon
11 but only NLS1 is required for nuclear localization.” Based on sequence homology,
BRCAI1 exhibits a granin consensus sequence in exon 11.% Granins are proteins
localized to secretory vesicles and expressed in newroendocrine tissues but their
function is not clear. The N-terminal region of BRCAI contains a RING finger
domain. This zinc-binding cysteine rich sequence is also found in other proteins
which mediate their function through protein-DNA or protein-protein interactions.”
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Furthermore, the C-terminal region of BRCAI includes an excess of negatively
charged residues, correlated with a transcriptional activation function of BRCA 1.3
Apart from this transactivation domain (TAD), the C-terminal region encompasses
two copies of a BRCA1 C-terminal (BRCT) domain, a newly recognized amino acid
motif of approximately 95 amino acid residues,” These BRCT domains are thought to
mediate protein-protein interactions and have been found in a large number of
proteins involved in cell cycle checkpoint functions responsive to DNA damage
including a TP53-binding protein {53BPl), DNA repair protein XRCCI, the
Schizosaccharomyces pombe protein Rad4 and the Saccharomyces cerevisiae protein
Rad9.*®

Interacting proteins and transeription

Recently, several newly discovered proteins have been shown to associate with
BRCAL (Figure 1}, Using the yeast two-hybrid system Wu et al*? identified a protein
that binds to the RING finger domain of BRCAI. Interestingly, this BRCAI-
Associated RING Domain (BARDTI) profein resembles BRCAT1 in that it contains an
N-terminal RING domain and the C-terminal BRCT domains. BRCA] missense
mutations in the RING finger domain disrupt the interaction with BARDI, implying
that complex formation with BARD1 may be essential in BRCA/-mediated tumor
suppression.w Although infrequently, both germ-line and somatically acquired
mutations of BARD/! have been observed in breast, ovarian and uterine cancers,
suggesting a role for BARD! in the development of these fumors.® A second protein
identified by means of a yeast two-hybrid screen for BRCA| RING finger interacting
proteins, is the recently discovered BAP1 (BRCAI-Associaled Protein ). This
protein is a nuclear-localized ubiquitin carboxy-terminal hydrolase that enhances
BRCA I-mediated suppression of cell growth in colony formation assays.m

Several lines of evidence suggest that BRCAl functions as a regulator of
transcription. The transcriptional activation function of the C-terminal region of
BRCAI was demonstrated by fusion to the DNA-binding domain of the GAL4
p:'otei11.55’56 Recently, a C-terminal Interacting Protein (CtIP, Figure 1) has been
described that specifically interacts with this transactivation domain of BRCA1.%
Although the function of CtIP is unknown, the reported association of CtIP with a
transcriptional repressor (CtBP) points to a role in transcription. Furthermore, BRCA1
binds to ¢-MYC in vifro in both yeast and mammmalian cells and represses MYC-
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mediated tranS(_:ription.63 Since c-MYC acts as a transcription factor promoting cell
proliferation, this underscores the link between BRCAI, tumor suppression and
transcriptional regulation. Additional evidence for the role of BRCAIL in
transcriptional activation is provided by the identification of BRCAI as a component
of RNA polymerase II holoenzyn’xe.f’4 The BRCA! protein is linked to the
holoenzyme complex via RNA helicase A% Moreover, BRCAI interacts with CREB-
Binding Protein (CBP), also a component of RNA polymerase IT holoenzyme with
histone acetyl transferase (HAT) activity, suggesting that one of the mechanisms by
which BRCA1 functions is through recruitment of CBP-associated HAT/FAT activity
to specific prt;)moters.66

Interacting proteins
¢-MYC TPS3 interaction
domain II

TPS3 intezaetion
doentain 1

(363

BRCT BRCT
RING finger domain NLS | NL§2 Granin motif TAD

Functional domains

Figure 1: The lower part of the figure shows functional domains of BRCAI: the RING finger
domain (amino acids 21-67), no nuclear localization sequences (NLSI & 2, amino acids 500-
308 & 609-615), a granin motif (amino acids 1214-1223) and a transactivation domain (TAD,
amino acids 1528-1863) encompassing two BRCA! C-terminal domains (BRCT). The upper
part shows BRCAl-interacting proteins. BARDI and BAPI both bind to the RING finger
domain of BRCAI. ¢-MYC can bind at two BRCAI-binding sites. CHP binds to the
transactivation domain of BRCAL. TP33 also associates with the transactivation domain and
in addition interacts with a more N-terminal paré of the protein. hRADS | associates with bt
may not bind divectly to BRCA! as indicated by dotted lines.,
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BRCAI and TP53

Further evidence for the role of BRCAT1 in transcriptional regulation was provided

by Somasundaram et al®” who demonstrated that BRCA1 transfected into mammalian

lWAFiCIPl :

cells transactivates expression of the cyclin-dependent kinase inhibitor p2 in

a pS3-independent manner and in this way contributes to cell cycle arrest. In addition,
Ouchi et al®, using artificial and genomic promoter constructs containing pS3-
responsive elements showed that BRCAL could enhance TP33-dependent gene
expression by acting as a coactivator, Mutant forms of BRCA! lacking the second
BRCT domain showed reduced TP53-mediated transcriptional activation. Other data
have shown that BRCAI and TPS3 physically associate both in vitre and in vivo.%
The interacting regions map to the N-terminal region (amino acids 224-500) of
BRCA1 (TP53 interaction domain I, see Figure 1) and the C-terminal domain of
TP53. Recently, the second BRCT domain (amino acids 1760-1863) of BRCA| has
also been shown to interact with TP33 (TP53 interaction domain II) and to stimulate
TP53-dependent transcription from the p21YAFICIP! ¢

In addition to a role in transcription regulation, studies with knockout mice have
linked BRCA1 to DNA damage response pathways, Mutant mouse embryos lacking
Breal function die early in development, between 6 and 13 days of gestalion.”'”
Surprisingly, these embryos show a decreased expression of the tp53 inhibitor mdm-2
and an increased expression of the cyclin-dependent kinase inhibitor p21, the latter
27 The increased p21 levels cause a

promoter.7

being a target for tpS3 transcriptional activation,
Gl cell cycle arrest which leads to reduced cellular proliferation in these mouse
embryos. The early embryonic lethality in Breal-deficient mice can be partially
rescued by (p53 or p2l null mutation,”*” Double mutant embryos survive an
additional 1-2 days of gestation which can be partially explained by the abrogation of
the cell cycle arrest,

BRCA! and DNA repair

Comoborating evidence that BRCAI is involved in DNA damage response pathways
comes from the observation that BRCA I associates with human RADS1 (hRADS1), a
homolog of the bacterial RecA protein that is required for mitotic and meiotic
recombination and for repair of double strand DNA breaks in the yeast S. cerevisiae.”
Interestingly, TP53 has also been linked to homologous recombination processes via
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interaction  with  hRADS1.”""®  Whereas hRADSI  stimulates homologous
recombination, TP53 has been shown to suppress homologous recombination
processes.?9‘80

