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Introduction

The goal of this project is to develop new strategies for immune-based therapy of breast cancer, based on
expression of the tumor-associated antigen EGFRVIII, a variant of the epidermal growth factor receptor.
EGFRVIII was detectable by immunohistochemistry in 3/11 breast carcinomas tested, with mRNA
corresponding to EGFRVIII detectable in these 3 plus an additional 5 (total 8/11) by RT-PCR and
ethidium bromide staining (Wikstrand 1995). Flow cytometric analysis demonstrated cell surface
reactivity of tumor cells with anti-EGFRVIII monoclonal antibodies (mAbs) in 5 of S mechanically
dissociated primary breast carcinomas. EGFRVIII is not detected in most normal tissues. Thus EGFRvIII
is a tumor-associated that may be a useful target for immunotherapy. Activation of cytotoxic T cellsto
carry out their cytolytic function normally requires engagement of their specific T cell receptor by
appropriate antigenic peptides on the target cell in the context of MHC Class I molecules, plus additional
activation signals. We proposed to bypass the need for specific antigenic recognition by using an
antibody that can specifically recognize the EGFRVIII antigen on the tumor target cell and also activate T
cells directly. This can be accomplished by creating antibodies with different antigen binding sites on
each of their two antigen binding sites. Such antibodies are termed bispecific antibodies. An antibody
bispecific for the EGFRVIII tumor antigen and for the CD3¢ T cell activation molecule can thus bring
tumor cells in close proximity to cytotoxic T cells and also activate their cytolytic function. An advantage
of this approach is that any cytotoxic T cell would thus be capable of lysing the tumor target, regardless
of its innate T cell receptor specificity. The use of passively administered bispecific antibodies does not
require the generation of de novo immune responses, making it compatible with other cancer treatments
that may decrease immune competence in treated patients.

Body

This project was part of the doctoral research of Lisa K. Gilliam, in partial fulfillment of requirements for
the Ph.D. degree in pathology. Dr. Gilliam completed her Ph.D. work in August 1998, then returned to
medical school to finish requirements for her M.D. degree. She was awarded the Ph.D. degree in
December 1998 and the M.D. degree in May 1999. Dr. Gilliam will begin her residency in internal
medicine at University of Washington in Seattle on July 1, 1999, in preparation for a career in
hematology/oncology and clinical research in breast cancer.

The technical objectives for this proposal have been met as detailed below. The original technical
objectives were as follows:

1) The expression pattern of the EGFRVIII tumor antigen, including tumor specificity and prevalence,
will be determined for a large panel of specimens from breast cancer patients, for established breast
cancer cell lines, and for a broad spectrum of normal adult and fetal tissues, using RT-PCR, flow
cytometry, immunohistochemistry, and Western blot assays.

Results showed that EGFRVIII is relatively specific for tumor tissues, with absence of this variant
protein in most normal tissues. However, studies showed low level expression of EGFRVIII in some
fetal tissues as well as in adult human thymocytes. The expression of EGFRVIII is much higher in
tumors than in thymocytes and the contribution of adult thymopoiesis to the T cell repertoire is likely
small (Haynes 1999a; Haynes 1999b). Thus this antigen is still potentially useful for passive
immunotherapy. All breast cancer cell lines tested lacked expression of EGFRVIII. This is not
unexpected, since brain tumors that strongly express EGFRVIII in vivo progressively lose expression of
EGFRVIII when cultured in vitro. However EGFRVIII expression of brain tumors can be maintained by
growth as murine xenografts. These results suggest that although EGFRVIII may contribute to tumor
growth in vivo, it is detrimental to in vitro growth of tumor cells. These results triggered the development
of an adenovirus transducing EGFRVIII cDNA to facilitate creation of EGFRvIII-expressing cells to be
used in functional assays and tests of bispecific antibody efficacy (see below).
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2) The existence of a naturally occurring anti-EGFRvIII immune response in breast cancer patients as
well as the ability to generate a humoral or cellular immune response against EGFRVIII in these
patients will be tested in vitro, using enzyme immunoassays of patients' serum and cytotoxicity of
patients TILs and PBLs against antigen presenting cells loaded with EGFRVIII-specific peptides.

The unanticipatéd discovery of expression of EGFRVIII in adult thymocytes prompted replacement of
this original technical objective with a revised objective, as detailed in the 1998 progress report.

3) Anantibody bispecific for both EGFRVIII and CD3e will be constructed to investigate this bispecific
construct as a means to bypass requirements for specific T cell receptor/peptide-MHC matching and
todirect CTLs to kill tumor cells regardless of their natural specificity.

Molecular constructs encoding heavy and light chains of EGFRVIII and CD3e-specific mAbs were
constructed and modified to facilitate combination as bispecific antibodies, using fos and jun zipper
peptides as proposed. These constructs were sequenced and can now be used for large-scale production
of bispecific antibodies. As mentioned earlier, one problem with determining the efficacy of bispecific
antibodies produced from these constructs in vitro is the lack of stable EGFRvIII-expressing breast
cancer cell lines. Therefore, an adenovirus that efficiently transduces EGFRVIII into breast cancer cells
was constructed and characterized. These reagents are available to any researcher interested in further
pursuing the use of this approach in pre-clinical or clinical trials. The adenovirus may also be useful
independently as a vaccine to generate active immunity against EGFRVIII.

4) Immunological reagents will be developed for the inherited breast cancer susceptibility gene BRCA?2.
These will be used to study the expression pattern of BRCA2 protein in various tissues, as well as its
intracellular localization, and to gain clues regarding the normal function of this gene product.

This technical objective was substituted for the original technical objective 2 as outlined above and
described in detail in the 1998 progress report. A monoclonal antibody specific for BRCA2 sequences
was developed. Although this mAb detects full-length BRCA2 in immunoprecipitation assays followed
by Western blotting, it generally does not react with most cells or tissues in direct Western blotting or
immunohistochemical assays. We feel that this is due to the low prevalence of BRCA?2 protein in most
cells and tissues, that allows detection only after antigen concentration as occurs in the
immunoprecipitation/Western blot protocol. However, we unexpectedly found reactivity with our anti-
BRCA2 mAb 2C9in terminally differentiating normal squamous epithelial cells and in well-differentiated
squamous cell carcinomas. The specificity and significance of this finding is still unclear.

Details of all these studies are contained in the Ph.D. dissertation of Dr. Lisa Gilliam, submitted as an
addendum to this report.
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Key Research Accomplishments
sDetermined expression pattern of EGFRVIII tumor-associated antigen in normal and malignant tissues.

*Created molecular constructs necessary to generate an bispecific antibody recognizing both the
EGFRVIII and CD3¢ antigens.

*Created an adenovirus that efficiently transduces EGFRVIII cDNA and generates high level expression
of EGFRVIII on infected cells.

