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Introduction

hormone-dependent breast cancer. Treatment with tamoxifen prolongs

disease-free survival and reduces mortality. Tamoxifen has few harmful side
effects, it has low cost, is easy to administer, and has potential benefits on lipid and
bone metabolism. However, the treatment is palliative and, hormone resistance of the
tumor cells is almost inevitable, resulting in disease recurrence. The mechanisms
underlying the progression of breast cancer, either spontaneously or therapeutically
induced, to a form unresponsive to endocrine treatment, are largely unknown.
Insight in these mechanisms may result in the development of new treatment
strategies. The work described in this thesis focuses on possible mechanisms and
genes involved in hormone resistance in breast cancer.

ﬁ ntiestrogenic drugs such as tamoxifen are important in the management of

1.1 Development of breast cancer

The biclogical function of the mammary gland is to produce and secrete milk. This
unique feature of mammals is vital for the feeding of the newborn and thus for
survival of the species. The normal glandular epithelium of the adult female breast
consists of ducts and lobular secretory alveoli, The stroma of the breast consists of fat,
connective tissue, blood vessels and lymphatics. Two different cell types line both
ducts and alveoli: the luminal epithelial cells and the myoepithelial cells, which have
clearly distinguishable phenotypes. Luminal cells are characterized by the expression
of keratins 7, 8, 18, and 19, whereas keratins 5 and 14, alpha smooth muscle actin,
vimentin, collagen IV and laminin have been demonstrated in myoepithelial cells -,
Also the expression pattern of hormone receptors and epidermal growth factor (EGF)
receptor is different. Luminal cells express classical estrogen receptor @ (ER) and
progesterone receptor (PR, an estrogen-responsive gene product) and EGF receptor.
Myoepithelial cells show strong expression of EGF receptor and are negative for ER
and PR,

Over 95% of primary breast malignancies originate from the luminal epithelial
cells of the glandular epithelium 8 Adenocarcinomas of the breast are classified in
either ductal or lobular lesions, and can further be divided in non-invasive or
invasive tumors 7. Invasive tumor cells can disseminate by infiltrating through tissue
spaces, and can invade both lymphatics and blood vessels. Metastases primarily
develop in lymph nodes, and later at distant sites as lungs, bones and liver. At
presentation, approximately 40-50% of patients has lymph node metastases and
<10% already has clinically manifested distant metastases. When there is no evidence
of metastasis at presentation of the disease, therapy is usually restricted to local
treatment of the tumor. Since a substantial percentage of women with apparently
localized breast cancer will have occult {or micro) metastases by the time of diagnosis,
success of local treatment will often be limited. Patients with no evidence of
progressive disease may therefore benefit from adjuvant chemo- or endocrine
therapy 8 Patients with metastatic disease will require some form of systemic
treatment such as endocrine- or chemotherapy.
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In the Western world today, breast cancer is the most common cancer in women
{approximately one third of all types of cancer), affecting one out of ten women. The
most clearly identified risk factors for breast cancer are female sex and age, with
occurrence predominantly in postmenopausal women, However, more than 70% of
the patients over the age of 50 have no apparent additional risk factors. This implies
that the etiology of breast cancer is probably multifactorial, including inherited,
hormonal and environmental factors **, Hormones and growth factors play an
important role in the development and the physiology of the adult breast.
Presumably estrogen, one of the major regulatory hormones for the normal breast,
plays a crucial role in promoting breast cancer ', Several lines of evidence support
this hypothesis. In the normal ductal and lobular epithelial cells, from which most
breast tumors arise, ER is expressed in varying amounts, depending on the
developmental stage *8. Approximately 70% of primary breast tumors contain ER,
and these presumably depend on the proliferative effect of estrogens %20, The risk of
breast cancer is correlated with the number of menstrual cycles and thus with the
time of activation of the ovaries, which are the primary producers of estrogens, and
the time of menopause, the inactivation of the ovaries, Ovariectomy, when performed
early in life, reduces the risk of breast cancer to that of men, approximately 1% of the
risk in women %, Finally, ovariectomy can inhibit growth of breast cancer, which can
be explained by the elimination of estrogens, which are required to activate the ER
and to stimulate proliferation of the tumor cells 2, These observations strongly
suggest that the development of the majority of breast cancers is estrogen-dependent,

1.2 Antiestrogen therapy

A large proportion of breast tumors expresses ER and appears dependent on
estrogens for proliferation. Consequently, the ER is an important target for
pharmacotherapy. The rationale for many endocrine therapies for breast cancer is the
inhibition of the proliferative effects of estrogens, The first compounds developed to
interfere with the ER were highly toxic 2. In 1969, tamoxifen developed as a possible
drug for oral contraception by Imperial Chemical Industries (ICl) Pharmaceuticals
(now Zeneca) was shown to be an effective inhibitor of breast cancer growth
{reviewed by 29). Most in vitro studies suggest that tamoxifen, like other antiestrogens,
competes with estradiol for binding to the ligand-binding domain of the ER %, The
antiestrogen complexes with the ER, and the complex may still bind to the DNA.
However, this complex will not result in modulation of expression of the ER-target
genes 3, Antiestrogens may thus block hormone signaling and induce growth arrest
of the tumor cells %232, Tamoxifen has been the first choice endocrine therapy in the
adjuvant setting after surgery for breast cancer, and in patients with advanced breast
cancer for >20 years now. Presently, it is evaluated as a preventive agent in women at
high-risk for developing breast cancer 3%,

Nonsteroidal antiestrogens such as tamoxifen display also some estrogenic
characteristics *. In some tissues and cell types, they can activate gene expression ¥
and are therefore classified as partial agonists. An important estrogenic activity of
tamoxifen is the increase of osteoblastic activity resulting in the preservation of bone
density in postmenopausal women ¥, Tamoxifen also appears to have an effect on

12



lipid metabolism, resulting in lower serum cholesterol levels, which may decrease the
incidence of myocardial infarction **4, Increased risk of endometrial cancer due to
tamoxifen treatment was reported. This association is insignificant compared to the
beneficial effects of tamoxifen, and untii now no causal association has been
established (reviewed by %). Tamoxifen has other cellular effects not mediated
through the ER, among others enzyme inhibition (protein kinase C and calmodulin}
and growth factor modulation %, Treatment with tamoxifen induces synthesis of
transforming growth factor B (TGFP), a negative growth regulator of breast cancer
cells 74, and decreases insulin-like growth factor I (IGFl) levels, a growth stimulator
of breast (cancer) cells %5 New and more effective antiestrogens have been
developed 2%, Different antiestrogens may differ in their effects on various cell types
and in their interactions with ER %, Some of these compounds, including ICI
164,384 and ICI 182,780, lack agonistic activity 3% These so-called pure
antiestrogens are currently evaluated in clinical trials for the treatment of patients
with primary breast cancer and advanced breast cancer resistant to tamoxifen 52
Pure antiestrogens will not have the beneficial effects on bone and lipid metabolism
of tamoxifen. New compounds have to be designed, combining the antagonistic
effects on breast cancer cells and agonistic effects on bone and lipid metabolism.

Tamoxifen has been used for more than 20 years. In the adjuvant setting after
surgery for eatly breast cancer it reduces the recurrence rate by 25%, mortality by
16%, and the incidence of contralateral breast cancer by 40% (reduction in annual
odds) 8. Although these reductions are small, the impact is significant due to the high
incidence of breast cancer. In patients with metastatic disease who originally had ER-
positive primary tumors, treatment with tamoxifen causes remissions in
approximately 50% of the patients %, Although treatment with antiestrogens can
delay recurrences or induce remissions of the disease, metastases refractory to
treatment will develop in almost all cases. Several factors may be responsible for
tamoxifen resistance (reviewed by 72677 including decreased levels of ER,
mutation or splice variants of ER, agonistic effects of tamoxifen, altered drug
metabolism, de nove production of estrogens, overexpression of several genes,
interactions with the environment and increase in antiestrogen binding sites,
Nevertheless, for the majority of breast cancers the mechanisms responsible for
development of resistance to hormonal therapy are still not known. Better
understanding of tamoxifen resistance may lead to new treatment strategies or the
development of new therapeutic agents. Knowing the mechanism of antiestrogen
resistance is also important for patients non-responsive to second-line hormone
therapy. Finally, understanding of tamoxifen action and associated resistance may be
of particular importance for preventing breast cancer in women who are at high-risk
of developing the disease 7,
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1.3 Estrogen receptor alpha

The major effects of estrogens and antiestrogens are mediated through the ER,
Changes in structure and function of ER have been implicated in antiestrogen
resistance. Therefore, a concise review will be given of the known structure and
function of the ER. A schematic representation of the ER is presented in Figure 1. The
ER belongs to the superfamily of nuclear hormone receptors, These receptors function
as transcription factors when they are activated by their ligand. Other members of
this family include receptors for other steroid hormones, vitamin D, thyroid hormone,
ecdysone and retinoic acid 7%,
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Figure 1.

Schematic representation of the estrogen receptor. The top portion of the figure shows the genomic
organisation. The eight exons are indicated by black boxes. Below the genomic DNA the configuration of
the spliced mRNA is presented. The bottom part of the figure shows the functional domains of the
estrogen receplor protein,

Estrogens diffuse across the cell membrane and bind to the ER, to form
homodimers that bind with high affinity to specific DNA enhancer elements termed
estrogen response elements (ERE) and characterized by the consensus sequence
GGATCnnnGATCC ¥, Consequently, most estrogen-responsive genes are controlled
by EREs located either upstream or downstream of the transcription initiation site.
The structure and number of EREs, may vary noticeably between different genes, The
estrogen-ER complex bound to the DNA interacts with other transcription factors and
with components of the transcriptional complex to modulate gene transcription .
The exact mechanism of estrogen-induced transcription activation is still largely
unknown, Recent studies have led to the identification of various coactivator proteins
that appear to modulate the functional activity of the ER 8%,
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The ER gene has eight exons spanning more than 140 kb, and is located on human
chromosome 6q 25.1 ¥, It encodes a nuclear protein of 593 amino acid residues with a
molecular mass of 66 kilodalton (kDa). Comparison of the sequences of the ER
complementary DNA (cDNA) with that of different members of the hormone
superfamily revealed six regions with varying homology, labeled A to F starting from
the N-terminus ®. The many reported functional activities to these domains are
indicated in Figure 1, ER can activate transcription through two distinct activation
regions. The NH2-terminal region A/B contains the ligand-independent activation
function-1 (AF-1) domain. The AF-2 domain is located in the COOH-terminal E-
region, which can only activate transcription in the presence of ligand 77%%2 The
individual activities of the two activation domains depend on the target promoter
and cell type °1. Region C, contains two zinc finger motifs which are responsible for
the specific DNA binding activity of the protein based on the recognition of the ERE
of target genes. Region D functions as a hinge between the hormone- and the DNA-
binding domains and contains the sequences required for nuclear localization of the
receptor ®. Region E, the hormone-binding domain, is responsible for ligand binding,
receptor dimerization and aclivation of transcription of estrogen-responsive genes.
Region E also contains a site for binding of heat-shock proteins. It is suggested that in
the absence of estrogen, the DNA-binding domain is masked by the hormone-
binding domain, Hormone binding results in relieving this masking effect. Region F
has a modulatory effect on the transcriptional activity of the ER %,

Recently, an ERB subtype was described, which may explain some of the cell and
promoter-specific effects %, The gene encodes a protein of 485 amino acid residues
that shares respectively 96% and 58% identity with the DNA- and ligand binding
domains of ER%, In contrast to the A/B domain, the hinge region and the F-domain
are not conserved %%, Expression of ERP was observed in many tissues including
thymus, spleen, ovary, testis, and in both ER® positive- and negative tumors B9 The
formation of heterodimers of ER® and ERB was demonstrated in a mammalian two-
hybrid system and in transfection experiments %%, This suggests the existence of
three pathways of estrogen signaling: via ER® or ERP homodimers, and via the
formation of heterodimers in cells expressing both receptor subtypes. The
identification of this second estrogen receptor will lead to a re-evaluation of estrogen
signaling and physiology.

1.4 Hormone resistance in breast cancer

During development and progression of a tumor, the cells may undergo diverse
changes %192, Breast tumors are composed of malignant cells and non-malignant
cells, including stromal, adipose, and vasculature cells, macrophages and lymphocyte
infiltrations. During tumor progression complex cell-cell interactions take place
involving malignant and non-malignant cells and the extracellular matrix, eventually
resulting in the lethal ability of tumor cells to invade tissues and to metastasize.
Hormone-resistant breast tumors can be classified in three groups. First, intrinsic
resistant tumors; the ER-negative group of tumors. Most of the actions of estrogens
leading to cell proliferation appear to be mediated by the ER, Consequently,
progression to ER-negative disease would resuit in tumors unresponsive to
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antiestrogen therapy. Second, intrinsic resistant ER-positive tumors, which are
refractory to initial tamoxifen therapy. Third, tumors with acquired resistance; the
remainder of the ER-positive tumors, which initially responds to antiestrogens, but
becomes resistant under therapy. The mechanisms underlying the resistance of these
latter two categories may be similar and only reflect a difference in the state of tumor
progression at the moment of starting with therapy. Progression from a hormone-
dependent state to hormone insensitivity may be the result of a mutational event,
followed by clonal selection %1% Other observations have implied epigenetic
mechanisms %1%, which are heritable alterations in gene function that are mediated
by factors other than changes in primary DNA sequence, for example 5-
methylcytosine DNA methylation. Epigenetic changes as opposed to mutations may
result in the same phenotypic change simultaneously in a large proportion of the
turnor cells,

Many possible mechanisms for antiestrogen resistance have been postulated and
studied, including;: alteration of metabolism or availability of tamoxifen, changes in
ER and function, and overexpression of different genes. Data supporting multiple
possible mechanisms and the model systems used in these studies are reviewed in the
next chapter.
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Mechanisms of antiestrogen resistance

2.1 Pharmacology of tamoxifen and its resistance

mechanism for tamoxifen resistance by experimental and clinical

observations 7%, Tamoxifen is metabolized in the liver to several
compounds with different biological properties. N-desmethyl tamoxifen is the major
metabolite, which has a comparable biological activity as tamoxifen. Another major
metabolite is 4-hydroxy-tamoxifen, which has a higher affinity for the ER and a
stronger biological activity. An increased metabolism of tamoxifen to agonistic
compounds could explain the existence of tumors with a tamoxifen-stimulated
phenotype. However, tamoxifen analogues with fixed ring structures, resistant to
metabolic conversion into estrogenic metabolites, were also able stimulate cell
proliferation 72171%, Furthermore, tamoxifen metabolites acting as agonists are only
found in low amounts in tumors so far "%, However, accumuiation of tamoxifen in
the tumor does not always lead to the same level as the circulating concentration
1214, Tamoxifen may be bound to other binding proteins than the ER, designated
antiestrogen binding sites 115116, Metabolism of tamoxifen may be responsible for
some of the resistant tumor phenotypes, but there is no clear evidence that it can
explain the majority of the cases with observed clinical tamoxifen resistance.

5 lteration in the pharmacology of the drug was postulated as a possible

2.2 Alterations in ER expression, structure and function

Most of the actions of estrogens and antiestrogens are exerted via the ER.
However, expression of ER in the (primary) tumor does not guarantee successful
antiestrogen therapy. Half of the patients with ER-positive tumors do not respond to
the drug despite the presence of a functional ER. Furthermore, over 50% of the
tumors with acquired tamoxifen resistance continue to express ER and often PR, an
indicator of a functional ER. Therefore, resistance cannot be explained simply by loss
of ER expression 1% ER-negative metastases may be the result of tumor
heterogeneity and clonal selection of ER-negative tumor cells. ER may also be lost as
a result of progression to a more malignant and metastatic tumor phenotype.
Expression of ER is very heterogeneous in ER-positive primary tumors, Gross
differences in ER expression levels and percentages of ER-positive cells are observed.
Immunohistochemical analysis seldom shows biopsies containing 100% ER-positive
tumor cells. Consequently this variation in expression may lead to the outgrowth of
ER-negative tumor populations. Similar differences in expression levels were
observed in ER-positive breast cancer cell lines. When these cell lines are subcloned,
all resulting cell clones are ER-positive, again with heterogeneous expression,
suggesting regulatory mechanism for the ER level 12,

Several groups of investigators have studied the ER gene at different cellular
levels, i.e., at the genomic, the mRNA, and the protein level. Loss of heterozygosity at
the ER locus has previously been reported 12 but does not correlate with ER status of
the tumor ', Neither can the majority of the ER-negative tumors be explained by loss
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of chromosome 6q 2, Southern blot analysis of ER-negative breast tumors did not
show major rearrangements in the ER locus, indicating that the loss of ER expression
is not associated with large chromosomal rearrangements or deletions 1241%, These
results were confirmed by a more detailed study, using polymerase chain reaction
(PCR) analysis of the ER gene. Analysis of all eight exons of ER-negative breast
tumors did not show abnormalities in the size of the PCR product compared to ER-
positive tumors '%. Other investigators performed a detailed and sensitive analysis of
the eight exons by single-strand conformation polymorphism (SSCP) analysis. This
technique can detect point mutations and very small deletions or rearrangements,
which may have been missed by the former studies. In a series of 188 breast tumors,
including 70 ER-negative tumors, only two missense mutations were identified in the
same ER-negative tumor. In another study, SSCP analysis of the ER ¢cDNA of 20
tamoxifen-sensitive and 20 tamoxifen-resistant tumors, all ER-positive, revealed two
mutations in the tamoxifen-resistant tumors, leading to a truncated ER with a
defective hormone binding domain . These studies show that mutations in the ER
gene do occur, but at low frequency. They cannot account for the majority of ER-
negative or tamoxifen-resistant breast tumors %1%,

The DNA methylation status of CpG residues is an important factor regulating
eukaryotic gene expression and differentiation. Although exceptions have been
reported, for most genes there is an inverse relationship between the degree of DNA
methylation and the level of expression (reviewed by 1), Constitutively expressed
housekeeping genes are generally present in a demethylated state. Genes with tissue-
specific expression patterns are usually hypomethylated in the cells expressing the
gene and hypermethylated in the cells lacking expression. Aberrations in methylation
patterns and levels have been described in tumors and do play a role in the
development of neoplasia 13, Changes in the methylation pattern of the ER could
result in altered gene expression, and this could influence the phenotype of the
tumor. Methylation status was analyzed of both regulatory and coding sequences of
the ER gene 1%, ]t was shown that DNA methylation of the ER gene is different in
estrogen target and non-target tissues, In primary breast tumors, upstream sequences
of the ER tend to be hypomethylated in ER-positive tumors and more methylated in
ER-negative tumors. No association was observed between ER status of a tumor and
different levels of methylation in the coding sequences of the gene. Another study 1%
showed that in cell lines the Notl restriction enzyme site present in the 5' CpG island
of the ER gene is methylated in ER-negative cell lines but not in ER-positive cell lines.
Furthermore, a higher level of DNA methyltransferase was observed in ER-negative
cell lines, suggesting an increased ability to methylate DNA, which may explain the
loss of ER expression in cell lines. Recently, these in wvitro observations were
confirmed in biopsies of primary breast tumors. A significant correlation between
aberrant methylation of the ER and the PR genes and lack of gene expression was
shown ™, This mechanism of gene silencing could account for loss of ER and PR gene
expression in a significant proportion of breast tumors, resulting in antiestrogen
resistance, If methylation changes are involved, demethylating agents possibly can be
used to reinduce ER expression. From the therapeutic point of view, this approach is
only meaningful when the tumor cells starling to reexpress the ER also loose their
estrogen-independent phenotype.

In the last few years, much attention has been given to expression of variant ER
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mRNAs, Several variant ER mRNAs have been detected in breast cancer cell lines,
breast cancers, and in normal breast tissues ¥ The presence of ER variants
derived from alternatively spliced mRNAs functioning as dominant positive,
estrogen-independent transcription factors may induce hormone independent tumor
growth. Expression of variant ER appears to be a process that occurs in every cell that
expresses the primary transcript. Until now, it is not clear whether these alternatively
spliced RNAs result in variant proteins, and the clinical significance remains to be
established 142143,

2.3 Overexpression of various genes

Overexpression of growth factors, growth factor receptors, or other components
of signaling cascades leading to proliferation, may provide selective growth
advantage to cells progressing along the malignant pathway. A possible role for
suspected genes in the development of resistance might be established by
overexpressing the gene of interest in hormone-dependent breast cancer cells. To this
end, a number of candidate genes have been studied in transfection experiments,
including the genes encoding Ras, EGF receptor, HER2, FGF4, RAF1, IGFII, cyclin D1
and MDR1.

Ras

One of the first candidate genes for hormone resistance examined by transfection
experiments was v-HRas 4, the oncogene of the Harvey murine sarcoma virus and
the homologue of human c-HRas. Isolation of members of the Ras oncogene family
{HRas, KRas and NRas), as the transforming gene from genomic DNA of different
human carcinomas, implicated an important role of this gene family in the
development of neoplasia, In human neoplasms, Ras genes can be activated by single
amino acid changes at codons 12, 13 or 61, or by 5- to 50- fold amplification of the
wild type gene . Ras plays a major role as a molecular switch in many signal
transduction pathways, which lead to cell proliferation and differentiation. Ras is a
GTPase that cycles between an inactive GDP-bound and an active GTP-bound form.
Many ligands that stimulate cell surface receptors including EGF receptor, HER2 and
FGF receptor, transduce their signals via Ras. Overexpression of Ras has been
described in breast tumors. Also point mutations at amino acid codon 12 (glycine to
valine) were detected in HRas. Mutations or overexpression may therefore play a role
in tumorigenesis and progression of some breast tumors, although Ras mutations
occur infrequently in breast cancer (less than 5%).