In mitotic S-phase cells BRCA] and hRADS1 colocalize to discrete subcellular
nuciear foci (BRCA! nuclear dots).81 The second hereditary breast cancer gene
product BRCAZ2, which interacts directly with hRADSIsz’Sa, and BARDI1 alsc localize
to these nuclear bodies during the S-phase of the cell cycle.**® When S-phase cells
sustain DNA damage, BRCAI becomes hyperphosphorylated, disperses from dot
structures and then accumulates together with BRCA2, hRADSI and BARD at
proliferating cell nuclear antigen (PCNA)-containing replication structures, implying
an interactiont of the muitiprotein complex with damaged replicating DNA. % These
observations suggest that BRCATL, in cooperation with BRCA2, RADS] and BARDI,
responds to DNA damage and participates in a replication checkpoint response. The
fact that mouse embryonic stem cells deficient in Brecal are defective in the ability to
carry ouf transcription-coupled repair of oxidative DNA damage and their
hypersensitivity (o ionizing radiation™® underscores the rofe of BRCAI in repair,
Moreover, mouse embryos lacking MmRad5! demonstrate reduced cellular
proliferation and show an early embryonic lethality at the same stage as Breal null
embryos. Once again, embryonic lethality can be suppressed in a p53 nulf
backgrcmnd.87

Based on these observations, Brugarolas and Jacks™ suggested that mutational
TP53 inactivation may be required for BRCA!-associated tumorigenesis. At least
during early mouse embryogenesis, absence of Breal function results in a failure to
repair damaged DNA and activates a tp53-dependent cell cycle arrest. This cell cycle
arrest can be overcome by elimination of (p53 or p21 function, which allows cells to
proliferate as shown in Figure 2 (which represents an update of the model proposed
Brugarolas and Jacks).88 The view of BRCAI acting as a protein to maintain genomic
stability, coincides with the definition of caretaker genes as proposed by Kinzler and
Vogelstein.89 ‘Caretaker’ genes maintain the integrity of the genome, whereas
‘gatekeeper’ genes regulate celiular proliferation and differentiation. Inactivation of a
carctaker gene may cause genetic instability resulting in an increased mutation rate
and initiation of a tumor, but only when a gatekeeper gene becomes inactivated, this
process may progress rapidly. Thus, BRCA! may be included in the family of
carelaker genes, whereas TP53 seems to fit the gatekeeper class more explicitly.
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Caretaker and gatekeepel‘ roles of BRCAT and TPS3

DNA
damage
BRCA?. l
WTBRCAI NON FUNCTIONAL BRCA 1
DNA REPAIR FAILED DNA REPAIR

CHECKPOINT ACTIVATION

WT TP53 NON FUNCTIONAL TP53
OR P21

— s D }
'L PROLIFERATION
cyclin D cdkd/6
cyclinE  edk2 ’7

eyclin A cdk2

cyelin B cde? CELL CYCLE
ARREST

Figure 2: The upper part represents the caretaker function of BRCAL. The model suggests
that RAD31 and BRCAI and BRCA2 ogether act as a complex fo repair damaged DNA.
BRCAI mutation may lead to accumulation of DNA damage. Subsequent activation of a
checkpoint mechanism results in activation of TP53 and the wpregulation of p21. This latter
protein inhibits cyclin-dependent kinases which are responsible for progression of the cell
cvele, thus resulting in cell cycle arrest (gatekeeper fimciion of TP33 as represented in the
lower part of the figure). Cells can escape this cell cycle arrest by the inactivation of TP53 or
p21. Since the activity of TP53 is negatively regulated by MDM?2, loss of MDM?2 function may
also be responsible for the escape of cells firom the constraints of the cell cycle. WT, wild-type

TP53 alterations in BRCAI-associated tumors

Although the previous section predicts an almost all-important role of TP53 in
BRCA I-associated tumorigenesis and BRCA I-associated tumors might be expected to
exhibit loss of TP53 function, the final proof of which role TP53 really plays in
BRCA l-associated tumorigenesis must come from tumors, In early studies, before the
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discovery of the BRCAI pene, immunohistochemically detected TP53 protein
accumulation was seen more often in tumors from patients with familial breast (34%)
or familial breast and ovarian cancer syndrome (52%) than in sporadic breast (22%)
carcinomas.”® In addition, Glebov et al’! found a four times hi gher incidence of TP53
mutation (58%) in tumors of patients with a family history of breast cancer (of
unknown BRCA status) compared to sporadic breast tumors (13%). Since the
discovery of the BRCAI gene, Crook et al’? showed that eight tumor specimens from
affected BRCA/! carriers all had TPS3 mutations (Table I). In a larger series of both
BRCAI- and BRCAZ2-associated breast tumors the same authors demonstrate that 68%
(19/28) of BRCA/-associated breast cancers show TP53 mutation compared te 35%
(7/20) of sporadic grade-matched breast tumors.” In the same study positive TP53
immunostaining was found in 77% (20/26) of BRCA I-associated breast tumors (Table
1} compared to 35% (25/72) of sporadic breast tumors, Others observed positive TP53
staining in 41% (12/29) of BRCA!-associated breast cancers versus 17.5% of sporadic
breast cancers.”’ Interestingly, these authors reported TPS53 accumulation more
consistently in tumors with mutations in the RING finger domain of BRCA|I, pointing
to a possible correlation between the site of the BRCA/ germ-line mutation and the
presence of 7P33 alterations. Recently, Phillips et al®® detected 7P53 mutations in 10
of 13 (77%) breast tumors from Ashkenazi Jewish BRCA I mutation carriers versus 10
of 33 breast tumors (30%) from non-carriers. A high incidence of TP53 mutation has
also been observed in BRCAI-associated ovarian cancers, Rhei et al'? observed TP53
mutations in 24 out of 29 (83%) ovarian tumors from patients with BRCA/ mutant
alleles whereas 72% (21/29) of the tumors revealed immunohistochemically
detectable TP53 protein expression. It should be noted that in the latter two studies
85% and 76% of the mutations respectively are represented by the Jewish founder
mutation 185delAG which locates to the RING finger domain. In contrast to these
high frequencies of 7P53 mutation in BRCA /-associated tumors, Schlichtholz et al’®
reported a low incidence of TP53 mutations (23%) in 11 breast and three ovarian
tumor specimens of patients with a BRCA/ germ-line mutation. However, this may be
underestimated since only exons 4-9 of the 7P53 gene were analyzed.