*Generated and characterized the reactivity of a monoclonal antibody (2C9) specific for BRCA2
sequences.

Reportable Outcomes

Manuscripts, A bstracts, and Presentations
Gilliam, L.K. Immune Based Approaches to Breast Cancer Susceptibility and Treatment, Ph.D.
dissertation, Duke University, 1998.

Gilliam, L.K., Scearce, R.M., Cirisano, F.D., Lobenhofer, E., Marks, J.R., Hale, L.P.: Production of
a monoclonal antibody reactive with BRCA?2 protein sequences. Proceedings of the American
Association for Cancer Research, 38:243, 1997.

Degrees Supported by this Award
Lisa K. Gilliam, Ph. D. in pathology, Duke University, December 1998.

Development of Cell Lines, Tissue, or Serum Repositories
2C9 hybridoma, specific for BRCA?2 sequences (exon 11)

molecular constructs for bispecific antibody:
anti-EGFRvIII L8A4 heavy chain-jun
anti-EGFRVIII L8A4 light chain

anti-CD3¢ OKT3 heavy chain-fos
anti-CD3¢ OKT3 light chain

adenovirus transducing EGFRVIII under control of CMV IE promoter
Emplovment Applied for and Received as a Result of this Award

Lisa K. Gilliam, M.D. Ph.D., intern and residency position in internal medicine at University of
Washington, Seattle. July 1999 - June 2002.




'APPENDIX

#1631 Ceruloplasmin expression Is reduced during peroxisome proiifera-
"~ tor-induced hepatocarcinogenesis. Teepe, A.G., Eim, M.S., Epley, M.J.,
shinozuka, H., Rao, K.N., and Eagon, P.K. VA Medical Center, Pittsburgh, PA
15240, Universiy of Pittsburgh School of Medicine, Pittsburgh, PA 15261
Ceruloplasmin (CP), a serum a,-globulin synthesized by the liver, has a number
of important functlons, In addition to belng an acute-phase reactant protein, It
possesses oxldase activity for ferrous ions and aromatic amines, as well as free
radical scavenger activity. The serum level of this critical protein is markedly
' reduced in Wilson’s disease, as a result of a defective P-type ATPase (WD gene)
Involved in insertion of copper into the CP protein. Long-Evans Cinnamon rats
exhibit a homologous defect; it is of note that this strain of rats is highly suscep-
tible to development of hepatocellular carcinomas (HCC). In other studies, ele-
vated CP levels have been reported in several types of cancer and inflammation,
as well as durlng pregnancy and exposure to estrogens. Thus, we tested whether
CP serum levels and steady-state hepatic CP and WD gene mRNA levels are
altered in a rat model of nongenotoxic hepatocarcinogenesis. Male Fischer 344
rats were fed diets containing the peroxisome proliferators diethylhexylphthalate
[DEHP] or clofibrate [CLF] for 3-60 days to induce hepatic hyperplasia, and
gi-  4-chloro-6-(2,3 xylidino)-2-pyrimidinyl-thio(N-B-hydroxyethyl) acetamide [BR931)
 for 10 months to induce HCCs. All BR831-treated rats developed muttiple tumors,
which were analyzed separately from surrounding liver. Exposure to DEHP and

" CLF (3, 7 & 60 days) resulted in an immediate and sustained decrease in serum

CP oxidase activity (p<0.05 compared to age-matched control rats). This de-
" crease was mirrored by reductions in both hepatic CP and WD gene steady-state
- mRNA levels (50% and 35%, respectively). Tumor-bearing rats also had signlfi-
cantly lower serum CP oxidase activity than age-matched controls (p<0.05). in
the tumors, the steady-state CP mRNA level was reduced (49%) as compared to

- control liver (p<0.05), and was reduced in liver surrounding the tumors (p<0.05).

The observed reductions of CP and WD gene mRNA ievels in livers of treated rats
provide an explanation for the reduced CP activity in serum of these rats. The

consequence of this reduced expression of CP may be a loss of oxldase and free '

radical scavenger capacity in the tumor-bearing rats, which may contribute to
both llver damage and the carcinogenic process.

#1632 p53 and proliferating cell nuclear antigen (PCNA), and genomic
instability in premalignant oral lesions. Shin, D.M., Kim, J., El-Naggar, A, Lee,
J.J., Lippman, S.M,, Lee, J.S., Hong, W.K,, and Hittelman, W.N. The University of
Texas M. D. Anderson Cancer Center, Houston, TX 77030

To better understand the pathobiology of premalignant oral lesions, the se-
lected biomarkers were studied in 68 premalignant tissue biopsies derived from
59 patients who were enrolled in a prospective randomized chemopreventive
study. Baseline tissue samples conslst of 53 hyperplasia (HYP), 11 mild dysplasia
(DYP1), 3 moderate dysplasia (DYP2), and 1 severe dysplasia (DYP3). p53 and
PCNA expression was analyzed by immunohistochemistry and numerical chro-
mosome alteration was evaluated by in situ hybridization using chromosome 9
centromeric DNA probe. p53 and PCNA expression was assessed by labeling
Index (positively expressed cells/total cells counted). Polysomy 8 (Pol 8) was
defined by % of cells containing 3 or more chromosome copies. Results are
tabulated as follows:

HYP DYP1 DYP2 DYP3
(n=53) (n=11) (n=3) (n=1) P Value*
psS3 0.09 = 0.14 0.21 = 022 0.23 > 0.37 0.018 0.12
PCNA 0.16 = 0.12 9.23 = 0.13 0.22 = 0.08 0.36 0.02
Pol 8 1.6 = 1.6 (%) 2.8 = 3.0(%) 2.8 = 0.7 (%) 3.1 (%) 0.04

*Wilcoxon rank-paired test: HYP vs DYP1, DYP2, and DYP3.

p53 and chromosome 8 polysomy showed a moderate correlation (Pearson's
coefficient = 0.43), whereas no signlficant correlation was found between p53
and PCNA or PCNA and Pol 9. This study suggests that expression of p53 and
-PCNA, and genomic instability manifested by polysomy increased with histologlc
progression In a multistep fashion in premalignant oral lesions, and p53 alter-
ations may be associated with genomic instabllity in oral carcinogenesis.

#1633 Chemotherapeutic effect on mutation frequency of hprt and T-cell
receptor gene in pediatric patients with malignancy. Sawada, M., Kubota, M.,
Akiyama, Y., and Furusho, K. Department of Pediatrics, Faculty of Medicine,
Kyoto University, Kyoto, Japan 606

We previously reported pediatric ALL patients had high mutation frequency
(MF} of hprt (hprt-MF) and of T-cell receptor gene (TCR-MF) after completion of
therapy. In this study, we further investigated hprt-MF and TCR-MF of 28 pedi-
atric patients with malignancy at diagnosis, including 2 patients with second
malignancy, and serlally examined 12 patients during chemotherapy in order to
detect the influence of each chemotherapy on MF, The results are, (1) 2 out of 4
patients diagnosed Hodgkin's disease and 2 patients with second malignancy
had high hprt-MF (4.9-9.8 X10"9) at diagnosis. The geometric mean value was
1.1(x0.2) X 10~ for the healthy controls. (2) Both hprt-MF and TCR-MF became
elevated through chemotherapy, but they did not correlate well with doses of
chemotherapeutic agents except alkylating agents that increased hprt-MF. Al-
though the number of samples is limited, hprt-MF is considered to be a more
sensitive assay to detect the genetic influence of chemotherapy.