A possible role for activated Ras genes in hormone independence was studied by
transfection of v-HRas into MCF-7 celis, which resulted in an ER-positive, estrogen-
independent phenotype ™, The v-HRas gene product differs from the c-HRas
protein, p21, at two amino acid residues: glycine is replaced by arginine at position 12
and alanine is replaced by threonine at position 59. Overexpression or single
mutation of c-HRas had no effect on hormone dependence ¥, Over the last few years
many components of the Ras signal cascade have been identified 1%, It is possible
that deregulation of the Ras signal transduction pathway via other mechanisms than
mutation of Ras itself may play a role in the progression of breast cancer ¥,
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EGPF receptor

In comparing hormone-dependent and hormone-independent breast cancer cell
lines and primary tumors, the absence of ER and expression of a high level of EGF
receptor in the latter group is often noted, as reviewed by **%). The EGF receptor/
ErbB-1 gene is the cellular homologue of the v-ErbB oncogene, originally identified in
avian erythroblastosis viruses %492, The EGF receptor is a 170 kDa transmembrane
glycoprotein with tyrosine kinase activity encoded by a gene on human chromosome
7p12 1%, Overexpression of EGF receptor has been observed in several types of cancer
and cancer-derived cell lines, such as squamous cell carcinomas of the lung,
glioblastomas, gastric carcinomas, bladder carcinomas, phyliodes tumors, and ovary-
and breast carcinomas, Overexpression of the recombinant EGF receptor cDNA into
NIH-3T3 mouse fibroblasts lacking endogenous EGF receptor expression resulted in
ligand-dependent transformation in vitro and in vivo 1541,

EGF receptor protein has been detected in normal breast, breast cancers and
breast cancer cell lines. Six different ligands that bind to the EGF receptor have been
identified. These include ECF, transforming growth factor @ (TGF®), amphiregulin,
heparin-binding EGF, beta-cellulin and epiregulin 1%, Binding of a ligand to the EGF
receptor results in receptor dimerization and activation of tyrosine kinase activity,
leading to receptor autophosphorylation on multiple tyrosine residues ¥, Signaling
proteins with Src homology 2 (SH2) domains bind to these tyrosine-phosphorylated
residues, initiating multiple signaling cascades leading to stimulation of proliferation
or differentiation 1%, EGF receptor can form heterodimers with the other members of
the ErbB family. In combination with the different ligands, this may result in signal
diversification, explaining the various functions of the EibB family ™. In
approximately half of the human breast cancers, EGF receptor expression is detected
(range 14-91%, dependent on the assay used) ™, Expression of EGF receptor is
inversely related to expression of ER in breast cancer cell lines and in primary breast
tumors both on the mRNA and the protein level 3150362 The presence of EGF receptor
indicates a poor prognosis in primary breast cancer and correlates with failure of
response to endocrine therapy in recurrent breast cancer 163164,

Two reports have been published involving ectopic expression of EGF receptor in
human ZR-75-1 breast cancer cells, The first study failed to demonstrate a relation
between EGF receptor expression and hormone dependence . However, our study
showed that expression of EGF receptor could bypass hormone dependence %,
Estrogen-dependent ZR-75-1 cells were infected with a retrovirus carrying the EGF
receptor ¢cDNA. The parental ZR-75-1 cells are fully estrogen-dependent for
proliferation, and growth is inhibited in the presence of antiestrogens. The
transduced cells, designated ZR/HERc, were ER-positive and EGF receptor-positive
and acquired a proliferative response to EGF. Treatment with antiestrogens in the
presence of EGF resulted in bypassing of estrogen-dependent growth. Furthermore,
in contrast to the parental cells, prolonged antiestrogen treatment of ZR/HERc cells
resulted in progression to estrogen independence and down-regulation of ER.
Interference of ER and EGF receptor signal transduction pathways in ZR/HERc cells
was observed when simultaneously activated *®. Influences of ER on expression of
EGF receptor were demonstrated by antisense ER experiments in MCF-7 cells.
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Decrease in the level of ER resulted in up-regulation of EGF receptor mRNA 1¢7,
These results may explain the observed inverse relationship of ER and EGF receptor
in primary breast tumors and provide a potential link between loss of estrogen
sensitivity and the acquisition of autonomous growth.

HER2

Another member of the ErbB family is HER2 (also called ErbB-2, neu or p185).
This proto-oncogene encodes a 185 kDa transmembrane tyrosine kinase receptor with
close similarity to the EGF receptor 1%, Amplification of the HER2 proto-oncogene,
localized on human chromosome 17q21-22, leading to overexpression of the receptor
protein is reported in approximately 20% of primary breast cancers. Overexpression
can also occur from a single-copy gene (reviewed by !%%). HER2 can enhance and
stabilize dimerization of other ErbB members, but a ligand has not been clearly
identified. Overexpression of HER?2 is thought to lead to dimerization of the receptor,
resulting in its autophosphorylation and activation of the protein tyrosine kinase
domain. Overexpression of HER2 is sufficient to transform mouse NIH 3T3 cells .
Overexpression of HER? is inversely related to expression of ER and PR in breast
cancer and is associated with high tumor grade. Furthermore, HER2 overexpression
or gene amplification in breast tumors is associated with poor response to tamoxifen
treatment in both ER-positive and ER-negative tumors 7117,

To determine a possible causal role of HER2 in estrogen independence, MCF-7
cells were transfected with a HER2 ¢cDNA construct, Cell clones showing over-
expression of the recombinant gene, in comparison with expression levels observed in
the parental cells, were no longer sensitive to tamoxifen. However, tumor take in
nude mice of these transfectants was still estrogen-dependent, but tamoxifen could
not inhibit further outgrowth of the tumors 7617,

FGF4

Fibroblast growth factors (FGFs) are a family of proteins that are important in
development and angiogenesis. FGFs are transforming in NIH-3T3 cells and have
been implicated in tumorigenesis and metastasis of breast tumors 17, Transfection
of MCF-7 cells with FGF4 resulted in cell lines that are able of forming progressively
growing, metastatic tumors in ovariectomized and tamoxifen-treated nude mice
180181, MCF-7/FGF4 cells are stimulated by tamoxifen and inhibited by estrogens.
Whether this reflects some of the clinical observations remains to be established.
Interestingly, FGF4 transfected cell lines could support growth and metastasis of the
parental cell line, when both cell lines were coinjected in nude mice into the same site.
This supports a role for paracrine factors in mixed populations of tumor cells of
different states of malignant progression #2, FGF expression may be important in the
progression of breast tumors from estrogen dependence to estrogen independence,
and in the development of a metastatic phenotype.

RAFI

One of the major pathways activated by the EGF receptor ligands is the mitogen-
activated protein kinase (MAPK) phosphorylation cascade '®. The activated receptor
interacts with an activated Ras, resulting in subsequent activation of the RAFI proto-
oncogene. RATI is a serine threonine kinase that can directly phosphorylate nuclear
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factors like p53, and indirectly transcription factors such as Myc, Elk and Rsh. MCF-7
cells were transfected with a RAFI expression construct containing an amino-
truncated protein with constitutive kinase activity. Constitutive RAFI activity in
MCE-7 cells is incompatible with growth in the presence of estrogen, However, under
estrogen depleted conditions, RAF1 activity can stimulate growth ¥,

IGFII

Insulin and insulin-like growth factors type I and II can stimulate growth of a
number of breast cancer cell lines. These effects are mediated via the IGFI receptor
which synergizes with estrogen in stimulating the growth of breast cancer cells in
vitro. IGFI and IGFII are expressed by fibroblasts in benign and malignant breast
tissue '8, IGFII was overexpressed in estrogen-responsive MCF-7 cells to determine
whether this would result in an autocrine growth mechanism. Increased expression,
following transfection, of IGFIl resulted in loss of estrogen dependence for
proliferation and enhanced anchorage independent growth 115,

Cyclin D1

Cell cycle progression is controlled at a series of checkpoints to ensure orderly
progress of cell division. The mechanism for these control points involves sequential
transcriptional activation of cyclin genes, and consequent transient accumulation of
different cyclins with cyclin-dependent kinases %1%, Deregulated expression of
components of this strictly regulated system may lead to loss of normal growth
control. Overexpression of cyclin D1 with or without amplification of the
chromosomal locus 11q13 has been described for many tumors including breast
cancer 812 Treatment with antiestrogens of breast cancer cells in vifro results in
rapid down-regulation of cyclin D1 mRNA expression, and G1 cell cycle arrest 3,
Therefore, overexpression of cyclin D1 could result in antiestrogen resistance. This
I';Xpothesis is supported by transfection experiments of cyclin D1 in breast cancer cells
19, T-47D cells were chosen because they are ER-positive and there is no evidence for
cyclin D1 overexpression or amplification. Overexpression of cyclin D1 was sufficient
for growth factor-independent acceleration of cells into S-phase. Similar experiments
were performed in MCF-7 cells with an inducible cyclin D1 expression construct **,
Overexpression of cyclin D1 resulted in a continued proliferation potential under
low-serum conditions, in contrast to control cells, which ceased to grow. This
phenomenon is caused by a reduced cell cycle exit from Gi to Go phase in the cells
with overexpression of cyclin D1 ', Similar experiments performed with MCF-7 cells
showed that growth of cyclin D1-overexpressing cells is still efficiently inhibited by
antiestrogens 1, Recently, it was suggested that cyclin D1 binds to the ER and
activates its transcriptional activity independent of estrogen %1%, The role for
overexpression of cyclin D1 in clinical breast cancer is contradictory with the
experiments in T-47D cells, High levels of the protein are detected in well
differentiated, ER-positive tumors, which respond well to tamoxifen treatment for
metastatic disease 1819,
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MDR1/ p-glycoprotein

Multidrug resistance (MDR) is a major problem in the chemotherapeutic
treatment of cancer 2, Almost all breast cancers treated with cytotoxic chemotherapy
develop multidrug resistance, Often this resistance is associated with high expression
of the MDR1 gene, an energy-dependent efflux pump that reduces intracellular drug
levels. If tamoxifen was a substrate of MDR1 this pump could be involved in
antiestrogen resistance. MCF-7 cells transduced with the MDR1 gene exhibit a
mutltidrug resistant phenotype. Nevertheless, overexpression of MDR1 did not result
in cross-resistance to antiestrogens or loss of ER expression 2, Although this study
showed that transfection of MDR1 did not result in tamoxifen resistance in MCF-7
cells, some evidence exists for involvement of MDR1 in antiestrogen resistance. In the
first study, a correlation was observed between p-glycoprotein level in tumors post
treatment and response to tamoxifen 22 In the second study, MDRl mRNA
expression in the primary tumor was found to correlate with resistance to hormone

therapy %®,
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CHAPTER 3






Concluding remarks

have been reviewed. For most of the described genes and mechanisms direct

evidence for involvement in acquired tamoxifen resistance in clinical breast
cancer is still required, Expression of EGF receptor and amplification of HER2 in
primary tumors will predict a failure to respond to tamoxifen therapy 2%, The
transfection experiments reviewed above have revealed important facts leading to a
better understanding of tumor progression. The major drawback of this approach,
however, is its limitation to known and candidate genes. Unknown genes with yet
unknown functions are not addressed. Review of these studies strongly suggests that
many different mechanisms may account for antiestrogen resistance. The molecular
mechanisms responsible for clinical tamoxifen resistance in the majority of ER-
negative and ER-positive breasts cancers still have to be elucidated. Further search for
different gene products conferring antiestrogen resistance is needed.

Random search for genes involved in hormone independence may be
accomplished by transfection of total cDNA libraries into hormone-dependent breast
cancer cells. High quality libraries containing full-length ¢cDNAs are required for this
approach, Transfer of cDNAs causing tamoxifen resistance would result in estrogen-
independent cell clones. Subsequently, the putative resistance gene may be identified
and isolated using the expression vector sequences of the integrated cDNA.

Thus far, one study was published applying this strategy 25, Mixtures of several
cDNA libraries were transfected into tamoxifen sensitive MCF-7 cells. Tamoxifen
selection of the transfected MCF-7 cells resulted in isolation of several resistant
clones. One of these clones was further characterized, and had retained ER expression
which is the phenotype of typical clinical tamoxifen resistance. Although this cell
clone was isolated after cDNA transfection, involvement of the integrated cDNA has
still to be established, and a spontaneous event, leading to antiestrogen resistance, has
to be excluded. In Chapter 4 we discuss the use of retroviral insertional mutagenesis,
to identify genes involved in antiestrogen resistance.

En Chapter 2, a variety of possible mechanisms causing antiestrogen resistance
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Experimental work and discussion

The aim of the experimental work described in this thesis was to gain insight
into the mechanisms involved in antiestrogen resistance in human breast

li. cancer, and to develop tools for the identification of involved genes. To
accomplish this, a random search for involved genes was initiated. An approach was
chosen in which estrogen-dependent breast cancer cells were altered by retroviral
insertion mutagenesis. Retroviruses integrate into the DNA of the host cell and
introduce random mutations, which may result in altered gene expression. Selection
of the infected cells in the presence of antiestrogens (4-hydroxy-tamoxifen) should
allow cells, which have acquired a favorable mutation to proliferate. The integrated
retrovirus serves as a tag, which facilitates the isolation of the involved gene near or
at the integration site. To assess the feasibility of this approach different experiments
were performed, described in Chapter 5,

Breast cancer cell lines for the study of hormone resistance

It is widely accepted that human breast cancers are initially dependent upon
estrogens for development and progression %%, During tumor progression
eventually resulting in dissemination of the disease, estrogen-dependence is lost, and
finally ER-negative tumor cell clones may emerge. The cellular and molecular
mechanisms underlying these changes are poorly understood, Primary cultures of
breast cancer specimens would provide ideal model systems for studying the
progression of breast cancer, However, solid tumors are difficult to grow in vifro, and
large-scale experiments are therefore at present not feasible 7, Hence, cell lines
derived from breast tumors are widely used instead. With some limitations they
provide valuable models in the study of hormone resistance. Most breast cancer cell
lines are ER-negative and are used for the study of hormone resistant disease, MCF-7,
ZR-75-1, and T-47D are ER-positive cell lines, used in the study of the progression of
hormone dependent breast cancer %2%29 Both MCF-7 and ZR-75-1 cells express
functional ER and are estrogen dependent for growth both in vitre and in vive. The T-
47D cell line is less suitable for our studies because of its genetic instability 219211,
which could result in a high rate of spontaneous development of resistant cell clones.
The MCF-7 cell line is the most widely used model and many variant cell lines have
been established 72%82% Qur initial experiments indicated that in comparison with
MCF-7 cells, ZR-75-1 cells exhibited a more stable estrogen-dependent phenotype
during prolonged large-scale culture experiments. For this reason ZR-75-1 cells were
chosen for most of the experiments described in this thesis.

The ZR-75-1 human breast cancer cell line was first described by Engel et al. 22, It
was established from a patient treated for infiltrating ductal carcinoma by
mastectomy and subsequent chemo- and antiestrogen therapy. Cells from a
malignant ascites effusion were brought successfully into culture. This cell line is
estrogen-dependent for growth, although the patient did not respond to treatment
with tamoxifen. The ZR-75-1 cell line has been used for the study of hormone
dependence in human breast cancer in many laboratories.

ZR-75-1 cells maintained in our laboratory are fully estrogen-dependent for
proliferation in vitro and in vive 1%, Depletion of estrogens or addition of an excess of
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antiestrogens to the culture medium results in long-term growth inhibition of the
cells. The rate of spontaneous progression of ZR-75-1 cells to hormone independence
in the presence of 1 #M 4-hydroxy-tamoxifen (a more active metabolite of tamoxifen)
was estimated to be less than 10® within a period of 5 weeks of selection 2, This
stable estrogen-dependent phenotype is a valuable characteristic of the ZR-75-1 cells
for the study of mechanisms involved in the progression to hormone independence.

Ectopic expression of EGP receptor in ZR-75-1 cells,

In Chapter 5.1, we show that transduction of the EGF receptor to estrogen-
dependent breast cancer cells is sufficient to bypass hormone dependence. This
implicates that activation of a single gene is sufficient to induce hormone-resistance.
This notion is important, because it is a prerequisite for successful retroviral
insertional mutagenesis. Coordinate alteration of more than one gene in a single cell
is technically not feasible in a restricted number of cells.

Epigenetic mechanisms in antiestrogen resistance.

In Chapter 5.2, we describe the effects of epigenetic changes in gene expression as
a possible mechanism of development of hormone independence. Estrogen-
dependent ZR-75-1 cells were treated with 5-azacytidine to cause DNA
demethylation, This may result in activation of genes controlled by CpG containing
promoters. High numbers of cell clones developed upon treatment with 5-azacytidine
in the absence of estradiol or in the presence of antiestrogens. Expression of ER, PR
and pS2 {two estrogen-responsive genes) was down-regulated and expression of EGF
receptor and HER2 was up-regulated in these ZR/AZA cells. Proliferation of
ZR/AZA cells could be inhibited with an EGF receptor-blocking antibody,
suggesting an autocrine growth mechanism, Cur data show that hormone resistance
may be caused by epigenetic mechanisins, affecting a large proportion of the cells
simultaneously,

Expression of ER, PR, and EGF receptor in breast tumors.

Chapters 5.3 and 5.4: It has been shown that EGF receptor is expressed in tumors
unresponsive to endocrine therapy. As described in Chapter 5.1, interference of ER
and EGF receptor signal transduction pathways was observed when both receptors
were activated simultaneously. Furthermore, ER and EGF receptor double positive
cells rapidly progressed to a hormone-resistant phenotype. EGF receptor expression
is inversely related to expression of ER in primary breast tumors. However,
approximately 50% of ER-positive tumors express EGF receptor, It was not clear
whether these two different receptors were simultaneously expressed in individual
cells. In Chapters 5.3 and 5.4 we describe the expression patierns of ER, PR, and EGF
receptor at the single cell level in a series of primary breast tumors and non-
malignant breast tissue biopsies. The observations were extended to a comparison of
expression patterns in primary tumors and their metastases. It was shown that
coexpression of ER and EGF receptor, and of PR and EGF receptor in tumor cells is a
rare phenomenon, but does occur in non-malignant epithelial breast cells. Expression
of ER and PR was determined at the single cell level in both primary tumors and their
corresponding lymph node metastases, or in synchronously or metachronously
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occurring bilateral breast cancer. Surprisingly, little differences were observed
between steroid receptor expression of the primary tumor and the corresponding
metastasis, or in bilateral breast cancers *?4. This indicates that loss of ER is not a
prerequisite for tumor spread to the lymph nodes, and may represent a late event in
tumor progression and development of hormone-resistance,

Retroviral insertional mutagenesis.

In Chapter 5.5, our approach to unravel the mechanisms of antiestrogen resistance
by retroviral insertional mutagenesis and the first common integration site linked
with antiestrogen resistance are described, A random search for involved genes by
retroviral insertional mutagenesis was performed. Retroviruses may act as naturally
occurring mutagens, because integration of proviruses into the DNA of a host cell is
part of their life cycle ?'°. Insertion of the provirus results in rearrangement of the
chromosomal DNA of the host cell, which may lead to alteration of gene expression.
Genes in the vicinity of or at the integration site may be activated, inactivated or
truncated by the retrovirus, Consequently, refroviruses may mimic (epi-)genetic
changes leading to tumor progression. Development of convenient retroviral vectors
26 and safe packaging cell lines 27 have made retroviral tagging an attractive tool for
in vitro mutagenesis. Retroviruses show little selectivity for specific DNA sequences,
which is a prerequisite for random mutagenesis '8, Another favorable property of the
retroviruses for gene targeting is the reported selection for transcriptionally active
regions in the genome ?*. Furthermore, infection is a highly efficient process,
compared with frequencies obtainable by stable transfection of plasmids. In mouse
models, many proto-oncogenes have been identified as key genes involved in
tumorigenesis by insertional mutagenesis (reviewed by 2Y%). Three major mechanisms
for up-regulation of gene expression have been identified; promoter insertion,
readthrough activation and enhancer insertion (reviewed by #%%2!), Inactivation of
gene expression by retroviruses is a less likely mechanism due to the presence of the
second allele, or even additional chromosomes in the situation of polyploidy, which is
often observed in established cell lines. Comparison of the genomic DNA of a
number of related tumors or cell lines may show the existence of common integration
sites. This term refers to a particular locus that is occupied by proviruses in different
independent tumors or cell lines. The presence of a retroviral genome integrated in a
specific locus of several independently arisen tumors or cell lines strongly suggests
that a specific gene function was altered by the viral integration, which resulted in the
development of the tumor or the outgrowth of a cell clone. Our efforts to infect as
many as possible cells in a particular experiment has the disadvantage that a single
cell clone may have been infected by a number of retroviruses not all contributing to
the altered phenotype. Identification of a common integration site facilitates the
identification of the responsible locus involved in a specific process. The retrovirus
with its unique DNA sequence in the host cell serves as a tag to isolate the locus and
the involved gene.
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BCART1 locus

Retroviral insertional mutagenesis and selection in the presence of tamoxifen
resulted in eighty tamoxifen resistant cell clones. Search for common integration sites
resulted in the identification of BCAR1 (Chapter 5.5). Further evidence for the
involvement of this locus in tamoxifen resistance was obtained by somatic cell hybrid
experiments, Cell hybrids of parental ZR-75-1 cells and one of the BCAR1 clones
showed that the resistant phenotype co-segregated with the BCAR1 locus. Molecular
cloning of the gene adjacent to the integrations and subsequent expression analysis
showed that it was up-regulated in the BCAR1 clones compared to the ZR-75-1 cells.
Sequence comparison analysis demonstrated that BCAR1 is the human homologue of
the rat p130 Crk-associated substrate (CAS) gene (A. Brinkman et al.; manuscript in
preparation), p130°"S has the structural characteristics of an adapter gene 222 [t
was localized on human chromosome 16q22-23, by fluorescent in situ hybridization
(T. van Agthoven, unpublished results). Distinct signal transduction pathways have
been identified that led to tyrosine phosphorylation of p1304S suggesting that it may
play a role in integrin- 26 and mitogen-mediated signal transduction 2, The exact
role of BCAR1 in development of hormone resistance has to be determined,

BCAR2 locus
Further experiments involving somatic cell fusion identified a second resistance

locus BCAR2 affected in two cell lines of the panel 22. Recently a possible candidate
gene in this locus was isolated using cDNA selection, screening of cDNA libraries,
and RACE strategies. Northern analysis with these ¢DNA probes identified
transcripts of 5 and 8 kb in BCAR2 cell lines and in other human tissues. Transfection
experiments to demonstrate the role of this candidate gene are progress (f.
Veldscholte, unpublished results).

BCAR3 locus

In Chapter 5.6 we report on the cloning and partial characterization of the BCAR3
gene, involved in tamoxifen resistance #°. The BCAR3 locus was identified as a
common integration site in six independently derived cell clones with a proviral
integration in a 5 kb region, strongly suggesting that this locus carries the gene
involved in tamoxifen resistance. Furthermore, cell fusion experiments showed that
transfer of this locus confers tamoxifen resistance to the tamoxifen-sensitive recipient
cells. Screening of Northermn blots with the common integration site-specific DNA
probe identifies a transcript in estrogen-independent MDA-MB-231 breast cancer
cells and in different normal human tissues. This 3.4 kb mRNA is up-regulated in the
antiestrogen-resistant cell lines in comparison with the expression level observed in
the parental ZR-75-1 cells. The cDNA was isolated from a testis library. Transfection
of a BCAR3 cDNA construct induces antiestrogen resistance in ZR-75-1 and MCF-7
cells, Sequence comparisons of the BCAR3 ¢cDNA clone show that this transcript
represents a novel gene containing an SH2 domain, suggesting a role in signal
transduction. Another domain shows some homology with a part of the yeast CDC48
gene which has a role in cell division and apoptosis.
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Cumulative data from in vitro studies and analyses of tumor biopsies strongly
suggest that many different mechanisms may account for antiestrogen resistance, The
molecular mechanisms that are operative in clinical tamoxifen resistance still have to
be explained for the majority of ER-negative and ER-positive breast cancers.
Presently, three new genes that play a role in tamoxifen resistance in vitro have been
identified in our laboratory. We have shown that retroviral insertional mutagenesis is
a useful approach to identify (novel) genes involved in antiestrogen resistance. The
identification of the BCAR1/p130%"S and BCAR2 and BCAR3 genes may provide
important new insights in the biology of breast cancer. Further search for different
gene products conferring antiestrogen resistance is needed. They may be identified
from our panel of cell lines. It is essential to establish the role of these gene products
in clinical breast cancer, Furthermore, it will be of great importance to establish which
signaling cascades, leading to proliferation, are active in hormone-resistant breast
cancer cells. Therapeutic strategies may ultimately be developed intervening with
these escape routes of the tumor celis.
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Fctopic Expression of Epidermal Growth Factor Receptors Induces Hormone
Independence in ZR-75-1 Human Breast Cancer Cells?