An invariable problem with the analysis of TP53 is that incompiete gene analysis
or a small percentage of tumor cells may underestimate the 7P53 mutation frequency.
On the other hand, not all mutations result in TP53 accumulation, Null mutations
leading to a truncation of the protein do not result in immunostaining and may account
for more than 20% of the 7P53 mutations.”””® Otherwise, mutations that may have
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Table 1: TP53 mutations and protein accumulation in BRCAJ-associated tumors

Authors' Tumor TP33 mutation® % TP53 % TP53 mutation and %  Remarks
accumulation® accumulation
combined
Sobol etal (1997)94 breast ND. 12/29 41 N.A. Observed association between positive TP53 staining
- and BRCA mutations in the RING finger domain
Crook et al {1997) breast 77 100 N.D. N.A. Type of BRCA! mutations not described
. ovarian 1/1 N.D. N.A.
Crook et 2 (1998)93 breast 19/28 68 20/26 77 22/26 85 TP53 exons 2-11 analyzed
Schlichthelz et al breast 3/11 27 5/11 45 &/11 55  TP53 exons 4-9 analyzed
{1998)96
ovarian 0/3 172 1/2
Rheietal (1998)12 ovarian 24/2% 83 21/29 72 28/29 97 TP53 exons 2-11 analyzed; 93% Ashkenazi Jewish
BRCA founder rmutations: 185delAG (76%).
5382insC (17%)"
Philfips et al (1999)95 breast 10713 77 N.D. N.A. TP33 exons 410 analyzed All Ashkenazi Jewish
BRC A founder mutations: 185del AG (85%),
5382insC (15%)
overall incidence: 64/92 70 59/97 61 57/68 34

'Only those papers are listed that clearly define BRCAJ mutations. “A direct but rather tedious approach to examine TP53 dysfunction is mutation analysis
of the gene. The mazjority of TP53 mutations lecalize to the sequence-specific DNA-binding region comprising exons 3-8, which often leads investigators
to study only this part of the gene. A detailed database of TP53 mutations in a1l human cancers including sporadic breast and ovanan cancers can be
found on the website http://perso.curie.fr/Thierrv.soussi. *A rapid and simple approach to study the 7P53 gene is to examine TP53 protein expression.
In its wild-type form, TP33 has a very short half-life. The majority of TP53 mutations (zpproximately 80%) result in stabilization of the protein, which
allows for immunological detection. *also referred to as 187delAG and 5385insC. A datebase of BRCAJ mutations can be found on hitp//:www.nheri nih.gov/
Intramural research/ Lab_transfer/bic/indexhtml; N.D.= not determined; N.A .= not applicable ’
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been missed using mutational analysis may be detected using immunochistochemistry.
In addition to mutation, dysregulation of normal TP53 protein may also cause TP53
immunostaining. Binding of TP53 to the product of the MDM2 gene, for example,
may result in TPS3 protein accumuiation. Therefore, the combined mutation and
immunohistochemical data will give a better estimate of the actual incidence of TP53
aberrations. As expected, this gives a higher prevalence of 7P53 alterations with an
overall incidence of 84% TP353 alterations in BRCA /-associated tumors (Table 1),

In conclusion, TP353 abetrations in BRCA/-associated tumors are two to three
times as frequent (84%) as in sporadic breast and ovarian cancer, This suggests that
loss of TP53 function may be an elemental step in the transformation of cells with a
BRCAI mutation.

Is TP53 dysfunction required for BRCAI-associated tumorigenesis?

Although the inheritance of a BRCAI germ-line mwtation subsequently followed
by loss of the wild-type allele are initiating events in the development of a BRCA -
associated tumor, additional somatic mutations in oncogenes and tumor suppressor
genes are required, Data from mouse models suggest that loss of TP53 function may
be a critical event in BRCA /-related pathogenesis, Indeed, the dala summarized in the
previous section demonstrate that there is an indisputable increase in the frequency of
TP53 aberrations in BRCA I-associated tumors compared o sporadic breast or ovarian
tumors. However, the comparison of 7P53 alterations in BRCA/-associated and
sporadic tumors may be biased. Heterogeneity in histology could create a bias. For
example, medullary breast carcinomas are more common among BRCA/[-associated
breast cancer as compared to sporadic breast cancer. Furthermore, BRCA/ alterations
themselves may create a bias. The Jewish founder mutation 185delAG represents a
large proportion of the BRCA/ mutations studied so far. Approximately 90% of the
BRCA I-associated tumars involve loss of heterozygosity. Therefore, in addition to the
mutant germ-line BRCA/-allele these tumors may have an intact BRCA/-allele,
allowing those tumors to develop through a different pathway that may not involve
TP53-inactivation. Finally, the number of tumors investigated is still small and larger
sample sizes are required for a better estimate of the P53 mutation frequency.

As yet, no other mutations have been reported in BRCA/[-associated tumors,
Although the incidence of TP53 abnormalities in BRCA l-associated tumors is high
(84%, Table 1), not all BRCA/-associated tumors seem to harbor a TP33 aberration,
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Although the question “Is TP53 dysfunction required for BRCAI-associated
tumorigenesis?” cannot be answered with affirmative “yes”, the prerequisite of TP53
dysfunction for progression of a tumor that is initiated by BRCAI! is not yet
disproven. In addition to an underestimation of TP353 aberrations due to technical
difficulties, TP53 function may be eliminated through other mechanisms, such as
hypermethylation or mutation of the 7753 promoter region or large chromosemal
deletions involving the TP53 locus, If not TP53 itself, one or another component of
the TP53-dependent cell cycle control checkpoint may be altered (Figure 2), Since
both TP53 and BRCAI regulate p21, this p2/<%""" gene would be a likely
candidate, Although intragenic mutations in p2/%?"9 are absent in human
malignancies®, downregulation of p21 expression by other means could result in an
escape from the checkpoint control mechanism. During the preparation of this
manuseript Li et al'® published that binding of CtIP to the BRCT repeats of BRCAI
is abrogated upon DNA damage and that expression of exogenous CtIP diminishes the
transactivation of the p21 promoter. Since both TP53 and CtIP bind BRCA1 at the
same position, this suggests that their binding may be mutually exclusive and that
only binding of TP53 may transactivate the p21 promoter. Consequently, mutations
resulting in a relalive overexpression of CtIP protein may cause the inability to
transcriptionally activate p21. Furthermore, alterations in cell cycle proteins as for
example amplification of the cyclin D1 gene or the cyclin-dependent kinase 4 (CDK4)
gene, known to be involved in a subset of breast cancers *"'%2 could also be involved
in BRCAI-mediated carcinogenesis.