Proceedings of the American Association for Cancer Research ® Volume 38 e March 1997
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#1634 Trisomy 20 in bronchial epithelial cells from lung cancer patients
and smokers. Neft, R., Gilliland, F., Crowell, R., Bellnsky, S., and Lechner, J.
Inhalation ToxIcology Research Institute, Albuquerque, NM 87185, University of
New Mexico, Albuquerque, NM 87131
Despite intensive efforts, the mortality rate for lung cancer (LC) is still close to
90%. A valuable approach to the early detection of LC might be to assay
bronchial epithelial cells (BECs) for several chromosome aberrations associated
with LC, such as trisomy 7 and 20. BECs were obtained from four sites In the lung
following bronchoscopy and grown in cell culture. The presence of trisomy 20
was assayed by fluorescence in situ hybridization (FISH) In BECs using a directly
labeled probe for 20q13.2. One LC patient with squamous cell carcinoma (SCC)
showed trisomy 20 in one site, and a second patient with SCC exhibited trisomy
20 in two sites. A smoker, without LC, whose smoking history was 24 pack years,
was also posltive for trisomy 20 In two sites. In a previous study, two of these
patients also had BECs posiltive for trisomy 7. None of the three patients had sltes
that were positive for trisomy 2 which is not associated with LC, These results
show that FISH for chromosome 7 and 20 may prove useful as part of a battery
of tests for the early detection of LC. (Research sponsored by US DOE/OHER,
Contract DE-AC04~76-EV01013 and NIH SPORE Grant, Contract 1-P50-
CAB8184, Johns Hopkins University.)

#1635 Atterations In the Cyclin/CDK/retinoblastoma pathway in early hu-
man breast tumor development. -Robles, A.l, Zenklusen, J.C., ‘Lubet, R.A,,

Kellog, G.J., Kleln-Szanto, A.J.P., and Conti, C.J. LHC, National Cancer Institute,

Bethesda, MD 20892, National Center for Human Genome Research, Bethesda,
MD 20892, DCPC, National Cancer Institute, Bethesda, MD 20892, Fox Chase
Cancer Center, Philadelphia, PA 18111, The Unliversity of Texas M.D. Anderson
Cancer Center, Smithville, TX 78957

Recent studies have shown that overexpression and/or amphﬁcatlon of Cyclln
D1 is a common event in invasive breast tumors. To determine if this is also the
case in the premalignant leslons {ductal carcinoma in situ, DCIS) and which role
do this alteration play in the cell cycle of the affected cells, we analyzed forty-six
cases of human DC!S paired with invasive carclnomas and their distant metas-
tasis for Cyclin D1 overexpression/amplification, as well as Ab and p16 allelic
loss. DNA was extracted from paraffin sections of all the lesions as well as from
the normal surrounding tissue. Assessment of the amplification of Cyclin D1 was
performed by differential PCR amplification respect to the control gene (y IFN).
Two regions of the genome have been analyzed by PCR for LOH incidence In
these lesions: 8p21 (p16) and 13q14 (Rb). Overexpresslon of Cyclin D1 and loss
of Rb were assessed using Immunohistochemical staining with the appropriate
antibodies. The results obtained indicate that, as in the Invasive tumors, overex-
pression of Cycfin D1 is a common event in DCIS, while little LOH and loss of
expression can be seen in both Rb and p16, indicating that the abrogation of their
function occurs ,viq‘)he Cyclin D1 alteration, Supported by NCI Contract NO1

CN55185 'S
#1636 ) Production of a monoclonal antibody reactive with BRCA2 protein
ces. Gilliam, L.K., Scearce, R.M., Cirisano, F.D., Lobenhofer, E., Marks,

J.R., and Hale, L.P. Duke University, Durham, NC 27710
In order to study the proteln product of the BRCA2 gene Implicated in a subset
of hereditary breast cancers, we have generated a monoclonal antibody using a
bacterially-produced 46 kDa immunogen {termed BAC2) derived from exon 11 of
the BRCA2 gene. MAb 2C8 is strongly reactive with both the purified 46 kDa
BAC?2 protein as well as with a 79 kDa BAC2-GST fusion protein from bacterial
lysates in Westem blot analysis, but is non-reactive with induced and uninduced
lysates from bacteria expressing a non-overlapping portion of the BRCA2 protein.
2C9 detects a faint band compatible with the 384 kDa predicted MW of BRCA2
using immunoprecipitation of 5 X 10° MCF-7 breast carcinoma cells and very
sensitive detection conditions. No reactivity can be detected with 2C8 mAb using
standard immunoblots, Immunohistochemistry or flow cytometry of permeabll-
ized cells, suggesting that the BRCA2 protein Is present in cells at extremely low
concentrations. Although further characterization is needed, this mAb will likely be
a useful tool for determination of the presence and function of the BRCA2 protein.

#1637 Rare Hras1 VNTR alleles in Spanish iung and iymphoid cancer
patients. Pifarré, A., Sanchez-Céspedes, M., Aldea, A.l, Calvo, R., Moreno, .,
Vaquero, M, Monzd, M., and Rosell, R. Molecular Biology Laboratory of Cancer,
Medical Oncology, Pathology and Hematology Services, University Hospital Ger-
mans Trias i Pujol, 08916 Badalona, Spain

We investigated the influence of rare alleles at the minisatellite region flanking
the Hras1 gene, as well as associated increased lung and lymphoid cancer risk.
We studied 200 Hras1 alleles from 100 unaffected controls, 96 alleles from 48
resected lung cancer patients and 62 from 31 non-Hodgkin's lymphomas by PCR
assay followed by electrophoresis through 40 cm long, 1.2% agarose gels. We
also examined lung and lymphoid cancer patients for the presence of microsat-
ellite alterations using three microsatellite markers located at chromosome 3p
(D3S1038 -3p25-, D351289 -3p21.3-, and D3S1284 -3p13- dinucleotides) and
chromosome X (AR -Xg11.2-q12- trinucleotide). PCR assay was performed using
radiolabeled nucleotides and amplified products were processed through dena-
turing acrylamide gels. The frequency of rare alleles in iung cancer patients, 21/96
(22%), was different from that In the control group, 28/171 (14%)(P=0.05), and
was 13/62 (21%) in lymphoma patients. Among the rare alleles, a1+4 was the
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Abstract

Breast cancer is one of the leading causes of cancer deaths for women in the
United States. Women who inherit a mutated form of the BRCAZ2 gene have a very high
probability of developing breast cancer. Very little is known to date about the protein
product of this gene or its normal biological function. We have developed
immunological reagents against the BRCA2 protein in order to study some of these
questions. Using these reagents, we have shown that this protein is expressed at high
levels in several epithelial tissues, suggesting a potential role for BRCA?2 in processes of
cellular differentiation. Further elucidation of the role BRCA2 plays in normal breast
biology may help us to understand why tumorigenesis occurs in hereditary cases, as well
as non-inherited breast cancer.