Ton van Agthoven,? Thecla L. A. van Agthoven, Henk Portengen, John A, Foekens, and Lambert C. J. Dorssers
Depariment of Molecular Biofogy fT.v. A, F.L A v. A, L C. 1. D.} and Division of Endocrine Onecology [H. P., L. A, F.], The Dr. Daniel dea Hoad Cancer Center,

PO, Box 3201, 3008 AE Rotterdam, ide Netherlands

ABSTRACT

Epldermat growth factor (EGF) receptor is Inversely related to ex-
pression of estrogen receptor (ER) and progesterone receptor in primary
breast tumors and is a negative predictor for respouse to endocrlne
therapy. To Investigate n possible causal rele of EGF recepior expres-
slon In breast cancer progresston to hormone Independence, we hase
created an experimental cell system. Epidermal grawth faclor receptor
complementary DNA was introduced in estrogen-dependent ZR-75-1
breast cancer cells, and the resulting ZRJHERC cells exhiblted a mito-
genle response to epidermat growlh (actor, thus bypassing estrogen
dependence, This EGF-Induced proliferation could not be iahibited by
antiestrogens. In addition, we noted changes In ¢ell morphology and
keretin expression of EGF-stimulated ZR/HERc cells, suggestive of an
altesed differentiation state. Furthermore, intolerznce of functional ER
#nd EGF receptor signat znsduction pathnays in ZR/HER: cebls was
observed durlng stmaltaseous actlvation, which possibly explains the
Inverse relationship of ER and EGF receptor expression in primary
temors. In contrast to the perental cells, ZR/HERc cells rapidly pro-
gressed (0 a siable ER-negative phenotype when cultured in the pres-
ence of the antestrogen bydeoxy-tamoxifen, These results suggest a
possible rote for EGF receptor [n progresslon of breast cancer to hor-
mone Independence.

INTRODUCTION

The development of the normal mammary gland is regulated
by steroid harmones and polypeptide growth factors. Insights
into the mechanisms by which these facters induce cell prolif-
eration and differentiation and how these factors are involved in
breast tumor proliferation have remained limited {1-3), Antag-
onists of steroid hormones are clinically important in the man-
agement of breast cancer, especially the antiestrogen, tameoxifen
(4, 5). Antiestrogens compete with estrogen for binding to the
ER? and can antagonize the action of estrogens on gene expres-
sion via different mechanisms {6-8). About one-third of pa-
tients with advanced breast cancer show an objective response
to endegrine treatment. In case of response, progression from a
hormone-sensitive 1o a hormone-insensitive state oceurs almost
inevitably during prolonged thecapy. The mechanisms underby-
ing this progression are complex and, as yet, unclear (9-13).

Numerous studies have established that, in human primary
breast cancer, expression of EGF receptor i3 inversely corre-
lated with ER expression (14). In addition, expression of EGF
receptor and ER in breast cancer cell lines is also inversely
related {15). Generally, patients with ER-negative primary tu-
mors have a worse prognosis than those with ER-positive tu-
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mors {E6). Whether patients with EGF receptor-positive tu-
mors have an unfavorable prognosis is at present a matter of
debate (for a review, see Ref, 17). Nevertheless, it has been
shown that fumors expressing EGF receptors fail to respond to
hormonal therapy {18, 19). The relation between EGF receptor
expression and a possible causal role in the development of
hormeone-independent tumers is unknown. A feasible approach
to address this question is to investigate ir vitro the biological
consequences of ectopic expression of EGF receptors in hor-
mone-dependent cells.

For the present study, we created a new cell system to study
in vitrg the role of EGF receptor gene expression in progression
of human breast wemor cells to hormone independence. Since
growth of the ZR-75-1 human breast cancer cell lire is fully
estrogen dependent, this cell line provided an attractive in vitro
model, We transduced the human EGF receptor ¢cDNA in es-
trogen-dependent ZR-75-1 cells and studied the effects of EGF
receptor expression on hormone- and EGF-mediated cell pro-
liferation, dilferentiation, and progression to hormene indepen-
dence,

MATERIALS AND METHODS

Cells. ZR-75-1 and ZR/HERg ¢ells are maintained in RPMI-1640
medium (Gibco BRL, Life Technologies Lid, Paisley, United King-
dom) supplemented with 10% heat-inactivated BCS (HyClone Labora-
tories Ine, Logan, UTy and | nse 1 78-estradiol. The karyotypic charac-
teristics of the ZR-75-1 human beeast cancer cell line maintained in our
laboratory and the derived ZR/HERe cells are simitar to the eriginal
published data for ZR-78-1 (20}, Cytogeactic analyses were carried out
using R-banding. PAIIT cells {21} were maintained in Ham's F-12/
Dulbeeco's madified Eagle's medium, 1:1 (Sigma, St. Louis, MO}, with
10% BCS. Cell cultures were routinely checked for Mycoplasma con-
tamination with a DNA-siaining reaction using the bisbenzimidazole
Nuorechrome, Hoechst 33258,

Hermenes. 178-Estradiol (Merck, Darmsiadt, Germany), +-OH-
tamoxifen, and [CI 164,384 (IC1, Meccleshield, United Kingdam) stock
solutions were made in absolute ethano! and stored at 4°C. EGF, from
mouse submaxillary glands, was obtlained from Boehringer Mannheim
Gmbh, Mannheim, Germany.

Retroviral Geae Transfer, Clenat amphotropic NTK-HERe virus-
praducing cell lines wece established by infection of PA317 cells with
cell-free (0.45 um filirated) supernatant of NTK/HERe virus-producing
(22) psi-2 cells for 17 h in the presence of 8 pv Polybrene (Sigma),
Clones weee selected in medium with [ mg/mi of G418 (Gibco BRL).
Using the same procedure, we infected the ZR-75-1 cells with the
amphotropic NTE/HERc receptor vicus, and cell clores (ZR/HER¢)
were isolated using G-§18 selection and expanded in estradiol-contain-
ing medium,

Cell Proliferation Experiments, Cells from subconfluent cultures
were harvested by trealment with trypsin-EDTA (trypsin, 0.05%;
EDTA, 0.5 mss). Single ¢ells were plated into 25-cm? plastic cultuce
flasks (Costar Europe Ltd., Cambridge, MA) in mediom with 10%
BCS, without estradiol. After 24 b, to allow for cell ateachment, the
culiure medium was replaced with experimental medium, RPMI-1649
medium without phenel red, supplemented with 10% heat-inactivated
FCS and stripped by DCC, was used. The mathemalical techaique of
Leibovitz et af. (23} was used 10 obtain the generation time of each cell
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clene, Experiments to evaluate the elfects of the additives in SFM were
performed using the MTT assay {24). Cells were distributed in 96-well
plates in RPMI-1640 plus 10% BCS to allow for cell attachment. After
24 h, the culture medivrm was replaced with a chemically defined SFM,
consisting of Ham's F-12/Dulbecco’s modified Eagle's medium (1;1)
lacking phenol red znd supplemented with 0.2% BSA (purified; Be-
hringwerke AG, Marburg, Germany), 2 mw glutemine, 10°% & trans-
ferrin, 10 pg/m] porcine insulin (Qrganen, Oss, the Netherlands), and
50 ng/ml sodium selenite, MTT reduciion was assayed after & days of
culture by measuring the abserbance at 516 nm with an automatic
microplate reader (Titertec, Flow Laboratories Lid., Irvine, Scotland),

Quantitation of Hormone and EGF Receptors, Cells were cullured in
225-¢cm? flasks in medium containing 10% BCS and 1 nxs estradiol.
Approximately 5-7 X 107 cells were preincubated for 17 h in SFM,
prior te hanesting with 0.5 mu EDTA, This preincubation was per-
formed, since the presence of growth factors in serum andfor endoge-
nously produced by the cells interfered with the estimation of receptor
numbers. Binding of 1"*1.EGF 10 ZR/HERe cells was masked up to
80% when preculture in SFM was omitted. Cell pellets were stored at
~80*C unti) nse. Cell pellets were pulverized and homogenized with a
microdismembrator at —196"C, as described elsewhere (25). The ho-
mogenate was centrifuged for 20 min at 100,000 X g at 4°C, and the
supernatant fraction {cytosolic extract) was used for ER and PR deter-
minations, using commercially available enzyme immuncassay kits
(ER-EIA, PgR-EIA; Abbott Laboratories, Chicago, IL), The membrane
fraction for EGF receplor determination was resuspended by homoge-
nization of the 100,000 X g pellet in 2.5 ml1 PBS solution ¢ontaining
Bacitracin (Serva, Heidelberg, Germany) (7@ pg/mb), with three 5-s
buzsts of an Omni-1000 tissue homogenizer (Omni International,
Waterbury, CT), 2nd subsequently clarified by centrifugation for 10 min
at 1000 % g, Muliiple-point Scatchard analyses of 2*1-EGF binding 10
membrane preparations were performed as described previously with
minor modifications (26, 27}, Briefly, 160-ul membrane preparations
were incubated in a final volume of 140 pl for 18 h at 20°C with
jncreasing concentrations {0.15-3.5 nv) of 12*1-EGF (specific activity,
500 Ci'mmel, mouse EGF, recepror grade, Sigma; radiolabeled with
Protag 125, Baker Fine Chemicals, Phitipsburg, NJ}in the absence and
presence of a 200-fold excess of nonradieactive EGF. Separation of
bound and free EGF was performed by hydroxylapatite adsorpiien.
Hydroxylapatite-bound radicactivity was counted,

Iramunofluorescence, Cells were hamvested with 0.3 muv EDTA,
washed with PBS plus 0.5% BSA, and cytocentrifuged on shides, The
slides were fived for $ win in meihanol and 1 min in aceione at —20°C,
Slides were kept frozen until use, Indirect immunoftuorescence staining
was performed a1 ambient temperature, Slides were rinsed in PBS plus
0.5% BSA prior 10 specific antibody binding. Incubation of primary
antibodies was performed in a wet chamber for 60 min a1 ambieat
temperature, After washing, the slides were incobated for 30 min with
15 ul goat anti-meuse immunoglobulia-flucreseein {sothiocyanate (Da-
copatts, Glostrup, Denmark). Afer a final washing with PBS contain-
ing 0.5% BSA for 15 min, 1he slides were movnied in glycerel/PRS
{4:13 with an antibleach agent, 1,4-Diazabicyclo-octane (Sigma). The
antibodies used o this study were RCK 105 1o keratin 7, M 26 1o
keratin 8, RCK 1906 to keratin 18, LP2K to keratin 19, and RY 202 to
vimentin and HMFG-2. Anti-desmin was a kind gift from Sanbio BV,
Liden, The Netherlands,

RESULTS

Expression of the EGF Receptor ¢DNA in ZR-75-1 Cells,
The human EGF receptor ¢DNA (28) was efficiently intro-
duced into ZR-75-1 cells with the retrovirat vector NTK-HERe
(22), which carries the human EGF receptor cDINA under con-
trol of the herpes simplex thymidine kinase premotor. The
combination with the neamycin resistance gene expressed from
the 5° LTR provides a selectable marker, After the 2R.75-1
cells were Infecied with the retroviral vector NTR/HERG, six
G418-resistant clones were selected with one integrated copy of

the EGF receptor ¢cDNA and a different integration pattern,
indicating their independent origin (determined by Southern
aralysis using a Neo probe, data not shewn). ZR/HERc clones
were siudied far their EGF receplor expression by Scatchard
analysis using '2*I-EGF. ZR/HERc clones contained high-al-
finity ***[-EGF binding sites (Ky = 0.9-1.5 ns) with different
EGF receptor levels {range, 43251 fmol/mg membrane pro-
tein) (Table ! and Fig. 1), In contrasy, the paremal cell line
ZR-75-1 contained no detectable EGF receptors, as detes-
mined in 8 independently performed Scatchard analyses, EGF
receptor mRNA was found only in ZR/HERc clones and not in
the ZR-75-1 parental cells (Northern analysis not shown). All
generated ctones retained ER and PR receptor expression, sim-
ilar to the parental ZR-75-1 cells (Table 1),

Praliferation-inducing Effects of EGF on ZR-75-1 and ZR/
HERc Cells. To test the funcdonality of the ectopically ex-
pressed EGF receptors, ZR/HERc cells were examined for a
proliferative response to EGF, The number of generations dur-
ing & 12-day culture period of six independently derived EGF
receptor-expressing clones is presented in Fig. 2. Virlually aill
examined ¢lones responded to EGF with cell proliferation, and
all clones exhibited a ¢lear increase in cell size and change of
cell morphology (se¢ Fig, 7 and below), EGF induced a signif-
icant increase in ZR/HERe cell population-doubling time com-
pared lo stimulation with estradiol, The parental cefl line ZR-
75-1, expressing no detectable EGF-binding sites, did not show
any response to EGF in 10 independent experiments, Subse-
quently a short-term culture assay was performed to determine
the effect of EGF and estradiol en MTT reduction in SFM.
Although estradiol is a poor inducer of ZR-75-1 cell prolifer-
ation in our serum-free system as determined by cell counting
{rot shown}), MTT reduction in both ZR-75-1 cells and ZR/
HERe cell clones was significantly increased afier 6 days of
culture in the presence of estradiol (Fig. 3}, EGF stimulation of
ZR-75-1 cells in this serum-free assay did not affect MTT
reduction. In contrast, ZR/HERc clones exhibited a clear ¢n-
jargement of the cell size, a change in morphelogy, and a strong
increase in MTT reduction (Fig. 3), indicating that EGF in-
duced an elevation of the mitochondrial activity in these cells
independently of proliferation.

EGF Can Bypass Inhibition of OH-Tamoxifen, ZR.75-1
cells maintained in our laboratory are strictly estregen depen-
dent for proliferation (Fig. 4, see also Figs. 2 and 3). Estrogen-
induced stimulation could be contpletely inhibited by the simul-
taneous addition of the antiestrogen OH-tamoxifen {1 pm).
Similarly to ZR-T5-1 cells, the estrogen-induced stimulation of
ZR/HERc cells was completely suppressed by the antiestrogen
OH-tamoxifen. In contrast, the EGF-induced 9-fold growth
stimulation of the ZR/HERc cell culture could not be inhibited
by OH-1amoxifen (Fig. 4), These results demonstrate that the

Table 1 Expression of hormene receptors and EGF recepiors on ZR-73-1 ond
ZR/HERe tells
Cells wete grown in medivm containing 1% BCS and esiradiol (1 am). Cells.
(§-7 X 107) were harvested with 0.5 mus EDTA, after overnight incubation in
SFM, for receptor delerminations. Yalues are in fmol/img protein,

Cell line EGF receptor ER PR
ZR-75-1 a [T =500
ZRMHERe 1A 187 34 >500
ZR/HERe 1D 47 62 >500
ZR/HER¢ 1E 43 33 >500
ZR/HERc IF 151 18 =400
ZR/HER¢ 1G 81 92 >500
ZR/HER¢ 28 43 51 >500

2 No specific 1241-EGF binding.
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estrogen-dependent proliferation pathway can be bypassed by
exogenous EGF in cells carrying eciopically expressed EGF
receplors,

Estrogen Responsiveness alter Preculture with EGF, To es-
tablish whether preculture of ZR/HERc {or ZR-75-1)cells with
EGF would affect subsequent estrogen-dependent proliferation,
cells were cultured for 12 days in the absence and presence of
EGF (Fig. 54) and subsequently replated in estradiol-contain-
ing medium. Fig. 52 shows that precubture of ZR/HERC cells
with EGF reduced secondary colony formation 1¢ 15% when
compared to preculture in the absence of EGF. The ability to
form colonies by the parental ZR-75~1 cells was not affected by
preculture with EGF. The differences observed were not a resull
of variation in plating efficiencies. To imvestigate whelker
down-regulation of ER in EGF-treated ZR/HERc cells had
occurred and thus could explain the loss of estrogen response,
the namber of steroid receptors was determined on the same
batch of cells (Fig. 54). Following additionat culture for 2 days
in estradiol-containing medium, to allow also measurement of

Bound/Free

0.4

0.2 4

i 1A
Ae\T

0 500 1000
Bound EGF (pM}

Fig. I. Scatchard analysis of EGF binding. 'MI-EGF-hinding studies were
performed as described in “Materials and Methods™ Specific binding of three
representative clones {(HERc-1A, 11X, and -1F) is plotted.

NUMBER OF GENERATIONS

ZR-76-1 1A 10 1E 1F G 28
Fig. 2. Proliferation-ingucing ¢fects of EGF. ZR-75-1 and ZR/HERc cells {2
x 145) were plated in RPMIBCS medium in 28-¢m? cubture Nasks. Afier 24 h,
the medium was t¢plaged with RPMEDCC-FCS, withoul EGF (1), with EGF
(), o7 wilh estradiol (By. Cells were barvesied on day 12 and counted, and the
numbr of generations was cakalated.

ABSORBANCE AT 510 NM

0.75

0.50 1

0.25 1

0.00
ZR 1A 1D 1E tF G 2B

Fig. J. Effect of EGF and estradiot in SFM on MTT reduction by ZR-75-1
cells {ZR) and ZR/HERc cell clones. Cells were plated in RPMI/BCS medivin 2t
a densily of 2800 cells/wel), on day 0; efier 24 b, the medium was ¢hanged 10 SFM
(3, SFM containing estradiol (1 nse, B), er EGF (10 ng/m), £). Cell siimulation
was determined on day 6 using (ke MTT assay andis shown as tht absorbance 510
nm reading. All values are the mezns of 8 wells {(£5D).

PR expression, extracts prepared from these ZR/HER¢ cells
contained high amounts of both ER and PR {Table 2). The
presence of PR indicates that the lack of colony formation
induction of EGF-1reated ZR/HERc cells by estradiol was not
caused by a defective ER machinery, since PR expression is
regulated by ER (29).

EGF-mediated Growth Control. To address the question of
whether EGF-mediated events are dominant over those of es-
tradiol or vice versa, the effects of EGF and estradiol when
supplied individually or simuitaneously were investigated. The
number of ZR/HERc cells in the estradiol-stimulated (E0 or
100 pa) cubtures was significantly reduced by the additional
presence of 10 ng/ml EGF (Fig. 6), in spite of the growth
stimulatory effects of EGF in the absence of estradiol, Inhibi-
tory effects of EGT alene {up to 100 ng/mi) were not observed
{not shown). Furthermore, the moerphology of these ZR/HERe
cells was similar to the cell cultures supplemented with EGF
alone, Increase of cell population-doubling time of ZR/HERe
cells was also observed in feng-term cultures (20 days) stimu-
fated with EGF and 1 n estradiol {data not shown}). Cultures
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10° colls

ZRMHERc ZR-75-1

Fig. 4. Effect of OH-1amoxifen on EGF- o7 estradiol-medizied proliferaiion of
ZR-75-1 and ZRHERe ¢¢lls. Cells {1.5 > 10*) were plated in REMI/BCS me-
dium. After 24 h, the fellowing fectors were added: EGF (10 ng/m), O}, EGF +
OH-ramoxifen (1 puy, 0), estradiol {1 nm, B), or estradiol + QH-12morilen ().
The meéans £ SD of iriplicate incubations, hanvesied and counted oo day 0, are
ploted.

&
10" CELLS COLONIES
o 2000

1800

1000

ZR/HERAY

IR-1541 ZR/HERS ZR-75-1

Fig. 5. Replaling eiliciency after preculiure with EGF, ZR-15-1 and ZR/
HER¢ cells {1 % 107) were plated on day 0 in medivm plus 4.5% PCC-FCS,
withowl () o7 with EGF {16 ng/m), L) (in duplicate). The cells were harvested ¢n
day 12 and counted {4), Subsequently, singlecetl suspensions containing 1 X 16
cells were seeded in 25-cm? Nasks with medium containing ¢stradio (4 nul. After
12 days of culturé, the pumber of cel colonies was determined (B).

supplemented with EGF and 100 nx 1C1 164,384, which com-
pletely eliminates the stimulatory efiect of 10 pa estradiol,
showed slightly enhanced proliferation of the cells {Fig. 6; two
additional independent experiments not shown), This may be
explained by neutralization of remnant traces of estradiol in the
DCC serum by the pure antagenist. Our results strongly suggest
that simultaneouns induction of ER-mediated gene activation
and EGF recepior signal (ransduction in ZR/HERc cells is not
tolerated.