In conclusion, this review has indicated that 7P53 alterations indisputably ocour
more often in BRCA/-associated tumors than in sporadic breast or ovarian tumors.
This implies that loss of TPS3 function is a critical event in the molecular
pathogenesis of BRCA-associated tumors, However, since TP53 alterations have not
been found in afl BRCA I-associated tumors, we speculate that other genes, most likely
involving the TP53 checkpoint mechanism, might be involved,
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CHAPTER 6B

Introduction

Hereditary ovarian cancer, which comprises approximately 10% of epithelial ovarian
cancers, has been described in association with three autosomal dominant syndromes:
hereditary breast and ovarian cancer (HBOC), hereditary site-specific ovarian cancer
(HOC), and the hereditary nonpolyposis colon cancer syndrome (HNPCC). In 80% of
families with inherited breast and ovarian cancer and in nearly half of familial breast
cancers linkage to the BRCA/ gene exists, The majority of reported BRCAI gene
nutations are frameshift or nonsense mutations that result in premature truncation of the
encoded protein,

Recent data have shown that BRCA 1 and TPS3 physically associate and that BRCAI
enhances TPS3-dependent gene expression by acling as a co-activator, whereas mutant
forms of BRCA| lacking the second BRCA1 C-terminal (BRCT) domain show reduced
TP53-mediated transcriptional activation.™” The cooperative action of BRCA1 and TP53
is further strengthened by the observation that early embryonic lethality of breal deficient
mice could be partially rescued by 53 or p2f null mutations.” Mutations in the TP53
gene are the most common somatic changes found in sporadic breast and ovarian cancers
but no data are available on TP53 in hereditary ovarian cancers. We investigated the
prevalence of TP353 gene alterations in BRCA [ -associated hereditary ovarian cancers.

Patients and Methods

TP53 gene mutations were studied using polymerase chain reaction-single strand
conformation polymorphism analysis and subsequent sequence analysis4 on genomic
DNA isolated from seven frozen ovarian tumor specimens from individuals of six
consecutive families with distinct BRCA/ germ-line mutations, which previously had
been identified by the Department of Clinical Genetics (Erasmus University Rotterdany).
Two tumors were recognized as a primary peritoneal carcinoma with papillary serous
histology.” One woman (family 1) was diagnosed with this condition 17 months after
prophylactic oophorectomy.

Results and Discussion

In all seven hereditary tumor specimens analyzed acquired 7P53 mutations (Table 1)
were identified (P<.01, tested against 27 TP53 gene mutations observed by us in 62
unselected ovarian tumor specimens). These mutations localized to the DNA binding
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Table 1: T7P53 mutations in BRCAI-associated ovarian tumeors

BRCAI mutations

Clinico-pathological characteristics TP53 mutations
Family Designation Predicted Age Histology Research FIGOG- Codon  Nucleotide Amino
effect material stage acid
1 1411msT F 61 serous PSCP c 179 CATCGT  His—Arg
2 IVS12-1643del3835 F 37 serous primary tumor [EH 242 TGCH»TCC  Cys—Ser
F 57 Serous primary tamor mc 281 GALC 5GAG Asp—Gle
3 IVS12-1643del3835 F 64 serous PSCP - 174 CGCHCAC Arg—His
4 ESO8X N 51 serous peritoneal mc 273 CGTCAT  Arg-»His
metastasis
5 5396+1G>A S 37 poorly diff, primary fumor oIc 275 TGTSTAT  CysTyr
6 IVS22+3G>A S 49 endometriold  primary tumor e 237 ATG SATA  Metolle

PSCP: papillary serous carcinoma of the peritonevm. F: frameshift; N: nonsense; S: splice-site mutation (as described in BIC, breast cancer information
core). FIGO: International Federation of Gynaecology and Obstetrics. - : unknown.
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domain of 7753, which has been shown to be essential for its tumor suppressive function,
One of the mutations (codon 273) affects direct DNA binding, whereas four other
mutations (codons 174; 179; 237, 242) are localized to the Zn-binding domains, Crook et
al® recently reported similar findings for seven BRCAI-associated familial breast cancers.
Whereas all but one of the mutations in their study localized to exon 5 of TP53, the
mutations reported here were equally distributed over exons 5, 7, and 8 of the gene.

What then could be the role of TP53 in BRCA[-associated ovarian cancer? Our data
and those of Crook et al® suggest that for BRCA l-associated breast and ovarian tumori-
genesis acquired sonwatic mutation of the TP53 gene is essential. TP53 and BRCAI are
both involved in cellular proliferation and interact directly with RADSI, a DNA repair
protein. Kinzler and Vogelstein theorized that "caretakers”" maintain the integrity of the
genome whereas "gatekeepers" regulate cellular proliferation and differentiation.’ Thus,
inactivation of a caretaker gene causes genetic instability that results in an increased
mutation rate, but only when a gatekeeper becomes inactivated, neoplasia can occur, We
have provided evidence that mutation of the TP53 gene could be a necessary step in
BRCA1-associated ovarian cancer, Based on these observations we would like to propose
a role for BRCA/! as a caretaker whereas TP53 appears to fit the gatekeeper class more
explicitly in BRCA I-associated ovarian cancer.
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varian cancer may be regarded as a potentially curable disease for which a
Ovariety of anticancer drugs alone or in combination produce durable remissions.
Further progress in the treatment of this disease depends on:

1} refinements of the prognostic groups based on the classical FIGO stage criteria
either by incorporation of morphological atiributes including grade, morphometry,
ploidy, molecular markers of proliferation, germ-line genotyping, genetic
polymorphisms, membrane-finked growth factor levels or cell cycle checkpoints
conirol genes

2) identification of subgroups which may respond to certain drugs, either related o
expression of drug resistance proteins, presence of repair enzymes or expression of
proteins related to drug-related apoptosis,

Many observations indicate that cancer susceplibility is under complex
multigenetic influences. The pl6™ *YRB and the pl14**/TP53 pathways have been
shown to play a ceniral role. Multiple cross talks are known to exist between these
two pathways, Both pathways can be dercgulated by homozygous deletions of the
INK4a/ARF locus.! With respect to the p/6™ " /MTSI gene, chapter 2 describes a
low prevalence of p/ 6™ mutations in a set of 32 ovarian tumor specimens. Other
authors have also reported a low prevalence of pl6™ ™™ mutations,21® The
method we used to study p/6™**/MTSI mutations, i.e. PCR-SSCP, is not sensitive
enough to detect homozygous deletions unambiguously. Homozygous deletion has
been shown to be an infrequent way of pl6™ */MTSI inactivation in ovarian
cancer.246-12 In chapter 2 we have suggested that methylation may cause p16™**
inactivation. However, more recent reports have shown that methylation inactivation
of pt6™** does not play an important role in ovarian carcinogenesis.6:8.13-15
Whether the lack of homozygous deletions and hypermethyation of pl6™F s
inherent to the methodology used remains an intriguing question, Future studies
dealing with tumor specimens should therefore utilize microdissection techniques for
the enrichment of tumor cells prior to studying genes, Alternatively, the use of
xenografts, for example, may be useful to demystify the role of p16™** inactivation,