Prevention of metastatic breast cancer is limited to early detection and surgical
resection of a localized tumor. Treatment for advanced stages of breast cancer is often
unsuccessful due to micrometastasis of the tumor prior to therapy. Thus, new methods to
treat and prevent metastatic breast cancer are sorely needed. Immunotherapy, which
utilizes the specificity of the immune system to target the destruction of tumor cells, is a
very promising form of therapy. Immunotherapeutic approaches are much more specific
for cancer cells, and therefore less toxic than conventional therapeutic approaches. In
addition, once we have developed a better understanding of how to manipulate the
immune system, immunotherapy will potentially be a much more effective approach to
cancer treatment, and the use of immune-based "cancer vaccines" méy even be used
preventatively.

EGFRVIII, a variant form of the epidermal growth factor receptor, is found in a

large percentage of breast tumors and thus may be a viable target for immunotherapy. I

iv




have developed a bispecific antibody against both EGFRVIII and the CD3-epsilon T-cell
activation antigcﬁ to redirect the cytotoxic response of T-cells with a broad range of
specificities against breast cancer cells that express EGFRVIIL In addition, I have
developed an EGFRVIII-transducing adenovirus which will be useful in active

immunotherapeutic protocols targeting the EGFRVIII tumor antigen.
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Chapter 1

Introduction and Background




Breast Cancer

Prevalence and staging of breast cancer:

Breast cancer, the most prevalent cancer in women, affects one out of eight
American women and accounts for 30% of new cancer cases a year (Landis, 1998). In
addition, this disease is responsible for 16% of all cancer deaths in women, making breast
cancer second only to lung cancer as a leading cause of cancer mortality in the female
population. Technological advances, such as the mammogram, and increased awareness
among the population have played a significant role .in the early detection of breast
tumors and consequent cure by surgical resection in those patients who are treated early
in their disease. However, breast cancer remains a devastating and often times incurable
disease for women in whom metastasis or micro-metastasis has already occurred before
therapy is instituted. Although most cancers are considered "cured" when a patient has
survived for five years following therapy with no evidence of recurrent disease, breaét
cancer micrometastases may resume growth long after the primary disease has been
treated, even up to decades later. This uncertainty of the prognosis gives a diagnosis of
breast cancer an element of fear and hopelessness encountered with few other
malignancies.

The prognosis of breast cancer patients depends on the stage at which the tumor is
diagnosed. Nodal involvement is highly indicative of a poor prognosis, with 10 year
survival decreasing from 60%-75% for localized tumors (Stage [ disease), depending on
the size of the primary tumor (T 1.3, Ng), to 35% for tumors which have spread to axillary

lymph nodes (Stage II disease) with primary tumors of any size (N;.3, M) (Table 1.1).




Manchester Staging System
Stage 1 Breast alone involved + overlying skin

Stage II Breast as for Stage 1 and axillary nodes
involved, but mobile

Stage 111 Skin invaded, fixed or ulcerated, or tumor
fixed to underlying muscle or pectoral fascia

Stage IV Fixed axillary lymphadenopathy,

supraclavicular involvement and/or distant
metastases :

TNM Staging Notation for Breast Cancer

Ty * Tumor less than 2 cm in diameter

Ty* Tumor 2-5 cm in diameter

T3* Tumor > 5cm

Ty Tumor of any size with direct extension to

chest wall or skin

No No palpable node involvement

N, Mobile ipsilateral nodes

N, Fixed ipsilateral nodes

N3 Supraclavicular or infraclavicular nodes or
_edema of arm

My No distant metastases

M; Distant metastases

Table 1.1: Breast cancer staging. *T,, T,, and T3 tumors further divide into (a) no
fixation and (b) fixation to underlying pectoral fascia or muscle. (Souhami and Tobias,
1995). :




Epidemiology of breast cancer:

The epidemiology of breast cancer has been extensively studied. The four
strongest predictive factors for development of breast cancer are female gender, age,
genetic predisposition, and certain aspects of reproductive history (Russo and Russo,
1997). Age and genetic predisposition are not predictors unique to breast cancer. The
incidence of most cancers, excluding childhood malignancies, increases with increasing
age, due to accumulation of genetic mutations over time. A family history of a first-
degree relative with breast cancer diagnosed pre-menopausally increases an individual's
risk for developing breast cancer by 3 to 4-fold. Some of the molecular mutations
responsible for this increased genetic risk will be described later in this chapter. Risk due
to female gender and certain aspects of a woman's reproductive history are not as well
understood at the molecular level, but exposure to estrogen appears to be a key element.
Aspects of reproductive history that increase the relative risk of developing breast cancer
include early age at menarche, late age at menopause, and nulliparity, whereas high
parity, long-term breast feeding, and oophorectomy at an early age (< 35 years) lower the
relative risk. In addition, obesity is associated with a higher relative risk for developing a
breast malignancy, likely due to increased estrogen levels produced in peripheral adipose
tissue of obese individuals. Thus, increased estrogen exposure appears to be a important
contributory factor to development of breast cancer (Hulka, 1997). Interestingly, the age
at which a woman has her first pregnancy also seems to be important, with late age (>30
years) at first full term pregnancy associated with increased relative risk for development
of breast cancer compared with early age (<20 years) at first full term pregnancy,
regardless of the number of pregnancies (and thus the cumulative period of estrogen
exposure). This risk factor is probably due to normal changes that occur in the breast
with the first pregnancy which will be discussed in more detail later. Some

environmental factors have also been identified that appear to confer an increased risk for
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developing breast cancer, including alcohol consumption and radiation exposure.
Cigarette smoking, although a significant risk factor in many other types of cancers, has
actually been found in some studies to be a negative risk factor for the development of
breast cancer (Baron, 1990; Palmer and Rosenberg, 1993). A possible explanation for
these findings is that cigarette smoking‘ appears to induce a state of relative estrogenic
deficiency. As breast cancer is often an estrogen-dependent tumor, the relative risk for
the development of breast cancer would therefore be decreased in women who smoke
cigarettes (Baron and Haile, 1998). However, the hypothesis that cigarette smoking may
reduce the risk for developing breast cancer remains very controversial, and even
proponents of this hypothesis are not encouraging the idea of taking up smoking as a

means of reducing breast cancer risk.