Structural Alterations of ZR/HER¢ Cells Cultured with
EGF. ZR/HERc cells could be maintained in culure for >14
weeks with EGF in the absence of estradiel, without apparent
1oss of viability {< 5%}, as determined by the trypan blue exclu-
sion method and reductien of MTT in individuat cells. Stimu-
lation of ZR/HERc cells with EGF resulted in altered cell mor-
phelogy, The cell volume increased significantly, and some cells
contained many vacuoles (Fig. 7, 4 and B). In addition, the cells
appeared more Nattened, and a stronger adherence to the plas-
tic culture flask was noted compared to ZR/HER¢ or ZR-75-1
cells cultured in the presence of estradiol. To determine
whether EGF-induced maturation may explain these marpho-
Jogical allerations and the failure of secondary colony forma-

tion in estrogen-containing medium (Fig. 5}, expression of var-
ious cytoskeletal prateins and the milk fat globule antigen
(HMFG-2} membrane glycoprotein was studied using mono-
clonal antibadies. Intermediate filaments have been established
as markers of cell differentiation and are well preserved during
malignant transformation (30}, ZR-75-1 cells expressed ker-
atins 8, 18, and 19, typical for the luminal epithelial cell, in both
estradiol- and EGF-supplemented culiures, EGF induced an
increase of keratin 8, 18, and 19 structures in ZR/HERc¢ cells
after 10-12 days of culwre, compared to control cultures with
estradiol. Even more noticeable was the change in filament
structure for keratins 8 and 18, which changed from a loose
network of slender fibers to a very dense structure when stim-
ulated with EGF (Fig. 7, C and D}. No such changes were
observed in ZR-75-1 cells. To exclude that this phenomenon
was solely due 1o reduction of prolileration, ZR/HERc and
ZR-75-1 cells ingubated for 12 days in media without EGF or
estradiol were analyzed, These cells did not show a change in
cyioskeletal structure and displayed a moderate decrease in ker-
atin expresslon fevels, All studied cells were negative for keratin
7, desmin, and vimentin, Cell membrane HMFG-2 expression
was strongly increased following treatment of ZR/HERe cells
with EGF. Since HMFG-2 is a marker for mature cells (31},
this result suggests that ZR/HERe cells progress 10 a more
mature state following treaiment with EGF,

Progression to Hormone Independence. We next determined
whether ectopic expression of EGF receptors would effect
the rate of progression to a completely hormone-independent
phenotype, ZR/HERe cells and control ZR-75-1 cells were
culured in medium containing 10% BCS and excess OH-
tamoxifen {1 um). The growth of ZR-75-1 cells was completely

Tadle 2 Swable receptor expression by ZR-75-1 and ZR/HERy cells
Ceils {1 X 107 were cultured in medium with 16% DCC-FCS containing no
additives or EGF (10 ng/ml) as indicated. Aftes 12 days, a small portlon was used
for the replating study (Fig. 38). and the remzining cells were incubated in
estradiol-supplemenred medivm for 2 days. Afler a further 4 h incubation in SFM,
the cells were barvested with 0.3 mu EDTA and used for receptos determirations.
Values zre in fmolmg protein,

Cell line Addition EGF receptor ER PR
ZR-15-1 NO ¢ 51 =500
ZR-75-1 EGF e 55 =500
ZR/HERC w0 232 34 134
ZR/HERc EGF 168 85 =500
@ No spcific 1¥*LLEGF binding,

EGF -‘ B
E2 160pM
EGFER 100pM
£2 10pM !
EGFIE2 10pht
151 1901 _|
EGF+CT i00aAM
- —
/
° &0 100 / /000 250

10* CELLS

Fig. 6, Effect of EGF on estradiol-stimulated proliferation of ZR/HER¢ cells,
Cells{2 % 105} were plated in 25-cm? flasks in medium containing 10% DCC-FCS
supplemented with EGF (t0 ng/mY), esteadiol {EX 10 or L€ pu), and 1CE
164,384 {100 n) as indicated. Cells were barvested and counted on day 12,
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Fig. 1. EGF-induced changes in morphology and Leratin expression of ZR/HER¢ cells, Phase-contrast photomicrographs of ZR/ATERe cells cultured with 1 nu
L78-¢stradiot (4) and ZR/HER« cells cultured for 12 days in the presence of 10 ngsm) EGF (8). Immunoftaoréscent detection of keratin 8 expression in ZR/HERc
cells cultured with 1 nse 128-estradiol {0 and in the presence of 10 ng/ml EGF (D) for 12 days.

arrested under these conditiens, but ZR/HERc cells started to
proliferate after 3-4 weeks, showing many foci. Individuat
clenes have been isolated, demonsirating stable growth in the
presence of EGF. Receplor analysis showed that expression of
ER was strongly reduced to 313 fmol/mg protein, and PR was
no longer detectable. Apparently, ZR/HERc cells progressed to
a hormone-independent, EGF-dependent phenotype (ER-/%,
PR, and EGF receplor positive) under selection of the anti-
estrogen.

DISCUSSION

Although many endocrine tumors respond to hormonal ther-
apy, progression of the tumor to a hormone-independent phe-
notype is inevitable. ER and PR status of primary human breast
tumors previde imporiant markers for response 10 endocrine
therapy. EGF receptor expression has been suggested as a prog-
nostic factor for early progression during primary endocrine
therapy {18, 19}, Whether the EGF receptoer plays a causal role
in the biology and the clinical course of breast cancer is not
known, However, the presence of transforming growih factor a
and EGF in breast tumor tissue has been established (32) and,

thus, could stimulate cell proliferation via the EGF receptor. In
an attemp! to obtain insight into the bislagical basis of anties-
trogen resistance and to study this possible autocrine loop, the
consequence of eclopic expression of the EGF receptor in a
model human breast cancer cell line was investigated, This
study demonsteales successful transduction of functional hu-
man EGF receplors in ZR-75~1 cells which are completely
estrogen dependent and devoid of EGF receptors. Retroviral
introduction of the EGF receptor ¢cDINA under contral of a
heterokogous promodor resulted in expressien of high-affinity
binding sites for EGF, Cell clones {ZR/HERe) have been ob-
tained with different gquantities of '?*1-EGF-binding sites
{range, 43-251 fmol/mg membrane protein). ZR/HERC cells
acquired a responsiveness to EGF, independently of the hor-
monal pathway in preliferation (serum containing) and MTT
assays {serum free). These results indicate that ZR-75-F cells
possess all necessary intracellular properties for transduction of
signals provided by EGF, No correlation was seen hetween the
EGF-induced proliferation of individual clones and the levels of
EGF receptor expression. Even ¢lones containing [ow levels of
EGF receptars responded to EGF with cell proliferation (Table
I and Fig, 2) and striking morphelogical alterations within 1
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week of culiure. Estrogen-dependent growth of ZR-75-1 and
ZR/HER cells coubd be completely inhibited by OH-tamoxifen
or 1CI 164,384, in contrast to the responsiveness 10 EGF of
ZR/HERc cells, Therefore, ZR/HERc cells exhibit a hormone-
and EGF-responsive phenotype. ZR/HERc cells retained the
capacity to form (smors in nude mice and 1o grow in sofl agar
in the presence of estradiol, Neither tumor formation nor ¢ol-
ony formation was observed in the absence of estradiol with
EGF supplementation. Prolonged in vifro culture in the pres-
ence of EGF resulted in a significantly increased cell popula-
tion-doubling tirme of the ZR/HER¢ cells, but unlimited prolif-
eration potential was retained, The alieredcell morphology, the
changed keratin expression, and the increased HMFG-2 ex-
pression suggest some maturation of the cells, which may ex-
plain the increased cell-doubling time. Preculture of ZR/HERc
cells with EGF resulted in loss of estrogen-dependent profifer-
ation, despite the presence of a functional hormonal pathway.
Furthermore, we observed a negative interaction of EGF- and
estradiol-mediated growth, when supplied simultaneously, Our
results differ from the data of Valverius ef al. {33), who (ailed to
induce a2 hormone-independent phenotype by transfection of
the EGF receptor cDNA in ZR-75-1 cells. The reasen for this
discrepancy Is as yet unknown but might be explained by clonal
differences in the ZR-75-1 cell line, The ZR-75-1 cells used in
our studies are fully dependent on estradiol for growth and do
not express detectable EGFE receplors, Valverius ef al, (33) used
an estrogen-responsive subclone, which also expressed EGF
receptors,

Little information is available concerning coexpression and
function of ER and EGF receptors on individual cells in pri-
mary breast cancer using immuneohistochemical techniques, Foi
et al. {34) noted that in ER/EGF receptor-positive tumors, EGF
receptor-siained cells were distributed inversely of ER-positive
cells. It is not known whether lunciional EGF receptor and ER
signal pathways are compatible in an individual cell, Both EGF
and estrogen are important reguiators of normal breast epithe-
lial cell development but may not function simulianeousty. The
inverse correlation between ER/PR expression and EGF recep-
tor expression in primary breast tumors agrees very well with
the negative interaction of ER and EGF receptor stimulation on
proliferation of ZR/HERe cells. Histochemical analysis of nor-
mal breast tissue as welt as malignant tissue may establish
whether coexpression of estrogen receptors and EGF receptors
occurs in single cells and at what stage of epithelial ceil differ-
entiation, In this way, the hypothesis that these regulatory com-
ponends lunction in separate slages of tissue development and
thus give rise to different classes of breast tumaors may be ex-
plored,

Our experiments in the ZR/HERc model show Lhat pro-
longed cutture in the presence of excess OH-tamoxifen results
in antihormene-resistant subelones lacking expression of ER
and PR, Similar conditions failed to induce proliferating sub-
clones of the parental ZR-75-1 cells, These results suggest that
as a consequence of antiestropen Lherapy ER expression of
initially hormone-responsive cells can be dewn modulated, re-
sulting in cells with an EGF receptor-positive/ER-negative phe-
notype. Whether this observation reflects the clinical sitvation
remains a matter of study, Further investigations in model sys-
tems and with immunohistochemical techniques to study indi-
vidual ¢ells in biopsy specimens obtained before and after ther-
apy ar¢ needed to establish whether EGF receptor plays a role
in progression to hormone indeperdence during antiestrogen
therapy of breast cancer,

In conclusion, the results presented in this paper show that
ectopic expression of the EGF receptor, in the presence of its
ligand, can bypass estrogen-dependent proliferation with con-
comitant change in differentiation of ZR-75-1 cells, Our results
suggest that an incompatibility between active ER and EGF
receptor signal transduction pathways exists, which may result
in down-moduiation of ER expression during antiestrogen ther-
apy and, thus, could contribule to the failure of endocrine treat-
ment. ZR-75-1 and the derived ZR/HERe cells provide an
attractive madel to study progression from hotmone-dependent
to hormone-independent growth and the interplay between ER
and EGF receplor signal pathways.
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Antagonists of steroid hormones are clinically im-
portant in the management of breast cancer, How-
ever, the duration of response Is limited due to the
development of hormone-independent tumors in vir-
tually alt cases. In an attemp! to obtain insight into
the mechanisms underlying antiestrogen resistance,
the consequences of epigenetic changes in gene
axpresslon were studied in vitro. Estrogen-depend-
ent ZR-75-1 human breast eancer cells were {reated
with S-azacylidine, an inhibitor of DNA methylation,
and cultured in the absence of estradiol or in the
prasence of anllestrogens. Estrogen-independent
cell colonies developed within 3 weeks at high fre-
quency In S-azacylidine-treated cullures (0.7 X
107, In contrast to control cultures (<107%). The
derived cells {ZR/AZA}) were resistant to 4-hydroxy-
tamoxifen and ICI 164,384, independent of the se-
lection protocol, but had fost the ability lo grow
anchorage-independent. Whereas expression of es-
frogen receplor, progesterone receptor, and pS2
were down-requlated, expression of epidermal
growth factor (EGF) receptor and HER2/neu were
increased in ZR/AZA cells. in contrast to the stable
altered expression patterns of estrogen receptor
and EGF receptor, transient keratin 7 expression
was observed, Transforming growth factor-« mRNA
was identified In ZR-75-1 cells and ZR/AZA cells
and EGF-like peplides were secreted in the culture
medium. Proliferation of ZR/AZA cells could be par-
tiatly inhibited with an EGF receptor-blocking anti-
body. Presence of bolh growth factor receptors and
possible lgands suggests the development of an
autocrine growth mechanism. Qur data show that
epigenetic alterations of gene expression result in
rapid progression of breast cancer cells to hormone
independence. (Molecular Endecrinology 8: 1474-
1483, 1994}

INTRODUCTION

Breast growth and development is regutated by a com-
plicated set of interactions among hormones and poly-
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peptide growth factors with thelr specific cellular recep-
tors {1, 2). These regulators may be produced by the
cell itself, by surrounding cells, or by cells at distant
sites (3). Estrogen receptor (ER) and the progesterone
receptor (PR), like other members of the steroid hor-
mone receptor family, are ligand-inducible transcription
factors (4, 5} which, among other functions, play an
important role in the biology of the norma! mammary
gland (3). The ER and its ligand have been implicated
in the development and progression of breast cancer
(6-8). However, the presence of both ER and PR in
primary breast tumors identifies patients with a lower
risk of relapse and prolonged survival {8, 9}. Further-
more, ER is a target for endocrine therapy of chnical
breast cancer. The therapeutic strategies using antag-
onists of hormones are based on the dependence of
breast cancer cells on estrogens for proliferation. These
antagonists exert their inhibitory effects on cell prolif-
eration via the hormons receplor systern {10}, Currently
the nonsteroidal antiestrogen tamoxifen is established
as the first choice of endocrine therapy of advanced
breast cancer, in particular when the primary tumor is
steroid hormone receptor-positive (11, 12), Approxi-
mately 50% of these patients with ER-posltive primary
tumors will have an objective response. However, the
treatment is pafiiative and the majority of patients will
experience a relapse (7, 13-16).

The mechanism of progression to hormone inde-
pendence and toss of response to hormonal therapy is
yet poorly understood. Changses in therapy response
may be related o alterations in the ER function and
signal cascade, alterations in the paracrine interactions,
and changes in ihe drug pharmacolegy (see for review
Refs. 3, 15, and 17-19), £R variants have been impli-
cated in response failure (20-26) but do not appear o
account for most tamoxifen-resistant breast tumors
{27). Altered regulation of gene expression in breast
cancer cells has been implicated in the development of
estrogen-independent disease and loss of response to
harmenal therapy (28, 29). Stable changes in gene
expression can derive from both genatic and epigenstic
mechanisms and may result in altered cell phenotypes.
The cylosine analog 5-azacylidine (5-azaC) is a potent



inhititor of methylation of newly synthesized DNA and
an inducer of cell differentiation. In many studies it has
been shown that treatment with 5-azaC can result in
aclivation of silet genes and in altered phenotypes of
target cells {30-33), Whether methylation of DNA plays
a causal role in repression of genes in vivo is not fully
understood {34). Genes with tissue-specific expression
often undergo dfe novo methylation in cultures of estab-
lished cell lines. This may explain the loss of cell type-
specific functions and repression of nonessential prop-
erties in culture (35). It has been shown that specific
functions can be activated in cultured cancer cel lines
by trealment with 5-azaC. Furthermore, subjection to
spacific selection protocols resulted in the identification
of mechanisms and genes involved in specific proc-
esses of these cells (36-38).

The aim of this study was to establish the conse-
quences of epigenetic changes on estrogen depend-
ence of human breast cancer cells. The ZR-75-1 human
breast cancer c¢ell line is a well characterized in vitro
model with which to study the progression of estrogen-
dependent cells to estrogen independence (38, 39}
These cells are entirely estrogen-dependent, and
growth is completely inhibited with antfestrogens (39).
We have treated ZR-75-1 cells with 5-azaC and deter-
mined the effects on estrogen dependence and gene
expression of various ER-regulated genes in vitro.

RESULTS
Indu¢tion of Epigenetic Alterations

Human breast car¢inoma ZR-75-1 cells maintained in
our laboratory are strictly estrogen-dependent for pro-
liferations (39}, Culture in the absence of estradiol or the
addition of the antiestrogens 4-hydroxy-tamoexifen or
ICI 164,384 1o eslrogen-contalning cuttures resulted in
a complete growlh arrest (37, 39). ZR-75-1 cells were
treated wilh diiferent concentrations of 5-azaC {range
0.1-10 pm) for 3 days to induce epigenetic alterations.
Subsequently the cells were exposed to anliestrogens
or cuitured in estrogen-depleted medium. Within 3
weeks of selection, proliferating cell clones were ap-
parent in a background of nonproliferating cells. The
number of 5-azaC-induced, estrogen-independent
clones was dose dependent over a narrow effective 5-
azaC concentration range. In Fig. 1 the results of 4-
hydroxy-tamoxifen seleclion are shown, Maximat num-
bers of antiestrogen-resistant colonies were observed
in cultures containing 5 um 5-azaC during 3 days. This
resulted in approximately 730 clones per 10° plated
cells using 1 pM 4-hydroxy-tamoxifen selection. This
poot of colonies was mass-cultured and designated ZR/
AZA-TAM cells. Furthermore, single ceil-derived sub-
clones were generated using conditioned medium of
murine CRIP cells (38) and hereafter referred to as ZR/
AZA 1, 2, and 3. Experiments performed in the pres-
ence of 100 nm iC1 164,384 resulted in approximately
the same number of colonies (designated ZRJAZA-CH
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Fig. 1. Induction of Antiesiregen Resistance by Treatment
with §-Azacytidine

Frequency of colonigs after trealment of ZR-75-1 cells with
increasing doses of 6-azaC and cullure in the presence of
pM 4-hydroxy-tamoxifén. Coleny numbers were determined
on day 17 after start of selection,

celts). In estrogen-deprived medium, the number of
estrogen-independent colonles (designated ZR/AZA-
DCC celis) was approximately 60% lower, compared to
4-hydroxy-tamoxifen or ICl 164,384 selection. Controf
cultures of ZR-75-1 cells not exposed to 5-azaC, but
subjected to the same selection procedures, did not
result in estrogen-independent growth. This is in agree-
ment with our previously reported frequency (=107 of
spontaneous development of estrogen independence
of these ZR-75-1 cetls {38).

Down-Regutation of ER, PR, and pS2 Expression

We performed ribonuclease (RNase) protection analysis
assays and Northern analysis to examine whether
down-regulation of ER and ER-regulated genes in ZR/
AZA cells had occurred and could explain antigstrogen
resistance. RNase protection analyses using an anti-
sense ER complementary DNA (cDNA) probe showed
that ZR/AZA cells contained reduced ER mRNA levels
in comparison with the wild type ZR-75-1 celis. In the
single cell clone ZRfAZA 3, ER mRNA was barely
detectable (Fig. 2). RNase prolection assays {Fig. 3}
with an antisense PR cONA probe showed that the
estrogen-induced PR mRNA expression was sirengly
reduced in ZRJAZA cells {range ~2-20% of the level
observed in ZR-75-1 cells).

The expression of the pS2 gene is like the PR gene
under strict control of ER in breast cancer cells and
may reflect funclional ER signal transduction (40-43},
pS2 mRNA levels were determined by Northern blotting
wilh subsequent hybridization to a pS2 probe. ZR-75-
1 cells, which profiferate only in the presence of estra-
dio!, showed very high expression of pS2 mRNA (Fig,
4), ZR{AZA-TAM, 4Cl, and -DCC pools and ZRJAZA-
TAM subclones were cultured in the presence and
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Fig. 2. RNase Protection Assay 10 Delect ER and EGF Recep-
tor Expression in ZR-75-1 Cells and the Derived ZRfAZA Cells

Twenty micrograms of total RNA of ZR-75-1{ZR), ZR/AZA-
ICH{iCl}, -TAM {Tam), -DCC {GCC), ZR/AZA subclones (AZAI1-
AZAJ), and control IRNA were used. Positions of the protected
fragments of &R, EGF receptor, and y-actin mANA are indi-
cated. Undigested probes for ER, EGF receptor, and 4-actin
are shown in the left fane {probe), Only the relevant parts of
the autoradiographs are shown.
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Fig. 3. ANase Protection Assay lo Delect PR and TGFa mRNA

Tolal RNAS of cells cuttured for 5 days without estradiol (),
with 1 nm estradiol (+), with 4-hydroxy-tamoxifen {t), or in the
absence of estragiol and subseguently stimuiated for 5 h (#)
(see also Fig. 2).

absence of estradiol. In the absence of eslradiol, the
ZR/AZA cells did nol express pS2 mRNA, In the pres-
ence of estradiol, ZR/AZA-DCC cells showed efficient
induction of pS2 mRNA, comparable wilh expression
levels detected in the parental ZB-75-1 cells. In ZR/f
AZA-TAM celis, estrogen-induced pS2 expression was
lower {~40% of the leve! observed in ZR-75-1 cells),
whereas in ZR/AZA-ICI cells pS2 induction was almost
completely lost (5%) compared to ZR-75-1 celis (Fig.
4). ZRJAZA subclone 1 showed high pS2 expression
when stimutaied with estradiol, comparable to ZR-75-
1 cells. Subclong 2 contained very fow inducible pS2
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Fig. 4, Northem Blot Analysis ¢f pS2 mRNA from ZR-75-1
Celis and ZR/AZA Celis

Pooled clones of ZRJAZA-DCC, -TAM, and -0, were cu®
tured it the presence (+) or absence {-) of 1 nu estradiol. Total
RANA {20 pg)} was blotted and hybridized with a2 p52 probe,
The same blol was hybridized with a glyceraldenyde-3-phos-
phate dehydregenase probe as an internal control,

Table 1. Expression of Estrogen, Progesterone, and EGF
Receptors on ZR-75-1 and ZRJAZA Cells

ER PR
Cell Line ———————————  EGFA
“Ez’*’Eg "'EQI+E2
ZR-75-1 —[i5 /625 ND
ZAJAZADCC  —/15 /56 49
ZRIAZA-Tam 3/8 6/1 72
ZR{AZA-ICH 3/5 0o 62
ZRIAZA-1 -8 ~j19 ND
ZRIAZA-2 -2 ~f2 20
ZRIAZA3 5 - 28
ZIRJAZA-4 4/5 1/3 27

For receptor determinations, ZR-75-1 celis were cultured ton-
linuously in the presence of 1 nm estradiol. ZR/AZA cells were
cultured in the presence of 17g-estradiol (E;) for 4 days, to
attow measuremant of ER-induced PR expression (+E3). In
addition, ER and PR of ZR/AZA-Tam, ICl, and clone 4 were
determined In the absence of 178-estradiol (~E;). Values are
in femtomolesfmg protein. ND, No spacific ["*I}-EGF binding
detected,

mRNA favels {4%) and in clone 3 no pS2 mMRNA was
detected (Northern bliot not shown).

Subsequently, the amount of steroid receptors of
ZR{AZA and ZR-75-1 cells was determined. Cytosolic
exiracts prepared from ZR-75-1 celis contained high
levels of ER {115 fmol/mg cytosolic protein} and PR
(625 fmol). In contrast, cytosolic extracts prepared from
ZRJAZA pools as well as single cell clones contained
reduced or hardly detectable ER protein levels (2-15
fmol). This was also apparent for estrogen-induced PR
protein levels {0-56 imol) (Table 1).

EGF Receptor Expression Is Induced in
ZRfAZA Cells

The parental ZR-75-1 cells, used in our experiments,
expressed ER and PR but contained no detectable EGF
receptors {(39). We have shown that treatment of ZR-



75-1 cells with 5-azaC and subsequen! sefection with
antiestrogens resulted in down-regulalion of ER expres-
sion. To examine whether the observed down-regula-
tion of ER was possibly accompanied by an up-regufa-
tion of EGF receptor expression, RNase prolection
assays were performed on RNA preparations of ZR/
AZA-TAM, -ICI, and -DCC cells and single cell clones,
using an antisense EGF receptor cDNA probe, These
analyses showed up-regulation of EGF receptor mRNA
levels in all tested ZR/AZA cells as compared wilh ZR-
75-1 cells, except for clone 1, in which we failed o
detect EGF receptor mRNA (Fig, 2}, Scatchard analysis
using ['**I|JEGF was performed on membrane prepara-
lions of ZR/AZA cells 1o delermine EGF receptor
expression at the protein fevel. ZR/AZA cell peols and
subclones conlained readily detectable, but variable,
numbers of EGF binding sites (Table 1). Figure 5 shows
an example of Scatchard plots of ZRJAZA celt pools
selected in either 4-hydroxy-tamoxifen or I1C1 164,384
medium.

Loss of HER2/neu Regulation by Eslrogens in ZR/
AZA Cells

The HER2/neu protooncogene is down-regulated by
estrogen-activated ER in ER-positive breast cancer cell
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Fig. 5. Scatchard Analysis of EGF Binding

ZRJAZA cells wera cultured to confluence in 225 cm?® flasks
in RPMI 1640 medium supplemented with 10% BCS, Specific
binding of ZR/AZA-ICI {+) and ZR{AZA-TAM (A) is ploited.
The amount of ['#I]JEGF binding sites was 62 and 72 fmol/mg
membrange protein wilh dissoclation constant {Ke) of 0.7 and
0.6 nm, respectively. Parental ZR-75-1 cells contained no
detectable EGF receplors.
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lines {44-46). ZR/AZA cells contained no, or low, levels
of ER in comparison with parental ZR-75-1 cells. We
determined HER2/neu expression fevels in ZR-75-1 and
ZR/AZA cells with different residual levels of ER, cul-
tured in the presence and absence of estradiol. Figure
6 shows that HER2/neu is clearly down-regulated in
estragiol-stimulated 2R-75-1 cells, as compared with
control cells arrested vith 4-hydroxy-tamoxifen. tn con-
trast, no differences were cbserved in ZRJAZA cells
cultured in the presence or absence of estradiol. All
tested ZRJAZA cellfines contained highlevels of HER2/
neuy mRNA.