Despite the absence of mutations and homozygous deletions of the p/ 6™ */MTS1
gene in ovarian tumor specimens, these alterations have been observed more often in
cell lines.!S Since loss of heterozygosity (LOH) at 9p21 ocewrs in 50-65% of human
epithelial ovarian tumors®!0 and alterations of p/6™%* seem to be a rare event in
ovarian carcinogenesis, this raises the possibility that another gene, located in the
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same region, is implicated. The p/ 5™ *®/MTS2 gene is another member of the INK4
family. This family consists of p16™*4e p15™K® 118K 40 d p19™K% \which are all
inhibitors of CDK4 and CDK6. In contrast to pl6™* which is activated by
oncogenic stresses, the expression of p15™<* is upregulated by the negative growth
factor TGFB.!” The p/ 5™ gene is also located on 9p21, immediately upstream of
6™ I this view, p/ 5" might be a plausible candidate. Only few studies have
addressed the role of p15™*" in ovarian cancer. Homozygous deletions of p15™k*
have been reported to occur in 1-33% of ovarian tumor specimens whereas mutations
are rare. %32 Perhaps, an even more interesting candidate is the p/4* gene. Recently,
the genetic focus encoding p16™ “*/MTS has regained interest because it also encodes
the unrelated p14*®* protein (or murine homologue pl9ARF), which arises from an
alternative reading frame of the p/6™** gene!® (see Introduction). The p14**F protein
has turned out to be a negative regulator of the TP53-destabilizing oncogene MDM2,
Therefore, in view of its capacity to induce cell cycle arrest in cell lines, p14*%F is
likely to be a good candidate as a target for inactivation. It has been shown that, when
overexpressed, the amino-terminal moiety of ARF (amino acids !-64), encoded
entirely by exon Ip, is sufficient for the induction of cell cycle arrest.'®20 So far,
however, no tumor-specific point mutations in exon 18 have been detected in a variety
of human tumors?!22 and those found in the exon 2 part common to both proteins do

4*%F activity while inactivating p16™<* 19

not appear to be deleterious for pl
Nevertheless, in small cell lung cancer ARF expression was found to be lost in 65%
of tumors.?? It is also interesting to mention that haploinsufficiency by itself may have
strong effects on tumorigenesis.?? Different cell types may have different sensitivities
to changes in the genetic dose of INK4a/ARF.

In conclusion, although at the time of its discovery the p/6™**/MTSI gene raised
high expectations as the candidate tumor suppressor gene that could explain the high
rate of LOH at 9p21 observed in multiple cancers including ovarian cancer, it now
becomes clear that the p/6™*™ gene may not be the target. Since the p14*® protein
provides a link between the pl6™**/RB and the TPS3/RB pathway, inactivation of
the INK4a/ARF locus could provide a mechanism to interfere with both pathways.
With respect to inactivation of the TPS3 pathway, the high rate of LOH on
chromosome 17p13 observed in ovarian cancer can be attributed to the inactivation of

the 7P53 gene.?>?7
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In recent years numerous reporis have appeared on the relation between TPS3
status and {progression-free or overall) survival, and conflicting conclusions have
been reached on the prognostic value of TP33 in ovarian cancer. The lack of
unanimity between authors may be explained by: (@) differences in technigues used
for the analyses of TP53 status; (b) tumor heterogeneity; (¢) patient sample size; (d)
subset analyses; (e) retrospective nature of the siudies; (f) different treatments of
patient population; (g) different prognostic covariates used in the multivariate
analyses; (/) the subjectivity inherent to some approaches and (7) publication bias,
Some of these items have been addressed in this thesis and will be discussed below.

With respect to differences in technigues used for the analyses of TP53 status,
many studies have used immunohistochemistry to determine TP53 status, This
approach, however, can give false negative results in the case of stop codons,
frameshift and destabilizing mutations. In contrast to TP53 accumulation that is
indicative for the presence of missense mutations, nonsense and frameshift mutations,
both causing premature termination codons and leading to truncated proteins, do not
cause TP53 accumulation, Heterogeneity also results from the use of different
antibodies, different techniques to prepare sections and different criteria for scoring
positives. Chapter 3 describes a relatively high prevalence (in 8% of the tumors) of a
distinct nonsense mutation at codon 213 (Arg—STOP) of the TP53 gene. Tn addition
to common missense mutations (in 28% of the tumors), non-missense mutations,
consisting of frameshift, nonsense and splice site mutations, were delected in 14% of
the tumor specimens. The pattern of 7P53 alterations within exons 5-8, i.¢. the high
prevalence of non-missense mutations and especially the high prevalence of the codon
213 nonsense nutation, differs from that described in other studies of ovarian cancer
patients from the western world. Future studies have to confirm the high prevalence of
the codon 213 nonsense mutation and, in addition, epidemiological studies including
patient characteristics, ethnicity, place of residence, clinical course and mutagen
exposure will be necessary to understand the high prevalence of this mutation. In
conclusion, chapter 3 as well as other studies28:2? have described a high prevalence of
non-missense mutations in ovarian cancer. Since many studies have used
immunohistochemistry to determine TP53 status, the actual 7753 mutation frequency
in ovarian cancer is likely to be underestimated.

_ Direct assessment of 7P53 mutation avoids the uncertainties inherent in inferring
TP53 status from TP33 protein levels. Techniques that detect small changes in DNA
structure caused by nntations are often used as a first step, Although single strand
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conformation polymorphism analysis (SSCP) is frequently used, other techniques
such as dideoxyfingerprinting (ddF), denaturing gradient gel electrophoresis (DGGE)
and constant denaturing gel electrophoresis {CDGE) have also been applied to
determine TP33 status. Ultimately, sequencing is always necessary to avoid false
positives caused by known polymorphisms and silent mutations. Since the majority of
TP53 mutations have been reported to be localized to the sequence-specific DNA-
binding domain and analysis of the complete coding region is time-consuming, most
researchers have restricted their analysis to exons 5-8 of TP53. Only few studies have
reported mutations outside exons 5-8 in ovarian cancer?®?? and the assumption that
TP53 is frequently targeted by missense mutations in the DNA-binding domain may
well be explained by the trivial fact that most published studies screened exons 5-8.
Future studies should therefore analyze the complete coding region of TP33. An
important advancement in cancer research is the entry of the DNA chip technology,
which makes it easier to screen the complete TP33 gene. In 1997 Affymetrix launched
its GeneChip® p53 assay for research applications. The GeneChip p53 assay is the
first commercially available DNA probe array-based product capable of analyzing the
full-length coding sequence of the human TP33 tumor suppressor gene. This
technology, however, requires diverse specialist equipment and, therefore, the assay is
too expensive for general laboratory use. The technique is limited because only point
muiations and single base pair deletions can be detected but in case of ovarian cancer
this limitation may not be problematic.

With respect to heterogeneity, ovarian cancer represents a broad range of disease.
Approximately 5-10% of ovarian tumors are familial and inherited mutations in the
BRCAI gene account for up to 80% of families with both breast and ovarian cancer.*®
Chapter 6A reviews recent literature on BRCA I-fieldwork and stresses the almost all-
important role of TP53 in BRCA l-associated tumorigenesis. The pivotal role of TP53
is illustrated in chapter 6B by our own findings in a small set of BRCA/-associated
ovarian and peritoneal tumors. The significantly increased frequency of T7P53
aberrations in BRCA /-associated fumors needs to be further investigated in larger sets
of defined tumors. In addition, it is important to unravel whether TP53 is involved in
the development or in the progression of BRCA /-associated tumors. Furthermore, the
interaction between BRCA L, BRCA2, RADS! and other proteins needs to be further
investigated, especially in relation to their role in repair, To uncover why TPS3 is
such an important player in the development of BRCA I-associated tumors may not
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only give us a better understanding of BRCA/-associated tumorigenesis but may also
provide new tools to improve treatment strategies for hereditary ovarian cancer,
Finally, the question remains whether there are other genes involved in BRCA/-
associated (and naturally also in BRCA /-independent) hereditary ovarian cancer.