Normal breast histology and development:

Despite a solid understanding of the epidemiology of breast cancer, little is known
about the mechanisms of initiation or development of this malignancy. An understanding
of these processes is crucial for improved prevention and therapy of breast cancer. In
order to understand pathogenesis, it is first impprtant to understand the normal biology
and development of the breast. Histologically, the mammary epithelium is arranged in 10
to 15 segmenté, each of which may be likened to a flowering tree (Millis, 1994) (Figure
1.1). The bunches of flowers represent lobules: units composed of individual blind-
ending terminal ductules (alternatively called acini), the twigs. The ductules drain into
ducts (the branches) and then collecting ducts (the trunk), which open onto the surface of
the nipple. The degree of branching of the ductules within a lobule is directly correlated
with the degree of dif fereﬁtiation of that lobular unit; similarly, the number of cells per
ductule is inversely correlated with stage of differentiation. These different stages of

differentiation may be divided into four histologically defined categories (Russo and
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Russo, 1997): lobule type 1 (Lob 1) contains clusters of 6 to 10 ductules per lobule.
Lobule types 2 and 3 (Lob 2 and Lob 3) are more complex in their branching pattern and
have increasing numbers of ductules, with Lob 3 having approximately 80 ductules per
lobule. Type 4 (Lob 4), seen during lactation, is the most differentiated structure, with
actively secreting acini. The total lobular component in the breast of a post-pubertal,
nulliparous woman consists primarily of Lob 1 (50-60%) and Lob 2 (30-35%). However,
during a woman's first pregnancy, Lob 1 and Lob 2 structures undergo differentiation into
Lob 3 (followed by Lob 4 during lactation). Even after delivery, the breast of a parous
woman retains this predominance of the more differentiated epithelium, with Lob 3
structures comprising 80-100% of the total lobular component, until she goes through
menopause, at which time a portion of the Lob 3 structures regress to Lob 2 and Lob 1.
The more complex histological appearance of the Lob 3 structures is also inversely
correlated with proliferative index, as would be expected if these stmctureé are more
differentiated. 3H-thymidine and bromodeoxyuridine (BrdU) uptake studies in addition
to studies examining proliferating cell nuclear antigen (PCNA) and Ki-67 staining, which
detect cells actively undergoing proliferation (i.e. cells not in Gp), show that Lob 1
structures have a higher proliferative rate than Lob 2 or Lob 3 structures (Russo and
Russo, 1987; Russo and Russo, 1997). Thus, differentiation of the mammary epithelium,
which may be quantified by decreased proliferative activity of the epithelial cells and
increased complexity of the lobular structure, occurs after puberty and reaches its fully

differentiated state only after the first full term pregnancy.




Intralobular TDLU

terminal duct

Extralobular
terminal duct

Figure 1.1: Schematic diagram of normal breast. The terminal duct lobular unit
(TDLU) is composed of several blind-ending units, called acini. These structures drain
into ducts, which form an extensive branching network in the breast. :




Pathogenesis of breast cancer:

Invasive ductal carcinoma is the most common breast malignancy, representing
76% of breast carcinomas diagnosed (Macdonald and Ford, '199’7). Ductal carcinoma is
hypothesized to arise frohm a structure termed the terminal duct lobular unit (TDLU),
which corresponds histologically to the type 1 lobule. Type 2 and type 3 lobular
structures are also affected by neoplastic processes; however, the invasive behavior of
such malignancies decreases with increasing stage of differentiation of the derivative
structure (Millis, 1994; Russo and Russo, 1997). For example, lobular carcinoma, a more
indolent malignancy characterized by a longer time period between the identification of a
primary lesion and the demonstration of invasive behavior, is thought to derive from the
more developed Lob 2 structures. This observation suggests that the increased relative
risk for malignancy in nulliparous women or women who are older than 30 at the time of
their first pregnancy, is directly related to the period of time in which the breast
epithelium remains in a relatively undifferentiated state.

This concept that the terminal differentiation induced during the first pregnancy is
a crucial factor in the pathogenesis of breast cancer may have even broader implications.
For example, inheritance of a mutated form of the BRCA1 gene appears to affect the
pattern of differentiation during pregnancy. Examination of breast tissue obtained from
prophylactic mastectomies from BRCA 1 mutation carriers demonstrates a lack of normal
differentiation, even after their first pregnancy (Russo and Russo, 1997). In this case,
tissue from parous women is indistinguishable from that obtained from nulliparous
women, with a predominance of Lobl architecture. We have demonstrated that BRCA?2,
which is hypothesized to function in a similar manner to BRCA1, is expressed in
differentiating epithelia. Although a definite function for BRCA2 in differentiation has
not yet been demonstrated, BRCA2 may have similar effects on the developmental

pattern in the breast tissue of mutation carriers to those described above for BRCAL.
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These findings suggest a possible contributory mechanism for the increased risk for
developing breast cancer in women who inherita BRCA1 or BRCA2 mutation. If the
time period between puberty and the completion of the first pregnancy represents a
"window of high susceptibility" for breast cancer development, then by preventing
normal terminal differentiation of TDLUs during pregnancy, the breast tissue of these
women remains in a primed state for developing malignancy during their entire post-
pubertal lifetime of estrogen exposure, similar to the breast tissue of a nulliparous
woman. However, BRCA1 and BRCA?2 mutation carriers are at much higher risk for
developing breast cancer than are nulliparous women. Thus, this putative contributory
mechanism does not fully explain why mutations in these genes are responsible for

carcinogenesis. These predisposing genetic factors will be discussed in more detail later.

Animal models of breast cancer pathogenesis:

Hypotheses about the development of breast cancer in humans are based on
snapshot views of the histology of neoplastic and pre-neoplastic lesions found in breast
tissue obtained by surgery, autopsy, or occasionally prophylactic mastectomy.
Consequently, assumptions must be made about the actual step-by-step occurrence of
these processes. Animal models for maligant transformation of mammary epithelium
have been invaluable in helping to understand these processes in a context in Which the
histopathological evolution of malignancy can be directly observed. The Sprague-
Dawley rat and the Fischer 344 rat models have often been used for this purpose. These
animal models have a very high incidence (nearly 100%) of mammary carcinoma when
treated with the specific carcinogens 9,10-dimethyl-1,2-benzanthracene (DMBA) and N-
nitroso-N-methylurea (NMU) (Huggins and Yang, 1962; Rogers and Lee, 1986; Russo,
1990). Normal mammary development in these animals is similar to that in humans in

many respects; initial development of mammary tissue occurs when the superficial
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ectoderm invades the stroma forming structures called terminal end buds (TEBs), which
are histologically and developmentally similar to TDLUs in humans. During puberty
(day 25-35), these TEBs begin to differentiate into alveolar buds (ABs), which then
differentiate into virginal lobules. As with TDLUs in humans, much evidence suggests
that the TEB is the structure of origin of mammary carcinogenesis. First, the incidence of
tumor development (number of tumors per animal) is directly correlated with the number
of TEBs, but not with the number of more differentiated mammary structures. In
addition, pregnancy or estrogenic hormonal treatments, which induce differentiation and
elimination of the TEBs, make these animals refractory to tumor development. Of note,
treatment of these models with carcinogens also induce the formation of benign lesions_,
but these arise from structures other than the TEBs (such as the more differentiated ABs)
and they often appear later than the malignant lesions, suggesting that the beni gn lesions
are not precursors of the malignant lesions, but that two different pathological processes

are taking place (Russo and Russo, 1997).