Translent Activation of Keratin 7

ZRJAZA cells presented with marked morphological
differences in comparison with the parental estrogen-
stimulated 2R-75-1 cells or the nonproliferating control
ZR-75-1 cultures in the presence of antiestrogens.
These morphological differences presumably reflect al-
terations in differentiation state requlated by the expres-
sion of genes determining cell structure, extracellutar
matrix attachment, and cell-cell communication. In &
previous sludy we showed structural changes and in-
creased keralin expression in ZR-75-1 cells ransfected
with the EGF receptor ¢DNA {39). Changes in expres-
sion of keratins may indicate an alteration in maturation
state of cells (47). To address the question whether
ZR/AZA cells acquired altered differentiation character-
istics, keratin and vimentin expression was studied,
using various monoclonal antipodies. Parental ZR-75-1
cells expressed keratin 8, 18, and 19, and no vimentin
expression was observed. [n addition to keratin 8, 18,
and 19, we detected large amounts of keratin 7 in ZR/
AZA-TAM, -ICH, and -DCC cells, These experiments
were repeated wilh available single cell ZRJAZA clones.
Only sporadic celis expressed keratin 7 in these single
cell clones. Furthermore, when ZR/AZA cell pools were
cultivated over a prolonged time {3 months), keratin 7
expression was detected only in a subset (6-11%) of
cells. ZRJAZA cells were negative for vimenlin expres-
sion.
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Fig. 6. ANase Protection Assay to Detect HER2/reu mRNA
ZR-75-1 cells were cultured in the presence of 1 ;M 4-

hydroxy-tamoxifen {t) or t nm estradiol {+) and ZRJAZA cells

culured in the presence (+) or absence () of estradiol,



Growth Characteristics of ZRJAZA Celis

ZRJAZA cells were completely antiestrogen-resistant
and estradiol-independent for profiferation. Furthermore
ZR{AZA celis exhibited resistance to 4-hydroxy-tamox-
ifen and IC1 164,384, independently of the selection
strategy (data not shown). The growth characteristics
of the ZR/AZA cells, compared to the parental estro-
gen-stimulated ZR-75-1 celfs, were also changed. In
contrast to ZR-75-1 cells, profiferation of ZRJAZA cells
was extremely cell density-dependent. Initial attempis
to subclone ZR/AZA pools, in order to obtain homo-
genecus single cell clones, failed probably due to this
strong dependency on cell density, In contrast from the
parental ZR-75-1 cells, ZR/AZA celis could be moder-
ately stimulated by the addition of EGF to the cullure
medium in a dose-dependent manner (Fig. 7A). To
evaluate the contribution of endogencus EGF-kke pro-
teins on basal proliferation of ZR/AZA cells, we used
the murine hemopoietic cell line 32D, which is not
responsive to EGF, and the EGF-responsive 320/HERc
cells carrying the human EGF receptor ¢cDNA, in con-
trast to the parental 320 cells, the 320/HERc celis
were stimulated by conditioned media of ZR-75-1 cells
and ZRJAZA cells, indicaling the presence of EGF-tike
activity in the conditioned medium of these cells (Fig.
7B). RNase protection assays showed that both the
ZR-75-1 cells and the ZR/AZA cells expressed trans-
forming growlh factor-o (TGFe) (Fig. 3} in ZR-75-1
cells the TGFa mRNA level was increased approxi-
mately 3-fold by estradiol, whereas ZR/AZA ceils
showed no gross differences between estradiol-stimu-
tated or nonstimulated cultures. Expression of both
functional EGF receptors and TGFa suggests an auto-
cring growlh mechanism via the EGF receptor signaling
pathway. To further assess this autocring loop, we
studied the effects of an EGF receptor-blocking anti-
body on the growth of ZR/AZA celis and ZR-75-1
control cells. Addition of 0.1 pgfml of the EGF receptor-
blocking monoclona antibody 10 the cullures resulted
in 23-30% inhibition of 3-(4,5-dimethylthiazo!-2-y}-2,5-
diphenyltetrazolium bromide (MTT) reduction by ZR/
AZA cells (Fig. 7C). Further inhibition was observed
when 0.5 or 1 pg/m) antibody was added to the culture
medium, which resulted in up to 53% growth reduction.
The estrogen-stimulated profiferation of the ZR-75-1
cells was not reduced with 0.1 or 0.5 ug/m! antibody.
Only the addition of 1 .g/ml antibody 10 ZR-75-1 cul-
tures resulted in a minor (5%) growth inhibition.

We determined whether down-regulation of ER in
ZRIAZA cells had altered the anchorage-independent
growth properties of these cells, ZR-75-1 cells showed
efficient anchorage-independent growthin the presence
of eslradiol (1885 colonies per 10* plated cells) while
no growth was observed in the absence of estradiol. In
contrast to the parental cells, no proliferation of ZR/
AZA pools and the subclones was observed in soft
agar either in the presence or absence of estradiol.
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Fig. 7. Biological Characteristics of ZRJAZA Cells

A, Effect of EGF on MTT reduclion by ZR/AZA celis. Cells
(6 % 10% were plated in medium with 15% BCS. After adher-
ence of the celis the medium was changed for FCS-DCC
conlaining medium. Cell stimutation In response to EGF was
measured on gay 6. Data are the means of eight wells (sp}.
B, EGF-ke peplides in conditioned media of ZR/AZA cells.
320 (O) and EGF-responsive 32D/HERc cells @) were culiured
overnight with or without 10 ng/ml of EGF or with addition of
15% conditioned medium of ZRJAZA-TAM pool cells, ZR/
AZAICI pool cells, or ZR-75-1 celis, DNA synthesis was
determined by measuring the uptake of [*Hjthymidine {*H-TdR)
as described {68), Data are the means of triplicate incubations
(+s0). C, Effect of anti-EGF receptor-blocking anlibody on
MTT reduction by ZR-75-1 cells (ZR) and ZRJAZA ICI, -Tam,
and -DCC cells. ZRIAZA cells were plated at a density of 10°f
well in RPMIJBCS medium containing no (), 0.1 pg/m! ),
0.5 pgiml @), or 1 po/m! (&) antibody. The cullure medium of
ZR-75-1 cells was supplemented with 10 pu estradiol to
stimutate celf profiferation. MTT reduction without addition of
anli-EGF receptor anlipody is depicted as 100%. ANl values
are the mean of eight wells (Sp< 5%),



DISCUSSION

Antiestrogens are used extensively for the treatment of
breast cancer (16). Although up to 50% of human breast
tumors respond 10 endocrine therapy, progression of
the tumor to a hormone-independent phenotype is in-
evitable. Insight into the mechanisms underlying anlies-
trogen resistance is a prerequisite for improvement of
therapy. Cell line models have been used to identify
genetic elements contributing to progression from hor-
mong-dependent growth to hormone independence,
Loss of hormone dependence was observed after long-
term steroid depletion or prolonged setection with var-
ious types of antiestrogens and adriamycin {reviewed
by Rels. 29 and 48) and appears assoctated with aflered
gene expression but not with major gene ampification
{49). Ectopic expression of v-Ha-ras (509, fibroblast
growth factor 4 (51), Her2/neuw (52), and EGF receptor
{39} In breast tumor ¢elt lines resulted in altered hor-
mone responsiveness and implicates ihese genes in
progression, Transfection of random cDNA libraries {53)
and insertional mutagenesis using retroviruses {38)
could also transform the hormenal phenotype and may
lead to the identification of diferent genes,

In this study we report the effects of epigenetic
changes in gene expression as a possible mechanism
of development of antiestrogen resistance. ZR-75-1
cells treated with the hypomeihylating agent 5-azaC
rapidly developed cell colonies in the absence of estra-
dio} as well as in the presence of antiestrogens. Cell
clones were oblained when selected with both the
partial antagonist 4-hydroxy-tamoxifen and with the
pure antiestrogen IC! 164,384, Furthermore, 5-azaC-
treated culures depleted of estrogens progressed to
estrogen independence and antiestrogen resistance.
ZR{AZA pools and subclenes were cultured for several
months and showed stable estrogen-independent phe-
notypes.

Proliferation of ZRJAZA cells could not be stimulated
by eslradicl. Furthermore, varicus ER-mediated re-
sponses were strongly reduced as a consequence of
the down-regulation of ER. Transcription of PR is
striclly controlled by ER in breast tissue (40) and is
strongly diminished in the ZRJAZA cells at the-mRNA
and the protein level. Only low levels of PR were
detected in the ZR/AZA cells and correfated with the
residual ER protein levels. The expression of pS2 in
malignant breast epithelial celis is also under strict
control of activated ER {41), However, in contrast to
PR, pS2 expression was still well induced by moderate
or low ER levels. The expression of TGFa has also
been shown 10 be modulated by ER (54). Our results
demonstrated moderately increased levels of TGFa
mANA in estradiol-simulated ZR-75-1 cells, but no
significant changes were observed in various ZR/AZA
pools and subclones when stimulated with estradiol.
This indicates that TGF« is constitutively expressed in
ZR/AZA cefls independently of ER. Expression of
HER2/neu s inhibited by estrogens in estrogen-respon-
sive breast cancer cells, at both the mRNA and the
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protein level (44-486, 55). ZR/AZA cells contained high
levels of HER2/neu mRNA, which expression was no
lenger down-regulated by residual ER as occurred in
the parental cells. ZR-75-1 cells treated with 4-hydroxy-
tamoxifen showed high expression levels of HER2/neu,
which is down-regulated by the addition of estrogen, in
agreement with published data {44-46, 55). ZR/AZA
cells selected for esirogen-independent growih exhibit
decreased ER levels and consequenily have lost the
major part of the ER-mediated {ranscription regulation
of trans-activated genes. Cur dala suggest that the
induction of PR expression requires a higher threshoeid
level of ER than needed for pS2 induction and thus pS2
may provide a more sensitive monitor for residuat ER
function. Analogous to the regulation of PR, expression
of HER2/neu and TGF «, estrogen-induced morphology,
and ancherage-independent growth also appear to re-
quire high levets of ER expression.

ZRJAZA cells were extremely dependent on cell den-
sity for proliferation, which could be bypassed, at least
partially, through the addilion of EGF or conditioned
medium of mouse fibroblasts. Furthermore, conditioned
media obtained from ZRJAZA cells as well as ZR-75-1
cultures contained EGF-tike peptides. Moreover, signif-
icant amounts of TGFa mRNA were detected in ZR-
75-1 cells and ZR/AZA cells. TGFa is a potent mitogen
for a variety of epithelial cells and has high affinity for
the EGF receptor. Our results show that hypomethyla-
tien of ZR-75-1 cells resulted in up-regulation of EGF
receptor gene expression. In contras! to the parental
cells, ZR{AZA cells acquired a responsiveness to EGF,
indicating the presence of a funclional EGF receptor
signal cascade. Simultaneous expression of TGFa and
EGF receptor in ZRJAZA cells is suggestive of an
escape from estrogen regulation via an autocring
growth mechanism. This suggestion is supported by
the observation that an EGF receptor-blocking antibody
does interfere with this autocrine loop (Fig. 7C).

We demonslrated down-regutation of ER expression
when ZR-75-1 cells were trealed with 5-azaC and
selected for estrogen independence. Excepl for quan-
titative differences, this phenomenon was independent
of the selection regimen and occurred in mass-cultured
pools of colonies as well as in single cell clones. Appar-
ently, the reduction or loss of ER expression and func-
tion is a prerequisile for estrogen-independent prolifer-
ation of ZRJAZA cells. In contrast to the parental cell
line, ZRJAZA cells expressed EGF receptor mRNA and/
or EGF binding siles. It is well established that EGF
receptor expression is inversely related with ER expres-
sion in primary breast cancer tissues and in breast
canger cell lines {for a review, see Ref. 56). Furthermore,
EGF receptor is expressed in tumors unresponsive to
endocrine therapy (57, 58), ZRJAZA cells, generated
for this study, also exhibited this inverse relation be-
tween ER and EGF receptor expression. In a previous
paper we described the transduction of the EGF recep-
tor cDNA in ZR-75-1 cells and showed that simuftane-
ous stimulation of ER and EGF receptors resulted in
interference of these signal pathways. Furthermore,



antiestrogen trealment resulted in rapid progression to
estrogenindependence and down-regutation of ER (39).
Recently, we determined the expression patterns of ER
and EGF receplors at the single cell leve! in a series of
ER-positive primary breast tumors with dual-staining
immunohistochemicat techniques (59). Expression of
ER and EGF receplors was detected in most blopsy
specimens either in the tumor celfs or in nonmalignant
celts present in the tumor. However, coexpression of
ER and EGF receptors in the same tumor cells was a
rare evend, in agreement with another study {60}, In
normat ducts adjacent to the tumor cells, we frequently
observed coexpression of ER and EGF receptors in
individual Juminal epithelial cells. This phenomenen was
also observed in normatl breast tissue indicating a role
in normal development (59). The inverse refationship of
ER and EGF receptor gene expression observed i the
development and progression of breast cancer may be
explained by interference of simultaneous activation of
these signal pathways prohibiting rapid proliferation.

The effect of 5-azaC on the differentiation state of
ZR-75-1 cells was assessed by studying the interme-
diate filament expression pattern {47}, Inverse refation
between keratin and vimentin expression has been
documented in a subset of ER-negalive breast cancer
cell lines (61), Association between vimentin expression
and ER-independent breast cancer was also observed
(62). A positive correlation between EGF receptor and
vimentin expression in ER-negative breast tumors has
been reported (63). In the present study, we show that
ZR-75-1 and ZR/AZA cells expressed keratin 8, 18,
and 19 and no vimentin expression was observed,
ilustrating that the estrogen-independent phenotype is
not accompanied by a switch from keratin to vimentin
expression. Treatment of ZR-76-1 cells with 5-azaC
resulted in activation of keralin 7 expression. Keratin 7
is commonly expressed in luminal epithelial cells of the
breast, but rarely at high levels in cultured breast cancer
celllines {64, 65). interestingly, smalt amounts of keratin
7 were detected in ER-negative breast cancer cell lines
and not in ER-positive cell lines with a sensilive assay
(47). However, in ZR/AZA cells expression of keratin 7
was transient, which may be explained by de novo DNA
methylation during profonged culture, resulting in Inac-
tivation of the keratin 7 gene. Presumably, high expres-
sion levels of keratin 7 expression is not essential for
continuous proliferation In vitro,

Cur study shows that epigenetic alterations in gene
axpression can change the hormonal dependence of
breast cancer cells. We demonstrated that altered in-
volvement of growth factor and receptor may contribute
to the transition from antiestrogen-respansive to anties-
trogen-unresponsive breast turmor cell proliferation in
vitro. Treatment with 5-azaC resulted in a greater than
4 tog increase in estrogen-independent colony forma-
tion, compared to controt cultures. This Is extremely
high in comparison with the frequency of classical mu-
tations, which are changes in DNA sequence (point
mutation, deletion, insertion, rearrangement). Heritable
changes based on modulation of epigenelic changes in
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gene expression may therefore explain the acquisition
of estrogen independence and short benefit of anties-
trogen therapy.

MATERIALS AND METHODS
Cells and Culture Condillons

ZR-75-1 human breasl cancer cells were cultured In RPMI
1640 medium supplemented with 16% heat-inactivated bovine
call sensm (BCS) and 1 nm 178-estradiol as described (39).
The derived ZRJAZA cells were maintained in RPMI 1640
containing $5% BCS. The cylogenetic characteristics of the
2R-75-1 cell ine maintained in our laboratory and the variant
estrogen-independent ZRJAZA cells are similar to the pub-
lished data for ZR-75-1 cells (66},

Induction of Estregen Independence

ZR-75-1 celis {107) were exposed to 5-azaC (Sigma, St. Louls,
MO} for 3 days (range 0.1-10 pu} in the presence of 1 nu
estradiol to stimulate cell profiferation. Subsequently, the me-
dium was changed and 5-azaC was omitted. After an addi-
tionat 2 days of culture without 5-azaC, the cells were har-
vesled, counted, and reseeded at 3 x 10°® celis per 75 cm®
flask. Selection for estrogen-independent cell growth was
performed either in the presence of 1 um 4-hydroxy-tamoxifen
or 100 nm ICI 164,384, a generous gift of IC) (Macclesfield,
UK} or in pheno! red-free RPME 1640 medium supplemented
with 4,59 fetal calf serum, stripped by dexlran-coated char-
coal (FCS-DCC), ZR-75-1 celis, not treated with 5-azaC,
served as control cultures. Esirogen-independent colonles
were pooled and mass—cultured in selection medium for further
analysis, Previous experiments showed marked growth ad-
vantage and improved aftachmenl of hormone-independent
ZR-75-1- derived cell clenes in the presence of conditioned
medium of murine CRIP fibroblastic cells (38). in a subsequent
experimenl, cells resistant to 4-hydroxy-lamoxifen were sub-
cloned in medium supplemented with 1 um 4-hydroxy-lamox-
ifen plus 10 wg/ml porcing insulin (Organon, Oss, The Nether-
lands) and 10% conditioned medium of CRIP cells, Atler two
passages, clones were expanded in medium with 15% BCS.
In totat, eight subclones were isolated and threa were ran-
domly chosen lor further analysis. .

Assays of Cell Growth

The 3-{4,5-dimethylthiazol-2-yl}-2,5-diphenyitetrazolium bro-
mide (MTT}-assay was used to evaluate the effects of additives
1o the cullure medium on cell profiferation {39, 67).

32D{HERC cells were used to detect EGF-like activitios in
condilioned media of ZRJAZA cells in a bloassay. 320fHER¢
cells originated from 320 (interleukin-3-depéndent myelold
leukemia cells) after introduction of the human EGF cDNA
utilizing a retrovical vector in a similar manner as previously
described {39, 68). In contrast to the parental 32D cells, 320/
HERc cetis expressed EGF binding sites and exhibited a
transient profiferalive response to EGF. DNA synthesis-assay
{*H-TdR uptake) was used to determine profiferative response
of 320 and 32D/HERC celis and was performed as described
praviously {68).

EGF receptor blocking studies were performed with EGF
receptor (Ab-1) blocking monoclonal antibody from Oncogene
Sclence, Inc, (Manhassel, NY},

Anchorage-independent growth was determinedin the pres-
ence or absence of 1 nwm estradio!, by plating 10* cells in RPMI
medium confaining 20% BCS and 0.3% agar on top of a
solidified 0.6% agar layer in 35-mm Petri dishes. After 11 days



of culture the ability of the cells 1o form colonles was deler-
mined.

RHNA Isolation and Northern Biot Analysis

RNA was isolated by lysis of the cells with guaniding thiocya-
nate salt and cesium chloride centrifugalion as previously
described {68, 70). Northern blot analysis was performed with
1.2% agarose-formaldehyde gels wilth 20 ng total RNA as
described elsewhere (70). RNA was transferred lo nitroceliu-
lose membranes {Schieicher & Schull, Dassel, Germany).
Probes were random primer labeled using «-**P (Amersham,
Buckinghamshire, UK). The probe used was a 528 base pair
{bp) cONA human pS2 probe (41). Hybridizalion was per-
formed gvernight in 9% dextran sulfate-50% formamide. Final
washing was performed in 0.3 % sodium citrate-0.1% sodium
dodecy! sulfale at 85 C. The efficiency of recovery and the
integrity of the RNA were checked by hybridization with glyc-
eraldehyde-3-phosphate dehydrogenase probe. Filters were
exposed to Kodak X-Omal AR fims at —70 C using intensifying
screens,

RNase Prolection Analysis

RANase protection was carried out according 1o standard pro-
cedures (70), using 20 xg total RNA. The following probes
were used: ER, a 252 bp ¢DNA fragment [nucleatide positions
1248-1500 according to Green ef al. (71)); EGF receplor, a
340 bp EGF receptor ¢cONA fragment [nucleotide 2951-3291
according to Uttrich et al. (72)]; TGFa, a 600 bp NCO1 TGFa
¢ONMA fragment (73); PR, a 123 bp cDNA fragment {nucleotide
posilions 3171-3294 according 1o Kastner et al. {74)]; HER2f
neu, a 376 bp BamHi/EcoRI cONA fragment [nucleotide posi-
tions 1075-1451 according lo Coussens e al{75}). In all
experiments a probe for y-actin (76) was used {o measure
ANA recovery,

Quantilative Assessment of ER, PR, and EGF feceplors

Immuncreactive cylosolic ER and PR were measured using
commercially available enzyme immuncassay (EIA} kits, (Ab-
bott Laboratories, Chicage, IL) as inslructed by the manufac-
turer. ZRJAZA cells were cullured in medium supplemented
with 1 nM estradiol for 4 days, to allow measurement of £ER-
induced PR expression. Cell pellels and cylosolic exlracls
were prepared as described {38}, afler a 4-h precutiure in the
apsence of estradiol, EGF receptor expression was deter-
mined by Scatchard analyses of ¥ EGF binging and using
hydroxylapatite 1o separate bound and free ligand as previ-
ously described (39, 77).

Immunolfuorescence

Immunological detection of keratins was periormed on cyto-
centrifuged cells andfor on a monolayer of cells growing in
Lelghton fubes {Costar Europe Ltd., Cambridge, MA), as
described (39). The monocional antibodies used in this study
were RCK 105 to keratin 7, M 20 to keratin 8, RCK 106 lo
keratin 18, and LP2K to keratin 19,
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Distribution of estrogen (ER}, progesterone (PR)
receprtors, and epidermal growth factor (EGF) re-
ceplors was assayed by dual staining fmmuno-
bistocheniistry on 28 selected cytosolic ER-
positive breast carcinomas and 22 noumatignant
breast lissues. ER-positive tumor cells were de-
tected in 26 (93%) and EGF receptor positive Iu-
mior cells were detected In 7 (25%) carcinomas, In
Sive tumors both ER and EGF receplors weve de-
tected but locallzed in distinct tumor cells, Only In
one case of ductal carcinoma In situ co-
expression was observed fn a subiset af tumor
cells. In conirast, simultaneous expression of
ER/PR and EGF receptors was observed in non-
neoplastic ductal remnants in the maforily of the
carcinomas and the fibroadenomas. In addftion,
double-positive cells were occasfonally detected
i tuminal epithelial cells of normal breast tissue
and mastopathies, This study shotos that ER/PR
and EGF receptors in breast tumor cells are in-
versely related at the single cell level However,
demonstration of ER/PR and EGF receplors In in-
dividual normeal luminal cells show's that expres-
sfan Is not mutnally exclusive. (Am J Pathol
1994, 144:1238-1246)

The estragen receptor (ER) and the progesterone re-
ceptor (PR} belong to the steroid hormoene rgceptor
famnily* 2 of ligand inducible transcription factors that

5.3

69

ptay a role in the development and progression of
breast cancer.®* Significant amounts of ER have
been delected in over 50% of primary human breast
cancers.® Prasence of ER in primary tumors identifies
palients with a lower risk of relapse and better overall
survival.5® Furthermore, response to endocring
therapy largely depends on the presence of ER and
PR, the latter indicating functional ER.7-% As a con-
sequence, ER determination has become an estab-
lished procedure in the management of patients with
breast cancer,'® Approximately 50% of the patients
with recurrent disease who had ER-positive primary
tumors will respond to hormonal manipulation, How-
ever, duration of the response is limited because of
progression to an estrogen-independent state of the
tumord11 Although littie is known about the mecha-
nisms underlying this progression,''? some prog-
nostic factors predicting failure of endocrine therapy
have been idenlified.'* The presence of EGF recep-
tors has been reported to be indicative of poor prog-
nosis and to correlate with tack of response to ando-
cring therapy in recurrent breast cancer'®1®
However, there is no agreement on the prognostic
value of EGF receptor exprassion in breast cancer.’”