The majority of epithelial ovarian tumors are, hoivever, sporadic. They can be
benign (adenomas), intermediate malignant (borderline tumors) or simply malignant
(carcinomas). Ovarian tumors are characterized by differences in the prevalence of
TP53 mutations. Whereas TP53 inactivation may be a prerequisite for the
development of hereditary BRCA/-associated tumors (chapter 6), TP53 alterations
have been found in approximately half of the sporadic carcinomas (chapters 3 and 4).
With respect to borderline tumors, chapter 5 discusses the prevalence of TP353
mutations and relative protein overexpression in these tumors, It was shown that TP33
alterations are infrequent in ovarian bordetline tumors. However, borderline tumors
have a relative high incidence (27%) of K-RAS mutations. Interestingly, K-RAS
mutations were observed more often among borderline tumors with a mucinous
histology {67%) compared to tumors with a serous histology (11%), Since the
mucinous histology is more common among borderline tumors {approximately 35%)
than among carcinomas (approximately 10%), this may explain the reported higher
overall prevalence of K-RAS mutations among borderline tumors compared to
carcinomas. Finally, the total number of genetic alterations (both K-RAS and TP53
alterations) seems to be increased in borderline components that are adjacent to

infiltrative components,

There is clear experimental evidence that TP53 aberrations play a critical role in
the development and progression of ovarian carcinomas but the prognostic and
predictive significance of TP53 aberrations is still unclear, Moreover, it is not known
how and to what extent 7P53 mutation affects the function of the protein. More
insight could come firom the study of downstream genes of TPS3. To date, genes
considered to be target genes of TP53 include the cell cycle inhibitor p21/WAF1/CIP
and the apoptosis-associated genes BAX and BCL-2. Our findings on the clinical
relevance of TP53 mutations and the expression of TPS53 and its downstream genes
are described in chapter 4. In conclusion, we showed that high expression of the
apoptotic protein BAX predicts a favorable progression-free and overall survival in
patients with epithetial ovarian carcinoma. Furthermore, we showed that the combined
evaluation of BAX and BCL-2 expression results in a more pronounced significance
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of these apoptosis-related proteins: high BCL-2 expression superimposing on the
favorable effect of high BAX expression. The prognostic role of BAX expression has
not been thoroughly studied yet, except for one study by Tai et al.>! They found high
BAX levels to be associated with improved disease-free survival but not with overall
survival in a similar group of tumors from patients with a shorter follow-up compared
to our study. In the second place, chapter 4 describes that high TP53 expression in
tumors is associated with an unfavorable overall survival, The favorable effect of no
TP53 accumulation is strengthened by the absence of TP33 mutation. 7P53 mutation
by itself was not found to be associated with a poor oulcome of disease and in
multivariate analyses TPS53 expression was not independently associated with
survival. Since TPS53 has such an important function in diverse cellular functions (see
Introduction), the lack of an independent correlation between TP53 status and disease
outcome may seem surprising but is consistent with the overall conclusions from
many other studies. 250 As described above, underestimation of the frequency of
TP53 mulations, small numbers of patients, subset analyses and different prognostic
covariates used in the multivariate analyses make it difficult to compare results.
Although there appear to be numerous databases on 7P53 mutations, to our
knowledge, no large mulii-centered study or meta-analysis has been published with
respect to the prognostic role of TP53 in ovarian cancer so far and the time is ready
for such an analysis to be carried out.

It is beyond the scope of this thesis {o discuss drug resistance in any detail (for
review see Nooter and Stoter).3! This is an important area of research and the ability
to accurately predict chemosensitivity/chemoresistance would be of major prognostic
interest and an important advance. Recently, using a yeast system, genes (PDE2,
ZDS2)y have been identified which confer cellular resistance to cisplatin when
overexpressed.’? With respect to ovarian cancer and therapy resistance, most of the
studies that have been published have been small and inconclusive. However, there
are data to suggest that GSTpi expression’, TP53 expression®, BCL-2 expression?,
LRPSS, MRPS, MDRI1%, excision repair’®, HER2/neu (¢cERBB2)*® and laminin
expression®® correlate with response to chemotherapy in ovarian cancer, but they all
deserve more detailed study before they are considered of clinical value. We could not
demonstrate an association between response to platin-based chemotherapy and TP53
alterations or BAX expression (chapter 4). With respect to the latter, an association
was suggested between reduced BAX expression as a consequence of TP53 mutation
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and cisplatin resistance in cisplatin resistant variants of the ovarian cancer cell line
IGROV-1.%0 However, in vivo a tumor cell is patt of the complete architecture of the
tumor, In cell lines, however, no tumor-stromal interaction exists and it is especially
this interaction, which may be underestimated in many studies. Interestingly, BAX
expression has been associated with a complete response to paclitaxel containing first-
line chemotherapy.®! Since nearly all patients received platin-containing
chemotherapy, we could not investigate the relationship between BAX expression and
response to taxol-containing chemotherapy. Thus, not only the prognostic but also the
predictive role of BAX expression in tumors needs further investigation,

With respect to the techniques used, a fundamentaily different technique to study
the biological effect of TP53 mutation is the yeast assay. Since this assay tests the
critical biological function targeted by TP353 mutation in tumors, namely the ability of
TP53 to activate transcription, this technique may even provide a better tool to study
TP53 dysfunction, when possible in combination with sequence analysis. However,
by using such a technigue the emphasis is placed on one gene rather than on a series
of genes or gene products. This study is not the first and will not be the last to suggest
that more reliable prognostic information can be obtained from an analysis of multiple
genes associated with one biological pathway. Furthermore, it is likely that TP53 may
be dysfunctional in many of the specimens despite the absence of mutations. If TP53
is directly targeted in >50% of human malignancies, then TP53 negative tumors have
likely sustained epistatic mutations such as MDM2 amplification or ARF loss. It may
thus well be naive to think that a single gene mutation, even one as critical as TP53,
can predict prognosis. After all, carcinogenesis is a complex process, with multiple
genetic lesions and gene product interactions,

GENERAL

There is obvious merit in being able to accurately predict clinical outcome and
tailor treatment according to individual risk and potential benefit for patients with
epithelial ovarian cancer.®! There has been and there continues to be a lot of effort in
identifying new prognostic and predictive factors, A number of rapidly emerging
technologies including comparative genomic hybridization (CGH), multiplexed loss
of heterozygosity analysis, differential display and suppressed subtractive
hybridization are beginning to allow analysis of global genetic changes in an
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individual tumor, Moreover, the past few years it has been shown that an enormous
amount of information can be obtained through large-scale gene expression analyses.
Gene expression profiling with techniques such as cDNA microarrays, serial analysis
of gene expression (SAGE) and proteomics (MALDI) are novel techniques with
heavy reliance on bioinformatics, which give relative expression levels of known and
unknown genes. These new techniques provide the opportunity for new tumor
classification and possible response to treatment.%2-67 It is anticipated that this will be
an area that will rapidly evolve and possibly alter our current approach of classifying
ovarian tumors and predicting response to therapy and patient outcome.