Molecular basis of cancer:

An estimated 10% of breast cancers are genetic in origin, suggesting that 90% of
breast carcinomas arise due to a sporadic cause. In the study of both the inherited and
sporadic processes involved in cancer development, researchers have seen the birth of a
new discipline within the past two decades: the molecular biology of tumorigenesis. This
advance has completely changed the way scientists and clinicians view both hereditary -
and sporadic forms of cancer, and this new understanding has just recently begun to make
its way into therapeutics. Cancer genes are divided into two general categories:
oncogenes and tumor suppressor genes.

Oncogenes have growth stimulatory functions in cellsiand lead to tumorigenesis

upon activation of latent forms of these genes, termed "proto-oncogenes" via several
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mechanisms, including point mutation, amplification, and chromosomal translocation.
Because oncogenes act dominantly (one "activated” oncogene is all that is required to
induce malignant transformation), they are usually not involved in hereditary forms of
cancer. One known exception to this general rule involves a mutated form of the RET
oncogene inherited in the Multiple Endocrine Neoplasia type 2a (MEN2a) cancer -
syndrome (Macdonald and Ford, 1997).

Tumor suppressor genes, on the other hand, normally have growth inhibitory
functions or functions in maintenance of genomic stability. Loss or inactivating mutation
of both copies of these genes are required for malignant transformation of a cell. For this
reason, inherited mutations in these genes are often involved in increased genetic
susceptibility to cancer. Inheritance of one mutated allele of a tumor suppressor gene
allows for normal embryogenesis and early childhood development due to the presence of
the second, normal allele. However, one faulty cell division in which the normal allele is
lost is ail that is required for tumorigenesis to occur. Hence,} familial cancer syndromes
have a dominant inheritance pattern, where up to 100% of people inheriting the faulty
gene will develop disease, depending on the penetrance of the gene, even though the gene

acts recessively at the molecular level.

Molecular basis of breast cancer:

Genetic chénges involved in breast cancer have been extensively studied for both
sporadic and hereditary forms of this disease. One of the most prognbstically significant
genetic changes identified to date involves erbB-2, a proto-oncogenic homologue of the
epidermal growth factor receptor (EGFR) gene. Changes associated with erbB-2 as well
as EGFR are detailed later in this chapter. Another prognostically significant genetic
change involves loss of expression of the estrogen réceptor (ER) and associated

dysregulation of the ER response pathway, often including loss of expression of the
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progesterone receptor, as well. ER-negative tumors tend to be more aggressive, are found
in younger women, and are associated with shorter disease-free survival periods (Diab,
1996).

Myec is a nuclear transcription factor which, when amplified, is associated with
tumorigenesis in a variety of cancers. Myc, complexed with its dimeric partner Max,
binds to DNA and presumably controls the transcription of genes involved in cellular
proliferation and prevention of differentiation. Dysregulation of these processes by
amplification of myc then leads to tumor development due to uncontrolled cellular
proliferation or lack of initiation of the differentiation signal. The myc protein has also
been shown to induce the apoptotic pathway, although it is not clear how amplification of
myc functioning in this capacity would play a role in tumorigenesis (Macdonald and
Ford, 1997). Amplification of the myc gene has been found in a subset of breast cancers,
with reported incidence varying from 4 to 41% (Bieche and Lidereau, 1995; Macdonald
and Ford, 1997). One group has reported amplification in invasive and poorly
differentiated carcinomas, with no abnormalities noted in Stage 1 tumors, suggesting that
amplification is a later event (Field and Spandidos, 1990). Furthermore, a high incidence
of increased levels of myc mRNA and/or protein in tumor tissue is not always correlated
with an equivalently high incidence of gene aﬁpliﬁcaﬁon. One study reported that 50%
of breast tumors express higher levels of myc mRNA relative to normal tissue, whereas
only 11% of these tumors were found to have amplification at the level of the gene,
suggesting that myc gene amplification may not be an independent prognostic factor
(Field and Spandidos, 1990). Thus, myc's role in the progression of breast tumor
initiation and development remains unclear (Macdonald and Ford, 1997).

Ras is another oncogene which has been implicated causally in breast cancer.
This gene encodes a molecule with GTPase activity which is involved in activation of

signal transduction pathways. Growth stimulatory signals are transmitted from the cell
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surface through ras, which either relays the signal via the mitogen activated protein .
(MAP) kinase pathway to the nucleus, effecting DNA synthesis, or via the alternative
phosphatidylinositol 3-kinase (PI3-K), rac/rho pathway, effecting morphological changes
in the cell. High levels of ras protein have been reported in a large percentage of
malignant breast tumors (63-83%), and increased levels of ras appear to be correlated
with larger tumor size and shorter disease-free interval (Field and Spandidos, 1990). At
the DNA level, there is little evidence for genetic alterations involving ras; however,
there has been evidence suggesting that the inheritance of a certain rare H-ras allele is
significantly associated with the developn{ent of breast cancer as well as other tumor
types, with a 1.7-fold increased risk in heterozygotes, and a 4.6-fold increased risk in
homozygotes for developing a malignancy (Krontiris, 1993; Macdonald and Ford, 1997;
Weston and Godbold, 1997). This allelic variant may therefore potentially contribute to

the incidence of hereditary breast carcinoma, although this remains to be confirmed.

Molecular basis of hereditary breast cancer:
Several genes have been identified, including p53, ATM, BRCA1, and BRCA2,

in which a familial inheritance pattern has been clearly defined for breast cancer
development. Evidence for a familial inheritance pattern includes clustering in families,
early age of onset; bilateral breast tumor development, and increased incidence of other
types of tumors within a family.

BRCA1 and BRCA?2, which will be discussed later in more detail, are considered
the classical "breast cancer susceptibility genes" and account for an estimated 80% of
familial breast cancers.