It has been welf estabtished that expression of EGF
receptot is inversely related with ER expression in gri-
mary breast tumors and in breast cancer celi lines,
both on the protein and the mRNA level.'7 Howaver,
approximately 50% of ER-positive tumors contain
EGF receptors. '8 In nenmalignant breast tissue, pres-
ence of both receptors was also demonstrated.® Un-
til now most determinations of ER and EGF receptors
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have been performed in extracts of homogenates of
tumgr and nonmalignant breast tissue, which does
not allow for the identification of the cellular origin of
these receptors. Consequently, little is known on
whather in breast tissues both receptors are ex-
pressed in different or in the same cells,2® Further-
more, assays on tissue extracts do not allow for the
assessment of the possible helerogeneity of ER and
EGF receplors among cells of régions within a tumor
specimen. In addition, the presence of normal cells in
a umor specimen may further complicate these
analyses. Until now immunchistochemical analyses
have been performed on tumor cells only for gither
receplor sepavalely, thus solely excluding the pos-
sible conlribution of normal cells.?9

It would be of interest to determine the relatienship
of ER and EGF receptor expression at the single ¢sll
fevel using immunohistochemical techniques, We
have studied whether in breast tumors with known ER
status EGF receplors are inversely or co-expressedin
individual cells. Furthermore, we have determined the
expression patlerns in normal tissues and of benign
breast lesicns. We have established a double immu-
nohistochermical staining method to determine ste-
rold hormone receptors and EGF receplor expression
patterns in breast biopsies. Couble immunohisto-
chemical analysis for PR and EGF receptors was per-
formed to determine whether the ER is functional in
tumors expressing both ER and EGF receptors. The
presence of PR indicates functional £R signal trans-
dugtion, because PR expression is regulated by ER.”
The lack of breast cancer lines expressing both ER or
PR and EGF receptors prompled us to use trans-
fected celt lines co-expressing these receptors to de-
velop a reliable assay.

Materfals and Methods

Celf Lines

ZR{HERc cells were derived from ZR-75-1 cells after
intreduction of the human EGF receptor ¢cDNA2Y un-
der control of the herpes simplex thymidine kinase
promotor, using a retroviral vector®? as previously de-
scribed.?? MODAJHEGO cells were derived from MDA-
MB-231 cells by co-transfection with 10 pg of the hu-
man ER ¢DNA expression vector HEGO containing
the early SV40 promoter?! and 1 pg of the pLN ex-
pression vector for the neomycin resistance gene®®
by cationic lipecsomes (Lipofectin Reagent, GIBCO-
BRL, Life Technologies Lid., Paisley, UK}, Colonfes
surviving 1 mgiml of the necmycin analogue Gene-
licin{GIBCQO-BRL) ware expandsd to stable cell lines.
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MDA/HEGO cell lines were selected for ER expres-
sion by Northern (RNA) analysis and cytosolic ER de-
termination.

Cuiture Conditions

ZR-75-1 and the derived ZR/HERc cells were main-
tained in APMI 1640 medium {GIBCO-8BRL) supple-
mented with 10% heat-inactivated bovine calf serum
{BCS) (HyClone Laboratories Inc., Logan, UT}and 1
nmelil. 178-estradic! (Merck, Darmstadt, Germany)
as described. The RPMI 1640 culture medium of the
MDA-MB-231 and the MDA/HEGO cells was supple-
mented with 10% 8CS.

Quantitative Assessment of £R, PR, and
EGF Receptors

Cytosolic £R and PR was determined using a com-
mercially available enzyme immuncassay (EIA) kit
{ER-EJA, PgR-EIA; Abbott Laboratories, Chicago, IL).
EGF receptor expression was determined by Scat-
chard analyses of ["2*1JEGF binging and using hy-
droxylapalite to separate bound and free ligand as
previously described.23.2%

Tissue Specimens and Cell Pellets

Cell lines for immunohistochemical analyses were
cuitured in 225-cm?flasks in the appropriate medium,
At 90 to 100% confluence, cells were harvested by
using 1 mmolfL EDTA in phosphate-bufiered saline
(PBS). The cells were pelletted by centrifugation for
10 seconds in a microcentrifuge and were snap-
frozen in liquid nitregen and stored at -80 C until use.
Surgical biopsy spacimens of normal breast tissus,
benign breast lesions, and 28 mammary carcinomas
(26 primary breast tumors and 2 with recurrent dis-
ease} were examined. The cargcinomas were com-
prised of 21 invasive ductal carcinomas (6 of these
contgined a predominant intraductal component), 4
invasive lobular carcinomas {1 of these contained an
in situ component), 2 mixed invasive (ductalflobular)
carcinomas {1 contained an in situ component), and
1 colloid carcinoma.

Nonneoplastic breast lissues were analyzed in 22
cases: 2 noninvolved tissue specimens adjacent 1o
the tumor, 4 normal breast tissues from women who
underwent mammoplastic surgery, and 8 mastopa-
thias, In addition, eight fibroadenomas were ana-
lyzed, All tissues were snap-frozen and stored in lig-
wid nitrogan. Histological diagnosis was assessed



according to the World Health Organization (1981).
For double immunohislochernical analysis tumors
were selected containing ¢ylosolic ER using the ER-
ElA assay. the lowest positive value was 9 fmolimg
protein. No EGF receptor data were available for se-
lection of the tumors.

immunohistochemical Procedures

Immunohistochemical detection of EGF receptor was
performed with monocional antibedy (MAb) EGFR1
(Amersham Internationat ple, Amersham, UK} and
MAD clone 2E9 (Monosan, Uden, The Netherlands).
The latter MAbL was included for its strong reactivity
with EGF receptor-positive cells. Bolh MAbs recog-
nize a protein delerminant of the exiracellular domain
of the EGF receptor and do net cross-react with blood
group A antigen.?”*® ER and PR detection was per-
formed with commercially available immunocylo-
chemical (ICA) kits {(ER-ICA, PgR-ICA; Abbott Labo-
ratories).

Celt pellets and tumor samples were mounted
using Tissue Tec (OCT compound; Miles Diagnostics
Division, Elkhart, IN). Frozen tissue samples and cell
pellets were cut at 8 p in a aryostat {at —-20 C) and
thaw-mounted on glass slides. Slides were air-dried
for 30 minutes and fixed in 3.7% formaldehyde-PBS
solution for 10 minutes followed by immersion in -20
C ethancl for 5 minutes and in -20 C acetone for 3
minutes. Each slide was immersed in 1% bovine se-
rum albumin {BSA) in PBS for 30 minutes before a
BC-minute room temperature incubation with the pri-
mary MAbs. Specific binding of either of the EGF re-
ceplor MADbs was visualized by incubation with rabbit
anti-mouse IgG (Dakopatts, Glostrup, Denmark} for
30 minutes, followed by incubaticn with mouse alka-
line phosphatase anti-alkaline phosphatase {APAAP;
Sigmay) for 30 minutes and subsequent celor devel-
ocpment with Fast Blue BB salt {Sigma) creating a blue
reaction product. Subsequently, the immunohisto-
chemical assay for ER or PR was performed as de-
scribed by the manufacturer (Abbott Laborateries})
with the following modification. Primary ER or PR an-
tibody incubation was prolonged to overnight at am-
bient temperature in a meist chamber, Diaminoben-
ziding {DAB) was used as chromogen, resulting in a
brown nuglear localized reaction product.

Contrelincubations were done by replacing the pri-
rmary antibody with PBS or normal rat anlibody. Slides
ware not counterstained to obtain maximurn sensitiv-
ity. In all analyses seriaf sections cut from a single
MOA/HEGO cell peilet were included in each slide 1o
monitor the immunohistochemical siaining proce-
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dure. For each experirment separate ER-ICA and
EGFR-ICA were performed on the cell pellets and the
tumor biopsies as a control. In all cases, these ER-
ICAs and EGFR-ICAs showed identical results as the
dual ICAs, with respect to the number of £ER- or EGF
receptor-positive cells in cell fine preparations and in
tumors. Simultaneous detection of PR and EGF re-
ceptors was performed on the celtlines and a selec-
tion of biopsies using the same procedure as the
double ER and EGF receptor ICA. In these analyses
sections cut from a ZR/HERG pellet were included as
control, The presence of myoepithelial cells was con-
firmed with an anti-muscle Actin IgG (ENZO Diag-
nostics, Inc., New York) an a serial section.

Resulis

Simultaneous Immunohistochemical
Detection of Steroid Hormone and EGF
Receplors

Cell Lines

The combination of an anti-ER rat 1gG (H222) and
anti-EGF receptor mouse IgG (EGFR-1 or 2E9) al-
lowed for double staining, as described in Materials
and Methods. In a panel of cel! lines, simultanecus
immunchistochemical detection of ER and EGF re-
ceptor yielded clear labeling in contrasting colors of
both receptors (Figure 1). in Table 1, the results ob-
tained with the double immunohistochemical assay
on two established human breast cancer cell lines
and their transfected derivatives are summarized.
ZR-75-1 cells showed moderate expression of EA in
approximalely 40% of the nuclei and no EGF receplor
was detected with either MAb EGFR1 or 2E9, ZR/
HERc cells (ZR-75-1 cells transfected with the EGF
receptor cDNA)Y expressed ER in 70% of the cells and
EGF receplor was detected in all cells with both an-
tibodies, All MDA-MB-231 cells showed strong EGF
receptor expression but no ER staining (Figure 1A). In
contrast, approximately two-thirds of the MDA/HEGO
cells (MDA-MB-231 cells transfected with the ER
cDNA) also expressed ER (Figure 1B).

The same panel of cell lines was used to establish
the feasibility of double immunohistochemical detec-
tion of PR and EGF receptors. The combination of an
anti-PR rat 1gG and anti-EGF receptor mouse lgG
(EGFR-1 or 2E8} allowed for double staining, simitarly
as described for ER and EGF receptor, As shown in
Table 1 and Figure 1, C and D, PR was readily de-
lected in combination with EGF receptor, ZR-75-1
cel's expressed PR in 67% of the cells and no EGF
receptors were detected. The ZRMHERc cell ling
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Figure 1. Dual staining immunobistockemical analysis of ER and EGF recepior expression and FR and EGF receptor expression on breast cancer
cell Itnes. Az High magniffcation of MDA-MB-231 cells revealing EGF receptor-pasitive membrane stalning and ER-negative nucled, B: MDA/HEGO
cells showing strong EGF receptor membrane staliting and positive recction of the nieclei with the aNN-ER MAb, indicating co-expression of ER and
EGF receptors. o PR expression in the nuclel of Z8-75-1 cells, nio reaction for EGF receptor is observed. O: ZRAFIERc cells sbowing brown nuclear
stafuing of PR avnd blue membrane staiing of EGF receptor teith MAb 2E9, indicating co-expression of PR and EGF receplor (X 100). Similar re-
sults were oblained with A4b EGERI but with appraximately five times redticed staining fntensity (data riot shoun),

Table 1, Ewression of ER and EGF Receptor Determined on Breast Cancer Celf fines

Cell Line ER-EIA PR-EIA EGFR ER-ICA ' PR-ICA EGFR-ICA
ZR-75~-1 95 >500 ND + {40%) ++ (67% -
ZRHERS 100 >500 35 + {7G%) ++ (68% + {100%)
MDA-MB-231 0 0 879 - - +++ (100%)
MDAMEGQ 202 0 1012 ++ (70%) - +++ (100%)

Receptor concentration determined with biochemical assays is expressed as fmotmg protein, ND, no EGFR delectable. Dual immunohis-
lochemical assay was scored as follows. Staining intensity: ~, no staining; +, weak positiva staining; ++, moderately positive stalning; +++,
sltong positive staining. The percentage of positive celis is shown,

expressed PR in 68% of the cells and EGF receptors Tumnor Biopsies

in all cells, PR was not detected in the ER-neg-

ative MDA-MB-231 cell line, nor in the ER-positive In Table 2, the resulls oblained with 28 human
MOAJHEGO cells with either the PR-ICA or the PR-EIA breast cancer biopsies are summarized.

assay (Table 1). Introduction of the ER cDNA ER Expression. As expecled from the selection cri-

into  hormone-independent MDA-MB-231  cells teria {only ER-EJA positive tumors were included) the
(MDA-HEGO]) resuiled in ER expression and 50% majority of the 28 (92.9%) carcinomas examined

reduction of cell proliferation on estradiol addition showed brown nuclear immunoreactivity in the tumor
lo the culture medium. However, various ER- cells, indicating ER expression {Figure 2A}. The per-
regulated genes were not expressed in lhese cells centage of immunoreactive iumor cells varied from 12
{unpublished observaticns in agreement with other to 95%. In addition, ER was aiso detected in luminal
studies).?*20 epithelial cells of nonneoplastic ductal remnants in
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Figure 2. Dl immpnobistochemical staning of ER. PR, and EGF receptor vn breast tisstes. A: Case 27 invasive ductal carcinoma/DCIS with ER-
postive Invasive cells tarrow) and DCIS cells (amowheady and EGF recepior-positive myoepitbeltal ceils (open arow). Criginal magaification X 16.
8: High magaification of a subsel of DCIS cells from case 27 showing co-eapression of ER and EGF receptors and cells expressing only one receptor
fpe (XG3. G Dual immunobistochemical staining of a carcinoma (case 21) with strong EGF receptor expression fn most of ibe tupior cefls
(X 16), D: Normal duct adfacent to the tumor (case 11} uith vo-axpresston of ER and EGF receptors in fuminal epitbelial cells and EGF receptor
expression In the myoepitbeliof ceils (X 63), B Example of mastopathy with PR expression in uminal cetls and EGF receplor-positive myoepitbelial
cells (X 16). F: Fibroadenoma with EGEF recoplor-postive stromal ceils and duet with PRpositive lnminal cells and EGF recopror expression in the
miyoepithelial cells (2 16).
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Table 2. Expression of ER, PR, and EGF Receptors in Breast Carcinomas Ustug Dual Staining

Non-
CIs necplastic
ER/PR- Buctal
Case Carcinomna Type EiA* Luminal Myoepithelial Invasive Stromat Remnants
1 Invasive ductal 601 0 Q/EGFR
2 Invasive ductal 19/38 EGFR Q/EGFR*
3 Invasive ductal 204 s} 0 + EGFR
4 Invasive duclal 592 o} EGFR O/EGFR
5 Invasive ductal 546 o] EGFR
5] Invasive ductat 238 8] EGFR O + EGFR
7 Invasive ductal 36/532 QP + EGFRT O P/EGFR
8 Invasive ductal 61 G EGFR
2 nvasive ductal 65 o] EGFR C/EGFR
i0 Invasive ductal 51 Q Q/EGFR
1 Invasive ductal 62 0] EGFR O/EGFR
12 Invasive ductal 1448 EGFR
13 Invasive ductal 22 O EGFR O/EGFR
14 Invasive ductal 142 0 O/EGFR
i5 Invasive ductaDCIS 305 Q EGFR O EGER
18 Invasive duclaiDCiS 183 Q EGFR o] EGFR OfEGFR
17 Invasive ductal/CCIS 98/559 QP + EGFR EGFR P EGFR OP/EGFR
18 invasive ductal/DCIS 13 Q EGFR aQ O/EGFR
19 Invasive ductal/DCIS 38/64 C.P + EGFR EGFR o.p EGFR C,P/EGFR
20 Recurrent invasive 760 0 EGFR
duclat
21 Recurrent invasive /1 EGFR EGFR 0O+ EGFR EGFR O,PIEGFR
ductal/DCIS
22 Invasive lobular 656 O O/EGFR
23 Invasive lobular 62 8] EGFR OfEGFR
24 Invasive lobular 38 0 e} OfEGFR
25 invasive lobular/ 52 Q EGFR G O/EGFR
DCIS
26 Invasive lobularf 101 0 C/EGFA
ductat
27 Invasive lobularf 153/23 O/EGFR EGFA op EGFR O.P/EGFR
ductDCIS
28 Colicid 271 o] EGFR O/EGFR

The tumor bippsies were divided in carcinoma in situ {CIS), with lumina! celis and mycepithelial cel's, the invasive compenent, stroma, and
nonnaoplastic ductal remnants. The abbrewviations used are: O, ER expression; EGFR, £EGFR expression; O + EGFR, ER and £GF receptor
expression on different subsets of cel's; O/EGFR, expression of ER and EGF receplors in the same celis and celis exptessing only one recep-

tor type, P, PR expression; DCIS, ductal carcinoma in situ

* PR-EIA data are only given for the biopsies with EGFR-positive tumor celis {cases 2, 7, 12, 7, 19, 24, and 27) that wete investigated in
the double PREGFR ICA. Receptor concentration determingd with ER-EIA and PR.EIA is expressed as fmal/mg protein.

1 Cells reactive with MAD 2E9 but not reactive with MAb EGFR1 were delected,

1 No normal dugts present in section for PRIEGF receptor analysis.

the tumer biopsy present in 25 of the 28 (89.3%) tu-
mors (Figure 2D). No ER expression was observed in
the strema or in myoegithelial cells,

EGF Receplor Expression. Of the 28 carcinomas 7
(25%) showed immunoreactivity of tumor cells with
MAbs EGFR1 and 2E9, indicating EGF receplor ex-
pression (Figure 2C, Table 2, cases 2, 7, 12, 17, 19,
21, and 27). Of these seven EGF receplor-positive
carcinomas, immunoreactivity was confined to the
carcinoma Jn situ (CIS} component in three cases.
Both membrane and cytoplasmic staining of the tu-
mor cells was observed with MAb 2EQ and EGFR1. tn
addition, nonneoplastic ducta! remnants In the tumor
biopsy and normal breast ducts in adjacent breast
tissue showed strong staining of the myoepithelial
cells and moderate staining of some of the luminal
¢ells (Figure 2D), Furthermore, EGF receplor expres-
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sion of the surrounding myoepithelial cells of ductal
carcinomas in situ (DCIS) was observad (Figure 2A,
Table 2). in most cases MAb 2E9 exhibited a similar
pattern but a more intense staining when compared
with MAb EGFR1. Apart from reactivity with tumor
ceils and mycepithelial cells, MAb 2E9 but not MAD
EGFR1 showed weak to moderate staining with parls
of the stroma containing actin-positive myofibrillic el-
aments (Tabte 2),

Co-expression of ER, PR, and EGF receptors. Our
study revealed that all biopsies contained EGF
receplor-positive cells. However, only in 7 of the 28
biopsfes were EGF receptors expressed in the tumor
cells. Five (17.9%) of the 28 tumoars showed mosaic
expression of ER and EGF receptor, is, ER-positive
lumor cells ware distinct from EGF receptor-positive
cells in the section. Only in a mixed invasive ductal



Figure 2. Dual immnorobistocbemical staining of ER, PR, and EGF receptor on breast tissues. At Case 27 impasive ductal carchioma DCIS with ER-
pasitive ppasie colls (arow) and DCIS cells (anowhead) and EGF recepior-positive myocpitbellal colls (0pen armow). Qriginal magnification X186,
B: High magnification of a subset of DCIS cells from case 27 shoting co-expression of ER and EGF receptors and cells expressing only ene receptor
npe {263, G Dual insmunchistochomical salning of a carcinema (case 21) with strong EGF reccptor expression in most of the tumor colis
(X I16). D; Normal duct adjacent to the tumior (case 11} with ca-expression of ER and EGF recpiors in fuminal cpithelial celle and EGF receplor
expression in the mvocpithelial cetls (% G3). Et Evample of mastaparby with PR expression in lumiial colls aud EGF recoptor-posttine piyegntbelial
colls (X 16). Fi Fibragdenwna with EGE receplor-postive stromal celfs and duct with FR-positive tuminal colls and EGF receptor apression in the

nyogpitheltal cofts (X 16).

carcinoma, DCIS {case 27) co-expression of ER and
EGF receptors (MAb 2E9) was observed in a subset
of cells. In the DCIS 70% of the tumor cells expressed
ER; 60% EGF receptors and approximately 30% con-
tained both receptors (Figure 2, A and B). Co-
expression of ER and EGF receplor in individual tu-
mor cells was not observed with MAL EGFR1
because of reduced slaining intensity.

75

PR is regulated by the ER and often expressad al
censiderable higher levels than the latler. Double
staining for PR and EGF receptor was performed on
the EGF receptor-positive tumors to confirm the ab-
sence of hormone receplors in EGF receplor-
expressing lumor cells. Aralogous to ER, PR-
expressing tumor cells were distinct from EGF
receptor-expressing cells. The CIS component, con-



taining ER and EGF receptor double-positive cells,
was not present in the remaining specimen of case 27
for analysis of PR and EGF receptor co-expression.

Expression of ER, PR, and EGF Receptor
in Nonmalignant Breast Tissue

Double-positive nonneoplastic ductal epithefial cells
were observed in 21 of 28 tumor biopsies with ER
MAb and the EGF receplor MAbs. In addition, in two
samples of noninvolved breast issue adjacent to the
tumor, we noliced strong co-expression of ER and
EGF receplor in up to 10% of the luminat epithalial
cells {case 11 and 22, Figure 2D).

Analysis of another 22 nonmalignant tissue
samples showed the following results. Four normal
breast tissue specimens showed EGF receptor ex-
pressionin the myoepithelial cells and the luminat epi-
thelial cells. Fecal and heterogeneous expression of
ER an¢ PR was observed in the luminal epitheliat
cells. Co-expression of ER, PR, and EGF receplor was
noticed in a small percentage of the luminal cells. In
elght cases of mastopathy, weak lo moderate expres-
sicn of ER and PR in the majority of the luminal epi-
thelial cells was observed and moderate expression
of EGF receptors in the surrounding myoepithelial
cells (Figure 2E}. Co-expression of ER, PR, and EGF
receplors was ohserved in a small number of Juminal
epithelial cells, In eight cases of fibroadgnoma the
luminat cells expressed ER and the myoepithelial
celis EGF receplors. Frequenily, luminal celis showed
strong co-exprassion of ER and EGF receptors. Simi-
lar observations were made for PR expression. In the
stromal cells of all the fibroadenomas we noticed
strong reactivity with MAb 2E9 (Figure 2F). EGF re-
ceptor was algo visualized with MAb EGFR1 in the
fibroadenomas, indicating high expression levels.