The search for new prognostic factors and testing is thus rapidly evolving with an
increased understanding of the molecular basis for ovarian carcinogenesis and
progression coupled with technological advances such as DNA arrays and
bioinformatics, We are at the threshold of developing a new and more objective as
well as rational approach to predict prognosis and response to therapy. However,
before new prognostic factors find their clinical application, they should be subjected
to rigorous testing and evaluation, Multinational prospective studies will obtain more
generatizable results than small studies. Meta-analysis may also play an important role
to interpret the enormous amount of information, Since we all seek the same goal of
firther exploring the biology of ovarian cancer and improving therapies for and
survival of ovarian cancer patients, working in concert seems an obvious way to
proceed, It therefore is extremely important to stimulate communication between
researcher, pathologist, oncologist and anyone else involved. Finally, it should be
remembered that although from the researcher’s point of view the aim is lo achieve
the maximum quantity of life, an increasing emphasis also has to be placed on the

quality of life.
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SUMMARY

SUMMARY

Ovarian cancer is the most deadly gynecological disease. Lethality is high due to
the insidious onset of the disease and the development of chemotherapy resistance. As
other cancers, ovarian cancer arises through the accumulation of genetic alterations.
Littte is known about the underlying genetic mechanisms responsible for the
development of this biologically aggressive malignancy. The only way to develop
new, effective therapies for epithelial ovarian cancer patients is to improve our
understanding of and ability to identify the genetic changes leading to initiation and
progression of ovarian cancer and to sensitivity and resistance to chemotherapy. This
thesis describes genetic alterations in ovarian cancer and, if possible, their relationship
with clinico-pathological parameters, clinical outcome and response to platinum-based
chemotherapy.

Chapter 2 describes the prevalence of MTSI/CDKN2/pl6™* alterations in
ovarian carcinomas and in ovarian cancer cell lines. Initial studies with cell lines
showed that this tumor suppressor gene is homozygously deleted or mutated in many
human cancer cell lines. It therefore was suggested to be an important player in a
variety of human cancers including ovarian cancer. However, no somatic mutations
were detected in ovarian tumor tissue specimens, In contrast, the TP53 tumor
suppressor gene is frequently mutated in ovarian cancer and chapter 3 describes the
prevalence of TPJ3 mutations in ovarian tunors. Interestingly, a nonsense mutation at
codon 213, was seen in 8% of the tumor specimens. In addition, several other
nonsense and frameshift deletions were encountered, all resulfing in truncated TP53
proteins, These so-called null type non-missense mutations (in 13% of the tumor
specimens) cannot be detected using immunohistochemistry. This in contrast to the
more common missense mutations, which result in stabilization of the TP53 protein
and thus a relative overxepression, that is measurable by immunohistochemistry, We
therefore concluded that it is important not to restrict to one technique when studying
TP53, After all, neither immunohistochemical nor genetic analyses are infallible at
mutation detection. Most studies, however, have utilized only one approach, mainly
immunohistochemistry, to study 7P53 status. This may explain why the prognostic
and predictive significance of TP53 aberrations in ovarian cancer is stil} under debate.
Chapter 4 describes the prognostic significance of both TP53 mutation and TP53
protein expression in ovarian cancer, and also of the combination of these data. Since
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it is not known how and to what extent TP53 mutations affect the function of the
protein, chapter 4 also describes the expression of certain downstream genes of TP33,
including the cell cycle inhibitor p2 1I/WAF1/CIP1 and the apoptosis-related proteins
BAX and BCL-2. Data were evaluated in relation to clinical outcome. Interestingly,
Bax expression was found to be a favorable indicator for both progression-free and
overall survival. Although Bel-2 was not significantly associated with prognosis, those
patients whose tumors simultaneously expressed high levels of BAX and BCL-2 had a
longer progression-free and overall survival compared to patients whose tumors did
not express BCL-2. With respect to TP53, only TP53 expression was associated with a
poor overall survival, Combining mutation and expression data resulted in an
increased association with overall survival. No relations were observed between tested
factors and response to platinum-based chemotherapy.

Although chapters 3 and 4 showed that the TP53 gene is frequently altered or
overexpressed in malignant ovarian tumors, chapter 5 demonstrates that 7P53
alterations play no major role in the tumorigenesis of ovarian borderline tumors. In
contrast, mutation of the proto-oncogene K-RAS is frequently (27%) observed in
borderline tumors. Further analysis showed that mutations are strongly associated with
the mucinous cell type, implying that K-R4S mutational activation is linked to
mucinous differentiation. Interestingly, there are more mucinous borderline tumors
than mucinous carcinomas and this may explain the reported higher frequencies of
K-RAS mutations in borderline tumors compared to carcinomas.

Chapter 6a covers a review on the breast cancer susceptibility gene | (BRCAD).
Inherited mutations in the BRCA/ gene are responsible for up to 80% of families with
both breast and ovarian cancer. We hypothesized that TPS3 dysfunction may be
required for BRCA I-associated ovarian tumorigenesis. This hypothesis is strengthened
by the observation that a small number of BRCAI-associated ovarian tumors studied
all demonstrated TP53 alterations (chapter 6b).

Finally, chapter 7 critically evaluates the results of the studies described in this
thesis and discusses recently developed technologies. Moreover some ideas are
suggested that may help to improve ovarian cancer research,
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Ovariumkanker is een ziekte die zich bij 1 op de 70 vrouwen manifesteert, Deze
ziekte wordt pas vaak in een laat stadium ontdekt. Naast het operatief verwijderen van de
tumor worden de meeste patiénten behandeld met een zogenaamde platinum-bevattende
chemotherapie. Vaak echter wordt er resistentie tegen chemotherapie ontwilkkeld.
Ovariumkanker kent dan ook vaak een dodelijke afloop. Bekend is dat kanker in het
algemeen ontstaat door een opeenstapeling van hoofdzakelijk genetische defecten. Br is
echter nog weinig bekend over de genetische defecten die ten grondslag liggen laan
ovariummkanker, Voor de ontwikkeling van nieuwe effectieve therapicén is rheer
genetische kennis nodig omtrent het ontstaan en de progressie van ovariumkanker en de
ontwikkeling van chemotherapie resistentie. Het in dit proefschrift beschreven onderzoek
was erop gericht om I) meer inzicht te krijgen in genetische veranderingen betrokken bij
ovariumkanker en om 2) prognostische en predictieve markers te vinden die het beloop
van de zickte en de respons op chemotherapie kunnen voorspellen, De achtergrond van
ovartumkanker en de daarbij betrokken genen zijn beschreven in de het inleidende
hoofdstuk 1 van dit proefschrifl.