P53 is a tumor suppressor gene involved in checkpoint control of the cell cycle
and apoptosis. Inheritance of a mutated copy of this gene results in the Li-Fraumeni

syndrome, an autosomal dominant disorder conferring a 25-fold increased risk for the
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development of a wide range of malignancies (Evans and Lozano, 1997). P53 mutations
are also associated with a high percentage of sporadic breast carcinomas. One recent
point of controversy has been the prognostic significance of p53 mutations in breast
tumors. Accumulated evidence seems to suggest that the detection of mutant forms of
P53 in breast tumors is strongly indicative of poorer prognosis; however, a causal
relationship between this genetic alteration and breast cancer initiation and/or
progression has yet to be clearly elucidated (Macdonald and Ford, 1997).

The genetic basis of Ataxia Telangiectasia (AT), an autosomal recessive disease
characterized by cerebellar degeneration, chromosomal abnormalities, immunological
defects, development of multiple ocular telangiectaées (dilated blood vessels), and cancer
predisposition, was recently found to be due to mutation of the ATM (ataxia
telangiectasia, mutated) gene. This gene encodes a large protein with a PI3-K-like
domain and homology to yeast proteins involved in cell cycle control, cellular responses
to DNA damage, and meiotic recombination (Savitsky, 1995). ATM-null cells are
sensitive to ionizing radiation, further supporting the hypothesis that this gene product is
important in DNA repair processes (reviewed in Brown and Tagle, 1997). Early studies
of AT families indicated that female relatives of AT patients presumed to be
heterozygous for mutated ATM do not develop AT but are at increased risk for
developing early onset breast cancer (Macdonald and Ford, 1997). However, iwo recent
studies analyzing germ-line mutations of the ATM gene in a population of women with
carly onset breast cancer suggested that the contribution to early onset breast cancer
conferred by heterozygous ATM mutations was minimal (FitzGerald, 1997; Chen,
1998a). A third study suggested that an increased risk for breast cancer was associated
with the inheritance of heterozygous ATM mutations conferring less severe clinical
phenotypes, often caused by point mutations rather than truncating mutations (Stankovic,

1998). These mutations would therefore have been missed in the previous two §tudies
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which identified mutations by the protein truncation test (PTT). Thus, the contribution of
mutations in the ATM gene to hereditary breast cancer remains controversial.

Another inherited cancer syndrome in which the molecular basis has recently been
elucidated is Cowden syndrome (CS). This autosomal dominant disorder characterized
by multi-organ hamartoma development and predisposition to certain cancers, including
breast cancer, is associated with mutations in the PTEN gene (also called MMAC-1).

The PTEN gene encodes a protein tyrosine phosphatase homologous to tenascin
(reviewed in Eng, 1998). Although population-based screening studies have indicated
that only a small fraction of primary breast cancers are due to mutations in PTEN, these
studies support the hypothesis that PTEN mutations are associated with breast cancer in
CS patients (Lynch, 1997; Rhei, 1997). .

With the continued study of chromosomal abnormalities found in inherited breast
cancers, and with technological advances such as serial analysis of gene amplification
(SAGE) making possible the rapid screening of breast cancer cDNA libraries for tumor-
specific genetic alterations (Velculescu, 1995; Zhang, 1997), our knowledge regarding
the genes involved in and/or responsible for the development of breast carcinoma will

continue to expand.

Therapy for Breast Cancer:

Surgery and radiation are the primary modes of therapy for women diagnosed
with breast cancer. For local disease, the modified radical maétectomy has been largely . -
replaced by lumpectomy, followed by post-operative radiotheraﬁy to control local
recurrence. Use of hormone antagonists such as the anti-estrogenic agent tamoxifen may
also be prescribed. Such hormonal therapy represents the most significant recent
advancement currently in use in breast cancer treatment, as it is relatively non-toxic and

has a very high response rate (70%) in women with estrogen and progesterone receptdr
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positive (ER+/PR+) tumors. Unfortunately, only 65% of cancers in postmenopausal
women are ER+/PR+, with an even smaller fraction of tumors positive in premenopausal
women (35%), and previously responsive tumors often become resistant to hormonal
therapy over time (Souhami and Tobias, 1995). For women with metastatic disease, high
dose chemotherapy and bone marrow transplantation is currently the only potentially
curative treatment.

Chemotherapy, like radiation therapy, is toxic for dividing cells in the body;
hence, its relative specificity for tumor cells lies in the fact that these cells are ,rapic'lly
proliferating. However, chemotherapy is also toxic to normal dividing cells, which
accounts for many of its serious and potentially life-threatening side effects, such as bone
marrow suppression and gastrointestinal mucositis. Furthermore, although chemotherapy
has a very high cure rate for some types of cancers including acute lymphoblastic
leukemia, gestational trophoblastic disease, and testicular cancer, its usefulness has been
limited' in treating breast cancer. Therefore, new types of therapy to prevent or cure
metastatic disease are sorely needed. One such novel treatment option is immunotherapy,
a specific and relatively non-toxic form of therapy which is just now being tested in

certain clinical settings.
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BRCA2

Individuals with germline mutations in the BRCA?2 breast cancer susceptibility
gene are at increased risk for breast cancer (including male breast cancer), ovarian cancer,
pancreatic cancer, prostate cancer, and potentially other malignancies (reviewed in
Stratton, 1996). The BRCA2 gene was localized in 1994 and identified by positional
cloning in 1995 (Wooster, 1994; Wooster, 1995; Tavtigian, 1996). The predicted amino
acid sequence of BRCA2 shows no significant homologies to other known proteins, .
including the first identified breast cancer susceptibility gene, BRCA1. However,
BRCAZ2 shares some structural features with BRCA1, as well as similarities in expression
pattern and hypothesized functions. Thus, advances made in understanding the function
of the BRCA1 protein product may also have implications for BRCA2. More is known
about BRCA 1, as this gene was identified a year earlier than BRCA2; therefore,
references to BRCA1 will be included in this discussion where relevant to BRCA2.

The BRCAZ2 gene consists of 27 exons extending over 70 kB, and produces a
cDNA of 11,385 bp encoding a 3418 aa protein with a predicted MW of 384 kDa (Figure
1.2). Structural features of the predicted BRCA2 protein include a highly charged amino
acid composition, a putative nuclear localization sequence (McAllister, 1997), a C-
terminal domz'lin with possible grainin homology (Jensen, 1996) of disputed significance
(Mazoyer, 1996), and absence of an obvious transmembrane sequence or an N-terminal
signal sequence for secretion (Tavtigian, 1996). BRCA1 is also a very large (220 kDa),
highly charged protein with a putative grainin domain (Jensen, 1996) and nuclear
localization sequence (Wilson, 1997). In addition, both BRCA1 and BRCA?2 contain a
very large exon 11 (approximately 5 kB for BRCA?2). Although the BRCA2 gene is
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Figure 1.2: BRCA2 structure, mutations, and identification of protein regions
used to produce antibodies. The BRCA2 gene is composed of 27 exons (numbered in
the figure), with a cDNA of 11,385 bp. A representative subset of mutations which have
been described for BRCA2 is shown in this figure. Mutations have been found
throughout the coding sequence, including frameshift (darkened square), non-sense (open
square), and missense (circle) mutations. Monoclonal and polyclonal antibodies against
BRCA?2 have been generated in our laboratory (refer to Chapter 2). The protein products
of two non-overlapping regions of BRCA2 exon 11 were used as immunogens for the
generation of these immunological reagents, as shown in this diagram. Figure adapted