Discussion

in this study the expression patterns of ER, PR, and
EGF receptor in individual cells of human breast car-
cinomas and nonmalignant breast tissues were de-
termined using dual staining immunohistochemical
technlques, We have developed a method for the si-
multanesus detection of ER or PR and EGF receptor
on frozen sections. Using a panel of transfected hu-
man breast cancer cell lines the procedure was op-
timized and verilied for specificity and sensitivity. Our
results show that low levels of hormone and EGF re-
ceptors can be dstected simullaneously. ER levals
determined in cytosolic preparations of cell lines
{range 40 to 202 fmolfmg protein} were readily de-
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lectable in the tumor cells with the double immuno-
histachemical assay (range 25 to 70% positive cells).
ER levels determined in ¢cytosolic preparations of tu-
mor homogenates (rangs 9 fo 760 fmol/mg protein)
were readily detected with the immunchistochemical
assay (range 12 0 95% positive tumor cells). Corre-
lation of ER-EIA and ER-ICA was 92.9%. Cnly in two
ER-EIA-positive cases (cases 2 and 12) ER-ICA failed
to detect ER- or PR-positive tumar cells. However, one
of these biopsies (case 2) contained ER-posilive duc-
tal remnants, which may explain this difference. Dis-
crepancies may also arise due 1o sample differences
for the EIA and ICA analysis.

We delected 40 to 70% ER-positive cells in the cell
lings in contrast to EGF receptor expression, which
was observed in all cells of the EGF receplor-positive
cell lines. Heterogeneity of ER expression by tumor
cells is well established®!-32 and Lhe failure 1o detect
ERinallcells may be atlributed to either low sensitivity
of detection, mosaicism of tumor cells, or cell cycle
regulation of ER protein levels. Using a MAb directed
against PR, which is often expressed al considerably
higher levels than ER, we found mostly similar num-
bers of positive celis. Immunchistochemistry wilh a
different anti-ER mouse 1gG (Dako) on the cell lines
and a subsel of the biopsies gave increased slaining
intensity, yet the degree of staining helerogeneity was
not significantly altered {data not shown}. The ZR-
75-1 cell line and clonal derivalive are fully estrogen
dependent and exhibit a homogeneous pheno-
lype.1222 Expression of ER in the clonal MDAHEGO
cells is controlled by a heterologous promotor and is
naver detectable in all cells. These results show that
neither the sensitivity nor the clonal state of these cell
lines can explain the heterogeneous staining for ER.
This suggesis that ER and PR protein levels may be
strongly regutated during cell cycle progression, in
contrast o EGF receptors that were detected in all
cells of the EGF receplorexpressing cell lines. In the
tumor biopsies EGF receplor expression levels were
also less heterogeneous compared with ER expres-
slon. InCIS components of the lumors we detected up
o 85% ER-positive cells, possibly reflecting the dif-
ferent proliferation kinetics in the tumar in comparison
to the cell lines,

Screening of 28 breast carcinomas has shown that
all possitle expression patterns occur in ingividual
tumor cells. Tumnoar cells expressing either ER or EGF
receptors were readily detected, In addition, tumor
areas without delectable ER or EGF receplors were
observed, indicating absence or expression below
our deteclion level. Thus, aiternalive signal pathways
may ke used for regulation of proliferation of these
breast cancer cells. Alternatively, variant ER proteins



missing exen 5 may have escaped deteclion by the
ER antibody used,**#* put analysis of PR did not re-
veal more double-positive cases. The fourth pheno-
lype, ER and EGF receptors on the same tumor cell
was only observed in one case of DCIS with MAb 2E9,
indicating a low expression level of EGF receptors. In
the majority of the lumors containing both ER and EGF
receptors, these were inversely expressed in different
subsets of tumor cells or in normal components
present in the tumor biopsy.

Qur study shows that expression of ER and EGF
receptors is helerogeneous with respect to tumor bi-
opsy compound {invasive/CIS/stroma/nonnecplastic
ductal remnants} and thus this study further docu-
ménts the heterogeneous nature of primary breast fu-
mors. Consequently, in addition to biochemical as-
says, Immunohistochemical analysis of ER and EGF
receplor expression may help to give better under-
standing concerning the biology, prognosis and the
lumor response to hormonal therapy. ER and PR ex-
pression was exclusively restricted to actin-negative
cells of the epithelial lineage but absent in actin-
positive mycepithelial breast celis. In contrast, EGF
receptor expression was not only demonstrated in lu-
minat and myoepithelial cells but also in stromal cells
surrounding the breast carcinoma cells and in ali
cases of fibroadenomas studied.

In malignant breast tissues FR and EGF receptor
are inversely related. Even in tumors expressing both
receptors, ER and EGF receptor are rarely expressed
simultaneously in the same ¢el's. Apparently both re-
ceptor signal pathways become uncoupled during
malignant progression. This may be explained by the
negative interaction between ER and EGF raceplor
signal pathways observed in artificial cell lineg,?3.29.3¢
It was demonstrated that in ER-positive cells HER2/
neu becomes down-regulated on estrogen stim-
ulation,*5-37 Similar regulaticn mechanisms for ER
and EGF receptor may exist in breast epithelial cells.
However, our observations show that ER and EGF re-
ceplor are frequenlly co-expressed in nonmalignant
breast tissue and thus the interplay of both receptor
signal pathways must play an as yet unidentified role
in the growih and differentiation of normal mammary
ducts.
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EXPRESSION OF ESTROGEN, PROGESTERONE AND EPIDERMAL
GROWTH FACTOR RECEPTORS IN PRIMARY AND METASTATIC

BREAST CANCER

Ton vaN AGTHOVEN'S, Micke TIMMERMANS!, Lambert C.J. DoRssers! and Sonja C, HENZEN-LOGMANS?
Departments of \Molecular Biology and *Pathology, Dr. Daniel den Hoed Cancer Center, Rotterdum, The Netherlands.

The prognostlc value of epidermal growth lactor receptor
(EGFR) expression and its biofoglcal rofe in estrogen receptor-
positive (ER*) and ER-negative (ER~) primary breast cancer Is
controversfal, n this study, distributions of ER, progesterone
receptor and EGFR have been established wsing Immunchisto-
chemistry in both primary breast tumors and thelr matched
axilfary lymph node metastases of 6 patlents or thelr matched
distant metastases of 2 patients. In additien, 5 patients with
bilateral breast cancer were studied. ER* tumor cells were
detected in 22 (69%) and EGFR* tumor cells were detected in
11 (349%) primary breast carcinomas. Expression of ER and
EGFR was Inverse regarding the individual tumer cells In both
primary tumors and metastases. Relationshlp of EGFR expres-
slon with poorly differentiated and large breast tumiors was
observed, Furthermere, primary tumoers with a predeminant
lobular component were ER* and, with one exception, EGFR".
Invasive ductal carcinomas were more frequently EGFRY, No
apparent differences In receptor expression wera observed
between primary tumors and fymph node metastases or chro-
nously or metachronousty accurring bilateral breast cancers.
Onfy one ER* primary tumer showed a switch to EGFR expres-
sion In tha involved tyrmph node, Our study shows that a shift in
receptor phenotype between primary tumors and lymph node
metastases i3 a rare event and, thus, additicnal analyses of
invoived lymph nodes will not likely serve as a better predictor
for response to anti-estrogen therapy. We conclude that expres-
slon of EGFR [s not a prerequisite for development of metastases,
© 1995 Wiley-Liss, fne.

Multipte factors contribute to the development and progres-
ston of ﬁreasi cancer. Among these factors estrogens play a
crucial role, Estrogens bind to the estrogen receptor {ER),
resulting in an activated complax that acts as a teanscription
factor through binding to target genes (Evans, 1938; Beato,
1989; Parker et al, 1993). Estrogens can stimulate tumor celis
directly or indirectly by an autocrine growth mechanism
{Clatke et al, 1992). Estrogen-dependent growth can be
blocked by anti-estrogens, which compete for binding to the
ER (Pritchard and Suthertand, 1989; Jordan and Murphy,
1990; Watts et al., 1994). Consequently, the presence of ER in
primary tumors identifies breast cancer patienis responsive 10
anti-estrogen therapy. However, the presence of ER is no
warrant for response to endocrine therapy because half of the
patignts with ER* primary tumors do not respond (Jaiyesimi
et al, 1995). Furthermore, almost all patients wili ultimately
develop metastases refractory to treatment. The mechanisms
underlying hormone resistance for the majority of cases
remain unclear (Dorssers et al, 1991; Katzenellenbogen, 1991;
King, 1992; Johaston ef al, 1992; Clarke et al., 1992; Horwitz,
1993; Osborne and Fuqua, 1994; Van Agthoven et al,, 1994b),
Since the actions of ¢strogens and anti-cstrogens are medi-
ated via the ER, the development of ER- tumors would
ultimately result in hormone resistance. Expression of ER is
inversely related to expression of the epidermal growth factor
receplor {EGFR} in breast cancer (reviewed by Klijn et af,
1992). Patients with breast tumors containing high levels of
EGFR fail to respond to eadocrine therapy (Nicholson ef af.
1989). In a previous report, we described the expression
patterns of ER, progesterone receptor (PR) and EGFR ina
series of cytosolic ER* primary breast carcinomas (Van
Agthoven et al, 1994a). Dual-staining immunohistechemistry

5.4

allowed simultaneous detection of the steroid hormone recep-
tors and EGFR at the single-cell level. Expressien of ER/PR
and EGFR was detected in mest biopsy specimens in either
cancer ¢ells or non-malignant cells present in the tumor.
Co-expression of hormone receptors and EGFR in the same
tumor cells was rarely observed {Van Agthoven er al, 1994a;
Sharma ef af,, 1994}, The purpose of the present work was to
study furiher the biology of tumor progression by comparing
the expression patterns of ER/PR and of EGFR 1n a series of
primary breast turnors with their matched metastases,

MATERIAL AND METHODS
Selection of breast tumors

Frozen tumor specimens of both primary breast cancer and
axillary lymph node metastasis were available from 26 patients.
Furthermore, § patients with either synchronously (n = 3) or
metachronously (a = 2} occurring bilateral breast cancer and
2 patients with distant metastasis {one of the patients with
synchronously occurring bilateral breast cancer) were ana-
lyzed. Patients were chosen at random. Histological diagnosis
was assessed according to the World Health Orgarization
{Azzopardi et af, 1982), Tumors were graded according to the
Bloom and Richardson system with minor modifications as
described by Page and Anderson (1987), The age of the
patients at the time of surgery, size of the primary tumor and
number of involved lymph nodes were recorded as well.

Statistic analysis
Statistic analysis was performed using Fisher's exact tests.

Immunchistochemical procedures

Expressions of ER, PR and EGFR were individually as-
sessed in duplicate serial sections of snap-frozen tissues stored
in liquid nitrogen as described {Van Agthoven et al, 1994a). In
addition, a part of the cases were ER/EGFR double-stained
{Van Agthoven et al, 1994a) to confirm the interpretations of
the individually stained sections. Immunohistochemical detec.
tion of ER and PR was performed with commercially avaitable
immunacytochemical (ICA) kits, (ER-ICA, PgR-ICA; Abbaott,
Chicago, 1L). Detection of EGFR was performed with a
menoclonal antibody (MAD) clone 2E9 (Monosan, Uden, The
Nethertands) and MAb EGFRI (Amersham, Avlesbury, UK),
In alf analyses, serial sections of positive and negative controf
celllines were included in each slide to monitor the immunohis-
tochemical staining procedure. The presence of myoepithelial
ceils was confirmed with an anti-muscle actin IgG (Enzo, New
York, NY). Furthermore, a serial section was used to test the
presence of keratin 8- or 18-positive epithelial cells using MAb
CAM 5.2 {Becton Dickinson, Erebodegem, Belgium)., All
slides were analyzed by 3 investigators (T.V.A. M.T. and
S.CH.-L).

*To whom correspondence and reprint requests should be seat, at
Department of Molecular Biology. Dr. Daniel den Hoed Cancer
Center, Groene Hilledijk 301, 3075 EA Rotterdam, The Netherlands.
Fas: 31-10-4232964 and 31-10-1361053.
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TABLE | - EXPRESSION OF ER, PR AND EGFR AND CHARACTERISTICS OF PRIMARY BREAST TUMCRS AND METASTASES

META
Age Size Cis o , 8
Case t)e‘%rl Tumor type Grade  (Of Tommal My Invasive  Stroma  NNDR "I::'gif:‘g’f Tomor  Strama
nodes
| 52 Invasive ductal I 24 oP E E t OP E
2 45 Invasive ductal H 4 QP E EOP 4 8] E
3 56 Invasive ductal H 3 op E EOP 3 OoP E
4 58  Invasive ductal H 3 E EOP 7 E
5 6t Invasive ductal 1 5. OP 1t or
3} 63 Iavasive ductal 111 3 o] EQP 2 [8]
7 53 Invasive ductal 11 5 E EQP 9 E/E
8 43 lovasive ductal S 8 E E EP 7 E E
9 55 Invasive ductal HE 16 E E 1 E
10 23 Iovasive ductal [TH 5 E >8 E
11 66 lnvasive ductal/DCIS 1 4 E o] EQP 3 OP
12 62 Fovasive ductal/DCIS 1 1.5 OPp E or E EQP 4 OP E
13 41 Invasive ductal/DCIS 1 1.3 E E EQP 6 E E
14 49 Invasive ductat/ DCIS Il 6 E E E EP 7 E E
&) 52 Invasive ductal/DCIS 11 22 P E OP E EQP L) op E
6 47 Invasive lobular i 4 op E EQP 4 Op E
17 45 Invasive lobular 1 4 QP E EQP 14 QP E
18 45 Invasive lobwlar i 5 oP E EQ 7 oPp E
19 45 Invasive lobular Il 45 oP E EOP 8 QP E
20 49 Invasive lobular un 7 or E E 6 OP E
21 50 Invasive lobular/ductal I 3 or EQP 6 OF
22 46 Invasive lobutar/ductal It k] or E E 5 OPp E
23 43 Invasive lobular/ductal 11 2.7 or E EQP 1 OFP E
24 41 Invasive lobular/ductal I 25 or E E 2 OP E
25 48 Invasive lobular/ductal PCIS 1 3 oP E QP 8 E E
26 45 Invasive lobular/ductal BCIS I 45  OP E OP E EQP 4 oF E
27L 49 Invasive ductal m 7 E E 28 E
27R 49 Invasive ductal i 7 E E
28L 49  Iavasive ductal HI ND* E E ND
28R 49 Invasive ductal Ir ND* E E 6
28 50  Skin metastasis E
2L 68  Colloid 1 1.5 op EOP 0
29R 68 Colloid I 03 ap EOP 1
IR 56  Invasive lobular/DCIS 1 1.5 QPE E orP EQP 1 ND
3L 59 Invasive fobular 1 4 OPE E ECP ]
ML 46 Invasive tobular/CIS 1 1 QP OP EQP 18 ND
R 49 Invasive lobular 1 ND P E EQP Q
32 60 lavasive ductal HI 4 E Q
32 63 Thorax mela 11 E

Distribution of receptor expression was subdivided in case of primary tumars in carcinoma in sine (CIS) with luminal tumor cells and
myoepithelial (myo{ cells, the invasive tumor component, stcomal and non-neoplastic ductal remnants (NNDR). Metastases were

divided in tumor cel

s and strema. Further abbreviations used are: O, ER expression; P, PR expression; E, EGFR expression: L, tumor in

left breast; R, tumor in right breast; DCIS, dutal carcinoma in singg ND, not determined; ND*, not determined, large tumor diffuse

grawth,

RESULTS

The clinical, histologicat and immurohistochemical data of
the 32 patients are listed in Table [ and summarized in
Table II.

Estragen receptor

Expression of ER was restricted te malignant epithelial cells
and non-malignant lumina! epithelial cells of non-neoplastic
ductal remnants. Of the 32 primary breast carcinomas ana-
lyzed, ER was detected in the tumor cells of 22 (69%) patients.
ER was observed both in the invasive tumor cells and in the
tumor cells of the carcinoma in sire (CIS) component {7 cases).
Of the 26 cases studied with lymph node metastases. the tumor
cells of 19 {7353} primary breast cancers and 18 (695¢) lymph
nede metastases were ER*. In one case (25) with an ER*
primary tumor, no ER* celts in the lymph node metastasis
were detected.

I all 8 cases with ER~ primary breast tumors, lymph node
melastases were ER™ as well. Staining of ER was heleroge-
neous with respect to inteasity and percentage of positive cells.
The number of ER* tumor cells varied between 7 and
[52/40% high-power field in the primary tumors and belween

15 and 160 in the lymph node metastases, However, no gross
differences were observed between primary tumors and metas-
tases. .

Progesterone receptor

Expression patterns of PR were similar to those of ER. The
number of positive tumor cells varied between 2 and 139 in the
primary tumors and between 2 and 150 in the lymph node
melastases, PR was detected in the tumor cells of 20 of the 32
(63%5) primary tumors and in 16 of the 26 (62%5) lymph nodes.
In one case (2), PR expression was not detected in the inveolved
lymph node, which cannot be explained by hormone status of
the patient because both biopsy specimens were removed at
the same time. In another primary tumer {11), we observed
PR~ tumor cells and PR* non-ncoplastic ductal remnants and
clear PR* staining of the tumor cells in the lymph node.

Epidennal growth factor receplor

EGFR expression was detected in tumor cells, myoepithelial
cells of ductal carcinoma in st (DCIS) and myoepithelial cells
and luminal cetls of non-neoplastie ducial rentnants with both
MAbs EGFR1 and 2E9 {Table I). Stromal components cften
reacted with the MAD 2E9 to EGFR both in primary tumors
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TABEE 11~ RELATIONSHIP BETWEEN £GFR EXPRESSION AND
CHARACTERISTICS OF PRIMARY TUMORS

Varistle n EGER’ EGFR- Flet
Total A2 (100%%) 11 (34°F) 2% (66%)
Tumor 1y pe
Ducral {500y 1056 8 (44‘«’?;
Lobular 13¢dice) 1 (8%2) 12 (925 < (.006
Colloid 1¢3¢) {H(07) 1 (14072 )
Tumor size
Ti{<2em)  4(13%) 1{25%y 3(13%)
Ta{»2-5  22(697%)  4(18%)y 18(82%)
cm}
Taa(>5 6(19%)  3(83%)  1(17%) <0008
<m}
Grade
I T2y 1 (MR 6 (R6%
11 134158y 2(184%) 15 (8%
111 P2{38%2y  B(67%Y) 4 (33 <0001
Nodal status
- Ty 1199 6 869’1;
>3 22(76%)  7(32% 15 (685 N.S5.
Eslrogen
receplor
ER-ICA~ 22(695’:; 1(8%0)  21(93%¢)
ER-ICA-  10(M)  10(100%)  0(0%) <{.001
Progesterone
receptor
PR-ICA- 20 (63‘,’&; 0%y 20 5100%)
PR-ICA-  12(38%) 10(83%) 2(17%) <0.001

and metastases, The 2E9 MAb was included in this study for its
high sensitivity compared with the EGFRI MAb and specific
detection of EGFR* cells (Van Agthoven ef af, 1994a).
Staining of the tumor cells with the 2E% MAb and EGFR1 was
in general more homegeneous in comparison with ER and PR.
Similar 10 ER and PR, no apparent differences between
primury tumors and metastases were observed.

With respect to wumor cells, EGFR was detected in 1
{34%) primary tumors both in the invasive and the CIS
component (13, 14) or enly in the CIS compenent (30). Of the
26 cases studied with involved lvinph node metastases, 8 (315)
primary tumors and 9 (33%¢) metastases were EGFR*Y, EGFR
was also detected in 2 cases with distant metastases both in the
peimary tumor and the metastases (2 and L6).

Relationships of receptor expression with tmor characierisiics

The relationship between EGFR cxpression, tumor classifi-
cation and steroid receptor expression is shown in Table I1

Expression of EGFR was inverse, with ER and PR
(p < 0.001) bath in the primary tumors and the metastascs,
One case (30} with ER/PR* and EGFR?* tumor cells was
abserved, However, expression was an different tumor cells,
which was confirmed with ER, PR and EGFR double-staining,

Morze than half of the cases with invasive ducial carcinoma
were EGFR* and ER~, A completely different distribution
was observed in the cases with a predominant invasive Jobular
component (p < (L006). All cases {n = 13) were ERY and
PR* and, with onc exception, EGFR". This case¢ of invasive
lobular carcinoma with a DCIS component showed EGFR
expression in the DCIS part of the biopsy (30).

With respect to tumor size, we observed that large tumors
were mere often ER™ and EGFR* (834t} as compared with
the smaller T1 (18%) and T2 (25¢%) tumors {p < 0.006).
Simitar observations were made with respect to degree of
tumer differentiation. More than half of the high-grade tumors
(67%) belonged to the ER"/EGFR* group (p < 0.001), No
ER-, EGFR* tumors were observed in the grade I group and
only 15%% in the grade 1] group (Table ).

No clear relationship with the number of involved lymph
nodes was observed, though patients with more than 3 involved

nades tended to be more frequently EGFR?. Interestingly. all
patients with a tumor in the contralateral breast had identical
recepior status, for Both wmors. Furthermore, both tumoers
were of identical histological type, fe., invasive ductal carci-
noma (27 and 28), invasive Jobulir carcinoma (30 and 31} and
colloid carcinoma {29; Table I),

DISCUSSION

Qur study shows a relationship between degree of tumor
differentiation and inverse expression of ER and EGFR. Mast
tumors expressing EGFR belonged te the high-grade, poorly
differentintcd malignancies. Furthermore, large tumors more
frequently showed expression of EGFR. More¢ than half of the
invasive ductal carcinomas were ER - and EGFR, In contrast,
all primary breast tumors with a predominant lobulsr compo-
nent expressed ER and, with one exception. were EGFR-.
Interestingly, in normal breast tissues the highest frequency
and expression levels of ER are found in the lobules compared
to the ducts {Petersen, 1987). The published data about the
EGFR - phenotype of lobular carcinoma are controversial, as
is the association of EGFR expression with differentiation
grade and tumor size (reviewed in Klijn et al, 1992). These
discrepancies are at present not clear; however, some may be
explained by the differeny assay systems used. In tumor
extracts, the presence of EGFR* non-malignant cells in the
hiopsy may complicate 1he interpretation of results.