Hoofdstuk 2 beschrijft het voorkomen van M7SI/CDKN2/pl6™ " mutaties in
ovariumumoren en in ovariumtumor cellijnen. Eerdere studies hadden aangetoond dat dit
tumor suppressor gen vaak gemuteerd of gedeleteerd is in cellijnen atkomstig van veel
verschillende tumoren, inclusief ovarium tumor cellijnen. Aangezien er in
ovariumtumoren vaak verlics van heterozygotie op 9p21, het MTS1/p/ 6™ {ocus, was
waargenomen, werd gespeculeerd dat het MTSI/pIéINm" gen cen belangrijke rol zou
kunnen spelen bij de ontwikkeling of progressie van ovariumkanker, Het in hoofdstuk 2
beschreven onderzock toont echter aan dat mutaties in dit gen niet voorkomen bij
ovariumtumoren,

In tegenstelling tot het M7S1/p16™ % gen is het 7P53 tumor suppressor gen wel vaak
gemuteerd in ovaritmtumoren, hetgeen beschreven is in hoofdstuk 3. Afhoewel de
aanwezigheid van mutaties doorgaans wardt onderzocht door rechtstrecks het DNA te
bestuderen, wordt bij TP53 vaak het eiwit onderzocht met bijvoorbecld
immunohistochemie. Immers, de meeste TP53 mutaties leiden tot stabilisatie van het
eiwit. Sommige 7P53 mutaties echter leiden niet tot een gestabiliseerd eiwit maar juist tot
het verdwijnen van het eiwit. Dergelijke mutaties zullen dus onopgemerkt blijven
wanneer TPS53 alleen met immunochistochemie bestudeerd wordt, Hoofdstuk 3 beschrijft
een relatief ‘hoog percentage (13%) van deze zogenaamde non-missense mutaties in een
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set ovariumtumoren afkomstig van patiénten uit het zuidwestelijke deel van Nederland.
Opvallend hierbij was dat één bepaalde mutatie in codon 213 voorkwam in 8% van de
onderzochte tumoren. Vanwege het feit dat ongeveer een kwart van de mutaties niet leidt
tot stabilisatie van het eiwit dient het aanbeveling om zich niet alleen te beperken tot
immurniohistochemie bij het bestuderen van TP53 in ovariumtumoren.

Het feit dat de meesie studies zich wel beperkt hebben tot immunohistochemie zou
kunnen verklaren waarom de prognostische en predictieve waarde van TP53
veranderingen bij ovariumkanker nog steeds ter discussie staat, In hoofdstuk 4 is getracht
het, klinisch belang van zowel TP53 mutaties als ook van TP533 eiwitexpressie te
onderzoeken. Het TP53 eiwit functioneert als cen transcriptiefactor betrokken bij onder
andere de controle van de celeyclus en bij geprogrammeerde celdood (of apoptose).
Omdat niet bekend is of en hoe verschillende TP53 mutaties effect hebben op de functie
van het eiwit, is in hoofdstuk 4 tevens de expressie van zogenoemde “downstream” genen
van TP53 onderzocht, namelijk van de celeyclus remmer p2l/WAF1/CIP]1 en de
apoptose gerclateerde ciwitten BAX en BCL-2, Verhoogde BAX expressie bleek een
indicator te zijn voor een gunstige progressie-vrije en totale overleving, terwiji verhoogde
BCL-2 expressie niet bijdroeg tot een significant veranderde overleving. Onverwacht
echter toonde de combinatie van BAX en BCL-2 expressie aan dat patiénten met zowel
hopge BAX als hoge BCL-2 expressiepatronen in hun tumoren een betere overleving
hadden dan patiénten met hoge BAX en lage BCL-2 expressie. Met betrekking tot TPS53
werd gevonden dat verhoogde expressic peassocicerd is met een slechtere totale
overleving, Het combineren van de TP53 mutatie- en expressiegegevens toonde aan dat
patiénten met tumoren zonder mutatie en negatief voor TP53 expressic de meest gunstige
overleving tonen. Verder zijn geen associaties waargenomen tussen de geteste factoren en
respons op platinum bevattende chemotherapie.

Alhoewe] TP53 veranderingen vaak voorkomen bij maligne ovarivmtumoren, laat
hoofdstuk 5 zien dat deze veranderingen niet frequent voorkomen bij de zogenaamde
borderline tumoren, Deze tumioren vormen een inmtermediair fussen de maligne
carcinomen en benigne adenomen, Het is vooralsnog onduidelijk of borderline tumoren
kunnen ontaarden in maligne carcinomen of dat deze tumoren een aparte groep vormen.
Alhoewe! 7P53 mutatics niet vaak voorkomen in borderline tumoren, beschriift
hoofdstuk 5 dat mutatie van het proto-oncogen K-RAS relatief vaak voorkomt, namelijk
in ongeveer 30% van de fumoren. Nader onderzoek toonde dat de K-RAS mutaties met
name voorkomen in borderline tumoren met een mucineuze histologie. Tumoren met een
mucineuze histologie komen vaker voor bij borderline tumoren dan bij carcinomen,
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hetgeen zou kunnen verklaren waarom K-RAS mutaties vaker in borderline tumoten
gerapporteerd zijn dan in de meer kwaadaardige carcinomen,

In tegenstelling tot sporadische fumoren words hu gg‘f@lijkq tumnoren een genetisch
defect overgeérfd. Hierdoor is de kans op het ontwikkelen van een tumor gedurende het
leven sterk vergroot. Het BRCA{ gen is een gen dat vank betrokken is bij erfelijke
vormen van berst- en ovariymkanker, Mutatios in dit gen zijn verantwoordelijk voor
ongeveer 50% van de vrouwen met erfelijke borstkanker en voor 80% van de vrouwen
met zowel borst- als ovariumkanker, Hoofdstuk 6 geeft een overzicht van de interactie
vap BRCA1 met TP53. Naar aanleiding van een literatwuroverzioht van 7753 mutaties in
BRCA[-geassocicerde tumeren wordt de hypothese gesteld dat TPS3 dysfunctie een
vereiste zou kunnen zijn voor het ontwikkelen van een BRCA/-geassocieerde
ovariumtumor, In het tweede deel van hoofdstuk 6 wordt deze theorie kracht bijgezet met
behulp van de eigen resultaten, namelijk dat in een kleine set van gifelifke
ovariumtumoren met een bevestigde BRCAI mutatie 7P353 mutaties aangetroffen zijn in
alle zeven tumoren,

Hoofdstuk 7 evalueert de resultatery besehreven in dit proefschrift, bediscussieert
enkele recent ontwikkelde technologiegn en oppert enkele ideeén, die zouden kunnen
bijdragen om het ovariumkanker onderzoek te verbeteren,
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