from (Kahn, 1996).
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generally poorly conserved between species (human BRCA2 is 58% and 59%
homologous to rat and mouse, respectively (McAllister, 1997), Bork et al. described 8
copies of a 30-80 aa internally repeated domain within exon 11 (BRC repeats), four of
which are highly conserved between rat, mousé, and human (Bork, 1996; Bignell, 1997)
and appear to play an important role in BRCA?2 function (see below). Aside from these
structural clues, sequence analysis of the BRCA2 gene and its predicted protein product
has not contributed significantly to a better understanding of either the normal cellular
functions of this protein or how mutation of the gene contributes to development of breast
cancer. | |

The BRCAZ2 gene is widely transcribed but at relatively low levels in most tissugs
(Wooster, 1995; Tavtigian, 1996). Initial tissue screens demonstrated moderate
expression of BRCA2 mRNA in normal breast tissue (Tavtigian, 1996), with high levels
found in thymus and testis, two organs characterized by normally high levels of
proliferation and differentiation. High levels of BRCA2 mRNA were seen in murine
breast only during development of terminal end buds during puberty and in
differentiating alveoli during pregnancy (Rajan, 1996). Other organs with significant
BRCA2 mRNA expression include ovary, spleen, eye, and certain areas of the brain
(Connor, 1997a). BRCA2 mRNA expression is regulated by the cell cycle in breast and
ovarian epithelial cell lines, with increased BRCA2 mRNA detected in late G1 and early
S phases (Rajan, 1996; Vaughn, 1996). The kinetics as well as the tissue distribution of
BRCA2 mRNA expression is similar to that observed for BRCA 1, leading to the
suggestion that these two proteins are regulated in a coordinate fashion
(Rajan, 1996; Vaughn, 1996). BRCA2 mRNA has been reported to be upregulated in
cultured mammary epithelial cells in response to estrogen (Spillman and Bowcock,
1996), as well as in differentiating mammary epithélial cells iln response to .

glucocorticoids (Rajan, 1996).
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Mice genetically homozygous for BRCA2 truncated prior to exon 11 ("BRCA2-
negative") show growth retardation beginning at embryonic day 6.5 and die by embryonic
day 8.5 (Ludwig, 1997; Suzuki, 1997; Sharan, 1997b). Post-mortem histologic
examination demonstrates lack of appropriate cell numbers and decreased proportion of
proliferating cells, leading to the hypothesis that BRCA?2 is important in cell
proliferation. BRCA2-negative embryos have decreased levels of cyclin E, decreésed
levels of mdm2, and increased levels of p21 suggesting that BRCA2 protein interacts
with the p53 pathway and may similarly function as a “guardian of the genome”, to
protect the integrity of DNA replication (Suzuki, 1997). BRCA2-negative embryonic
stem cells are extraordinarily sensitive to radiation exposure which results in double
stranded (ds) DNA breaks (Sharan, 1997b).

More recent studies have demonstrated that viable mice can be generated using
BRCA2 truncated at bp 6038, beyond the BRC repeat regions in exon 11 (Connor,
1997b). These mice exhibit growth retardation and die by week 22, primarily of thymic
lymphoma. Levels of p21 and p53 are consistently elevated in embryonic fibroblasts
homozygous for the truncated BRCA?2, however induction of p53 by ionizing radiation
appears intact, suggesting that BRCA?2 is not involved in sensing dsDNA breaks
upstream of p53. Cells homozygous for truncated BRCA2 require increased time to
repair dsDNA breaks generated by ionizing radiation, suggesting that BRCA2 is
necessary for efficient repair of dSDNA breaks. Studies using the yeast two-hybrid
system report that, similar to BRCA1, BRCA2 protein interacts with Rad51, a component
of the synaptonemal complexes important in.DNA exchange processes during meiosis,
and a homologue of the bacterial RecA protein (Shinohara, 1992; Mizuta, 1997; Scully,
199’7;, Sharan, 1997b). Furthermore, a recent report has demonstrated that Rad51 binds
BRCA? via the BRC repeat regions, and these domains are required for resistance to

methyl methanesulfonate (MMS), which putatively induces double-stranded DNA
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breaks, in cells lacking full-length BRCA?2 (Chen, 1998b). Taken together, these studies
have led to the recent proposal of a “caretaker” role for BRCA2 protein in monitoring
and/or repair of DNA double-strand breaks (Kinzler and Vogelstein, 1997; Sharan,
1997b).

Recently, BRCA?2 protein has been immunoprecipitated from nuclear fractions of
breast and bladder carcinoma cells, and its expression was shown to be upregulated with
the cell cycle, with induction at late G/early S phase (Bertwistle, 1997; Chen, 1998b).
However, no descriptions of the normal cellular and tissue distribution of this protein

have been published to date.

EGFRvIII

The wild-type epidermal growth factor receptor (EGFR) is a 170kDa
transmembrane protein encoded by the 110 kb EGFR gene located on the short arm of
human chromosome 7. This protein serves to transmit growth stimulatory signals from
the surface of the cell to the cell's interior. The signal transduction properties of EGFR

derive from its activity as a protein tyrosine kinase. Binding of EGF to the EGFR on the
cell surface induces dimerization of two recepfors, which then cross-phosphorylate each
other on tyrosine residues of the cytoplasmic domains of these proteins. The
phosphotyrosines then serve as binding sites for the SH2 domains of other important
signaling molecules, including phospholipase C-gamma (PLC-y), PI3-K, and GTPase-
activating protein (GAP) (reviewed in Cooper, 1995). Because of EGFR's role in the
proliferative signaling pathway, it is not surprising that overexpression of the structurally
normal EGFR tyrosine kinase is sufficient to induce transformation. Amplification of
EGFR has been reported in a number of human neoplasms, including breast carcinoma

(Ro, 1988), gliomas (Libermann, 1985), bladder carcinoma (Berger, 1987) squamous
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carcinoma cell lines (Yamamoto, 1986), and an epidermoid carcinoma cell line (A431)
(Ullrich, 1984)  In breast cancer, amplification of EGFR has been reported in 20% of
primary tumors, and this finding is strongly associated with early recurrence and death in
lymph node (LN)-positive patients (Horak, 1991). Likewise, in biopsy tissue of gliomas
in which the EGFR gene was amplified, it was demonstrated that these cells expressed
extrachromosomal double minutes which contain the amplified genes (Bigner, 1987).

In addition to gene amplification, cellul