In this study, we have confirmed our earlier observation
(Van Agthoven ef al, 19942) that expression of ER and EGFR
is completely inverse in individuat cancer cells. Most samples
contained both ER* and EGFR* cells, but one receptor type
was always expressed in a normal component of the tumor
specimen. This result is in agreement with previous observa-
tions of inverse expression of EGFR and ER in breast tumor
celt lines and primary breast tumors (for a review see Klijn
et al, 1992), indicating that functional co-expression of these
signal cascades is not favorable for breast tumor cells (Van
Agthoven et af, 1992, 1994b). This inverse relation between
ER and EGFR expressien has now zlso been demonstrated for
breast tumor metastases in untreated patients.

With only one exception, no switching of receptor type
(ER/EGFR) was observed between primary tumors and
involved lymph nodes or distant metastases or belween synchro-
nously and metachronously oceurring bilateral breast cancers,
It can be concluded that expression of EGFR is not &
prerequisite for development of metasiases, though patients
with high numbers of axillary lymph node metastases were
more often EGFR™, which may be explained by the apgressive
phenotype of these tumors, Previously, we have shown, with
dual-staining immunohistochemistry, that primary tumors may
consist of both EGFR* tumor cells and distinct ER* tumor
cells (Van Agthoven of al, 1594a). Although only one mixed
ER*, EGFR* primary tumor and no mixed metastases were
abserved in this scries, it cannot be excluded that a minor
population of tumor celbs with a different phenotype has been
missed in our analyses, Such tumor cells could result from
biatogical selection in metastasis with another receptor pheno-
type. However, our study shows that a shift in receptor
phenotype besween primary tumors and lymph node metasta-
ses is a rare event and, thus, analyses of fvolved lymph nodes
will ot serve as a better predictor for response to anti-
estrogen therapy.

Studies using breast cancer cell lines have indicated that
switching from ER expression lo EGFR cxpression may occur
during anti-estrogen treatment (Long of al, 1992; Van Agth-
aven ef o, 1992, 19%4a; Dorssers ¢f al, 1993} Thus far little
evidence for this mechanism is available for development of
acquired anti-estrogen resistance in clinical breast ¢ancer.
Alihough anti-estrogen therapy may select for a switch in
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receplor cxpression in the tumor cells {Chrysogelos ef al,
1954}, this does not explsin the intrinsic response failure to
anti-cstrogen therapy in half of the patients with metastatic
disease und ER* primary tumors. Our study strongly suggests
that lymph nede metastases of ER* primary tumors are alsa
ER”. Since the lymph node metastases analyzed were surgi-
cully removed % the same time as the “Prinlary tumor, the
receptor expression may reflect only a confined, possibly early,
slage in tumor progression, We have analyzed the 2 cases with
distant metastasis, which were removed, respectively, 1 and 3
vears after primary surgery, Both the primary tumor and the
metastasis were EGFR* and, thus, not informative for the
cxistence of a possible switch in receptor expression.

In conclusion, no evident differences in expression of ER
and EGFR were observed between primary tumors and

metastases in our study, An interesting difference was ob-
served between ductal and lobular carcinomas, the latter being
almost exclusively EGFR™ and all expressing ER, Our study
shows that a shift in receptor expression between primary
tumors and lymph node metastasis is rare and, thus, receptor
znalysis of invelved lymph nodes will most likely not be a better
predictor for response to anti-cstregen therapy.
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Duration of response to antlestrogen therapy In met-
astatic breast cancer s limited due to the develop-
ment of antiestrogen-resistant tumors. The mecha-
nisms involved are not understood bt could origi-
nate from (epijgenetic alterations within the tumor
cells, We have applied In vitro random Insertional
mutagenesis with repllcation defective retroviruses
to identily those genes playing a key role in devel-
opment of antiestrogen resistance in human breast
cancer cells. Eighty antlestrogen-resistant cell
clones were Isolated from 7 x 10 estrogen-depend-
ent ZR-75-1 cells, mass-infected with defective re-
troviruses and subjected to 4-OH-tamoxifen selec-
tien, Integratlon site-specific DNA probes were
made by inverse polymerase chain reaction tech-
niques and used to search for common Integration
sltes, Six cell clones were identified with retroviral
genome Integrations In the same orientation in a
single locus, designated breast cancer antiestrogen
resistance locus-1 (bcar-1). These bear-1 cell
clones had lost estrogen receptor expression and
had become estrogen Independent. Qur results
strongly suggest that alteration of the bear-1 focus
is responsible for development of antlestrogen re-
sistance In human breast cancer cells In vitro. In
addition, we have shown that In vitro insertional
mutagenesis using defeclive retroviruses can be
applied for gene tagging In human cells. (Motecular
Endocrinology 7: 870-878, 1993)

INTRODUCTION

Normal breast epithelial ¢ells depend on estrogen for
thelr proliferaticn and differentiation. Endocrine therapy,
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involving estrogen ablation or administration of anties-
trogens, has been shown to be beneficial in early and
metastalic breast cancer (1-3). With respect 1o met-
astalic disease, objeclive responses occur In about
50% of the patients with estrcgen receptor (ER}-posi-
tive primary tumors. However, Lhe response duration is
rather limited due to the development of hormone-
independent tumaors in viftually all cases (1, 4, 5). The
mechanism of action of antiestrogens is based on thelr
ability to compete with estrogens for binding to the
estrogen receptor and thus block cell protiferation {2,
6). Although prognostic factors which predict a lack of
response to encdocrine therapy have been described (4,
7}, the mechanisms of progressicn to hormoene inde-
pendence of an initially responsive tumor are still not
understood. It is speculated that the tumor is hetero-
geneous and that hormone-independent clones may be
selected by the therapy applied. Alternatively, hormone-
dependent tumor cells may acquire (epijgenetic altera-
tions, which rasult in resistance to the endocrine ther-
apy (8-15). Previous studies have shown that introduc-
tion of either an activaled ras or insulin-like growth
factor-It gene into breast tumor cell fines resuited in
hormone-independent proliferation of the transfected
cells (16, 17). In addition, we have presented evidence
that ectopic exprassion of epldermal growth factor
(EGF)receptor in human breast cancer celis can bypass
the esirogen dependence {18}. Furthermore, epigenetic
alterations induced by demethylation with 5-azacytidine
of ZR-75-1 celis also resulted in hormoene-independent
proliferation (11; Van Agthoven, T., T, L. A, Van Ag-
thoven, A, Dekker, J. A, Foekens, and L. C. J. Dorssers,
manuseript in preparation). These results suggest that
dominant genetic alterations play a role in hormene-
independent progression of breast cancer ceils.

In order fo identify specific genes involved in progres-
sion to hormone independence, we started a random
insertion mutagenesis study on human breast cancer
cells in vitro applying defective retroviruses. Retrovi-
ruses randomly integrate in the host genome as part of



their fife cycle {19) and may thus disturb local genome
structure and gene expression (20, 21). Furthermore,
the integrated viral genome provides a 1ag to the gens
locus of interest and can be used 1o isclate and cha-
racterize the gene involved. Insertional mutagenesis
with rephication-competent murine retroviruses has
been used 10 identify rodent (oncojgenes mye, Tpi-1,
bri-1, pal-1, bla-1, and pim invoived in lymphoma (22-
27). int in breast cancer (28-30), and Evi, Spi-1, Fli, and
Vin-1 in leukemia (31-36) in vivo and in vitro. Replica-
tion-defective refroviruses can be generated by use of
amphotropic packaging cell lines and provide a safe
and elegant procedure to mutate human cells without
risk of secondary infections (19, 37). Our resuits docu-
ment that defective retroviral integration in the host
genome transformed the estrogen dependency of ZR-
75-1 human breast cancer cells and allowed for the
identification of a locus, designated breast cancer an-
tieslrogen resistance locus-1 (bear-1), involved in this
process,

RESULTS

Generation of Antlestrogen-Reslstant Human
Breast Cancer Celt.Ines

in order to use retroviral insertional mutagenesis for
linkage of a specific gene to a biological function in
vitro, an exiremely sensilive cell selection system is
imperative. The widely used MCF-7 cells and the
slrongly hormone-dependent subline MCF-7/McGrath
(3B} were not useful, since about 5-10% of the colonies,
aithough smaller in size, were retained in the presence
of 1 um of 4.OH-tamoxifen (OH-TAM), the active me-
tabolite of tamoxifen {2). Subcloning of these MCF-7
cells or application of selection protocols to isolate a
highly OH-TAM-sensilive subclone {39, 40) were not
successful. ZR-75-1 cells (41) were completely de-
pendent on estrogen for cell proliferation (18) and faited
to produce surface colonies in the presence of 1 pM
OH-TAM {data not shown}.

To infect these human breast cancer cells with retro-
viruses, we have generated amphotropic producers of
N2- and L N-defective murine retroviruses (37) using the
PA317 and CRIP packaging cell fines {42, 43), These
producers of defective viruses were selected for effi-
clent infection of ZR-75-1 cells {more than 10° G418-
resistant colony forming units/mi} and absence of rep-
licatiocn competent virus and used in infection experi-
ments to generate antiestrogen-resistant cel clones. In
a typical experiment, 20-150 X 10® ZR-75-1 cells were
treated for 2 days with conditioned medium (CM) of the
amphotropic producers containing the defective virus
and subsequently plated for selection with OH-TAM.
About 30-50% of the cells showed resistance to the
nesmycin analog G418 in a surface colony assay, indi-
cating stable integration of the defective retrovirus.
Proliferating colonies of cells were detecied by visual
inspeclion within 3-5 weeks in the infected cultures
subjected to antiestregen selection {Fig. 1), picked, and
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expanded, In contrel experiments invalving more than
2 % 10°® ZR-75-1 cells, only one antlestrogen-resistant
cell clone was rescued. This result demonslirates the
tow spentaneous frequency {=107% of progression to
OH-TAM resistance of ZR-75-1 cells under these se-
lective culture conditions.

Expansion of antthormone-resistant clones appeared
to be tedious, since many praliferating colonies {up to
80%) were lost aller picking and plating in microtiter
platesin the early series of experiments, A considerable
growth advantage was noted during the infection cul-
ture in comparison to the untreated cells, suggesting
lhe presence of growth-stimutatory substances in the
CM of the mouse fibroblast packaging celt fine, The
CRIP cell CM strongly enbanced attachment and
growth of tamoxifen-resistant celf clones plated at low
density (see also Fig. 4). Thus, in subsequent infection
experiments picked clones were expanded in medium
supplemented with 10% CRIP-CM and OH-TAM with a
success rate of 87%.

Southern analyses of Hindlll-, Bgil-, and BamHI-
digested DNA of all OH-TAM-resistant cell clones using
an LN virus or NeoR probe were performed to establish
the number of viral integrations. These restriction en-
zymes cut outside the viral DNA and the number of
bands correlates directly with the number of integra-
tions {an example is shown in Fig. 3a). Most of the cell
clones tested comprised 1-10 copigs of the viral ge-
nome {median of two coples). Occasionatly, restriction
fragments hybridizing to a viral long terminal repeat
{LTR} probe were observed which failed to hybridize to
the NeoR probe. The size of these fragments was often
too small to comprise a full-length viral genome, sug-
gesting that part of the viral genome had been elimi-
nated before or after integration in the host genome
(44},

Qverall we have now generated 80 OH-TAM-resist-
ant celf lines with integrated viral genomes {primarily LN
virus) from a total of about 7 x 10° 2R-75-1 cells
subjected to retroviral infection and antihormone selec-
tion. This cell panel has been used o identify commoen
integration sites, which indicate the presence of genes
involved in development of tamoxifen resistance.

Generation of Integration Site-Specific Probes

Inorder to identify common integration sites of relroviral
genomas in independently arisen antiestrogen-resistant
cell clones, probes flanking the provirus are required.
We have used the inverse DNA amplification procedure
(45}, which employs outward directed primers located
within the known vira! LTR sequence (Fig. 2} after
recircularization of gigested genomic DNA. We pres-
ently use a large panel of enzymes with six base
recognition sites on cell clones with only one or two
vira! integrations, since restriction enzymes with four
base recognition sequences resulted mostly in very
shiort strelches of genomic sequences. So far we have
tried to obtain border probes from six different anties-
trogen-resistant cell clones. In one case with a single
integration, no fragments have been amplified with the
pane! of enzymes used so far. In iwo cases only very



Flg. 1. Surface Colony of OH.TAM-Resistant, Infected ZR-75~1 Cetls
Phase-contrast photomicrograph of infected ZR-75-1 cells subjected lo 5 weeks of OH-TAM selection. A colony of proliferating,

antiestrogen-resistant cells is shown In a background of nondividing cells,
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Fig. 2. Genomic Map and Delective Retrovirus Integrations in the bear-1 Locus

Restriction sites are located with respect to the LN provirus {top) integration in cell clone VIIE21, Positions of primers used for
inverse PCR are shown above the LTRs of the LN virus. Integralion site-specific probes 18/1 and 14B2(ApaLi-Psh) are halched.
The black box denctes the Alu sequence within the cloned PCR fragment 14B2. Integration siles in the bear-1 locus of other cett
clones (roman numerals) are Indicaled. Reslriction enzyme abbravialions are: A, Apall; B, Boll; E, EcoRil; V, EcoRV; K, Kpnl; No,

Nooby N, Nhel; P, Psti; S, Sack, and Sp, Sphi.

small parts of genomic sequences consisting raainly of
repetitive Alu sequences were oblained {not shown).
From cel clone VIN24 containing two integrations, two
border clones have been prepared with Ncol (2D, 300
base pairs {bp)] and the mixture of BamHi, Bgill, and
Bcll (2E, 1000 bp), which both recognize the same viral
integration focus {not shown). From cell ¢lone Vill20
carrying two integrated copies of the virus, a singls
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650-bp probe (3F) located downstream of the virus was
recovered with the restriction enzyme Nhel. Gell clone
VIi2i DNA (one viral genome and a 4-kilobase {kb)
LTR fragment tacking NeoR sequences) digested with
Psti or Sphl supplied three clones (1482, 18/1, and
1489). Clone 1482 is located upstream of the virus and
carries part of an Alu sequence, but an upsiream ap-
proximately 500-bp Apall-Pstl fragment detected the



integration locus (Figs. 2 and 3f). Probe 18/1 was
derived from the 3’-LTR and comprises a 450-bp Spil
fragment free of repetitive sequences {Fig. 3, b-g).
Probe 14B9 represents a Pstl fragment also contained
in clone 18/1 (Fig. 2).

Identification of a Common Integration Site

All Blots with Hindlll-, Bg/ll-, and BamH!-digesied gen-
omic ONA were subjected 1o screening wilh the inte-
gration site-specific probes derived from infection ex-
periment VI, In addition, blots were made from DNA
digested with EcoRV and Sacl, which cut within the
viral LTR {Fig. 2). Probes 2D and 2E {clone Vili24) and
3F {clone VIII20} only detected germ line restriction
fragments in all cell clones tested so far, indicating the
absence of retroviral integrations in the neighborhood
of these probes (data not shown}. In contrast, probes
18/1 and 1482 derived from cefl clone VIIf21 did rec-
ognize restriction fragments, with altered mobility in five
additional cell clones (X113, Xi14, X116, X121, and Xil13).
Boitt (Fig. 3b) and BamH restriction fragments with a
reduced mobility, corresponding to the integration of a
3-kb viral genome, were observed, The weak intensity
of these altered fragments in comparison to the germ
line band is explained by the presence of multiple copies
of many chromosomes in the ZR-75-1 cells (18, 41).
Blots carrying EcoRV digests of these DNA samples
confirmed these results and further suggested that the
integralions were In ¢lose proximity (Fig. 3, e and ).
Detailed characterization of the integration locus by
Southern hybridization suggested that clones Xi14 and
X121 are derived from an infected cell of which one

kb
23~
9.4~

G.6- =

4.3-

23—

g.4-

6.6-

daughter cell acquired an additicnal viral copy during a
subsequent infection cycle {Fig. 3a; BamHI and Hindlll
blots not shown). The integration site in these clones
falls within the probe 18/1, as both the feft and right
Bcll and EcoRY fragments are recognized (Fig. 3, c and
g, lane 2). Similarly, clones X113 and Xt 6 originate from
a single cell with two virat integrations, from which ong
daughter gathered two additional viral DNA copies, The
Bgill doublet at approximately 6 kb in clone X{16 (Fig.
3a, lane 5) is rescived in two bands by Hindill and
BamH| digestions {not shown). The integration site in
clones XI113/16 is located upstream of the VIII21 inte-
gration and falls within the probe 1482, The 2.2-kb Sacl
germ line fragment is split into two bands {1 and 1.8
kb), both hybridizing with the 1482 probe {not shown),
the smaller one hybridizing with the 18/1 probe {Fig.
3d, lane 4), The single viral DNA integration in celf clone
X113 is located approximately 3-4 kb upstream of the
ofher integrations within the Belt and EcoRYV rastriction
fragments (Fig. 3, ¢ and e, fang §) without interrupting
the Sacl germ line band (2.2 kb} recognized by the
1482 (not shown) and 18/1 probes (Fig. 3d}). The ori-
entation of the provirus was determined with the NeoR
probe on Beli- and EcoRl-digested DNA and was found
to be identical to VIlI2§ for XI13/16, Xi14/21, and XI13.
The large Bell fragments hybridizing to 18/1 probe (Fig.
3c} also hybridized to the NeoR probe {data not shown).
This common integration site identified by probes de-
rived from cell clons VHi21 is designated bear-1.

toss of Estrogen Daependence of Cell Clones with
integrations in the bear-1 Locus

Cell clones with integrations In the bear-1 locus have
been characterized with respect 1o their response o

Fig. 3. Soulhern Analysis of ZR-75-1 and Derived Antiestrogen-Resistant Celt Clones

Blots carrying genomic DNA digested with Bgill {a and by, Berl (), Saci {d), and EcoRV (e and f) were hybridized with an NeoR
{a), 18/1 [o-g), or 14B2 (f) probe. Genomic DNA was prepared l[rom ZR-75-1 cells (ZR) and antiesirogen-resistant clones Vill21
(1), XI21 (2), X114 (3), Xi13 (4), X116 (5), and XI113 {6). Fragment sizes (in kilobases) of A-DNA digested with Hindll| are denoted on

the faft.
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known stimulators and inhibitors of proliferation using
the  [3{4.5-dimelhyithiazol-2-yl}-2,5-diphenyltetrazo-
liumbromide] (MTT) assay (46). In this assay, the re-
sponse is mosily proportional to the number of viable
cells (18), Proliferation of the parental cell line ZR-75-1
is complately dependent on estradiol supplementation
to the cuiture (18} and is not influenced in the MTT
assay by addition of either EGF or the pure antagonist
IC1164,384 (Fig. 4). ZR-75-1 cells pretreated with RPMI
medium supplemented with 10% bovine caif serum (Rf
BCS medium) show a response to OH-TAM (Fig. 4},
which is probably due to the initial intrinsic agonistic
effect of OH-TAM (47). This response is masked when
pretreatment is omitted (not shown) and does not sup-
port ZR-75-1 cell proliferation to a significant extent
(18). Contrary to the parental celis, the bear-1 cell
clones were selected for proliferation in R/BCS medium
plus OH-TAM. Increase in MTT reduction thus repre-
sents stimulation above basat cell proliferation in R/
BCS {representative examples VII21 and X121 shown
In Fig. 4). No significant change in MTT reduclion was
abserved at day 5 (Fig. 4} or day 10 for all bear-1 cell
clones after addition of either estradiol, ICI164,384, or
OH-TAM. RNase protection studies (Fig. 5a) using
jabeled antisense RNA copies of ER showed a strong
reduction of ER mRNA in these antiestrogen-resistant
cell clones in comparison to the parental ZR-75-1 celis.
Similarly, ER- and estradiol-induced progesterone re-
ceptor (PgR) protein, determined by enzyme-linked im-
mune assays ER-EM and PgR-EIA, were very low
(between 0-8 fmol/mg protein) in all cell clones with
integrations in the bear-1 focus, These assays in com-
plete medium show that the bear-1 cell clones have
lost their response 1o estregen and display a hormone-
independent phenotype.

In contrast 10 the parental cells, clones VIII2Z1, X113,
XH4, and X3 showed some in¢rease in MTT reduc-
tion upeon supplementation of EGF (Fig. 4). A more
pronounced stimulalory effect of EGF addition (2.1 +
0.1-foldy was observed after plating of 2500 VIi21 cells
and MTT assay at day 10. Low levels of EGF receptor
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Fig. 4, Biological Characterization of bear-1 Cell Clones

MTT reduction was datermined at day 5 after plating of
5000 antiestrogen-resistant cells or 2500 parentat ZR.75-1
cells, pretreated in A/BCS medium for 24 h, in R/BCS medium
supplemented with 1 it OH-TAM (1), 100 nu 1C1164,364 (),
10 ng/mi EGF (), 1 nu estradiol 1), or 10% CRIP-CM @)
Response is given as the fraction of the R/BCS control culture,
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mBNA were detected in BNase protection experiments
in all bear-1 cell clones in contrast to the parental cell
line (Fig. 5b). In addition, Scatchard analysis demon-
strated specific ['#IJEGF binding to membrane prepa-
rations of cell clones X113 and X4 (40 and 15 fmat
EGF receptor/mg protein, respectively). All ZR-75-1-
derived cell lines were stimulated by the addition of
10% CRIP-CM (Fig. 4}, indicating the presence of un-
defined accessory components in the fibroblast me-
dium.

DISCUSSION

Linkage of a specific gene to a biclogical function by
refroviral inserlional mutagenesis has been achieved
mainly in rodents jn vivo and lead to the identification
of genes involved in malignant processes (21). Mutage-
nasis in vitro was shown to be feasible (32, 33, 48)
using replication-competent viruses in murine factor-
dependent cell lines. Defeclive relroviruses lack the
capabiiity to spread into the cufture after integration
and thus provide a safe and elegant way to perform
mutagenesis (19, 37). The frequency of retroviral inte-
gration in a specific locus has been estimated in the
order of 10--107° (20}, thus requiring very low fre-
quencies of spontaneocus progression to the selected
phenotype. Initial control experiments indicated that, in
contirast to the MCF-7 cell ling tesled, the spontaneous
rate of ZR-75~1 cells to form an antiestrogen-resistant
cell clone was below 1078, The virus-induced progres-
sion rate to tamoxifen resistance is calculated to be
about 107" {range of 0.6-3 x 1077 in six experiments},
clearly above the spontaneous frequency. This figure
represents a 2- to 3-fold underestimation of the actual
value since efficiencies in infection have been disre-
garded.

Using integration site-specific probes from three in-
dependently arisen antlestrogen-resistant cell clones,
we have identified a common integration site (bcar-1)
in six cel clones of our panel. Detailed analysis showed
that these cell clones were derived from four independ-
ent integration events within £4 kb total distance. Fur-
ther screening of this chromosomat region may identify
additional distant integrations in our pangl of antiestro-
gen-resistant clones, The occurrence of six integrations
in the bear-1 locus in 80 cell clones carrying a total of
approximately 190 retroviral integrations highly ex-
ceeds the reported frequencles (2-5 x 107Y) of base-
spacific integrations in genomic hot spots {49). Under
the mode! that in surviving celi clones the location of
the integrated virus is completely random, based on
two integrations per cell the probability 1o find a retro-
viral genome in a given 10-kb genomic DNA segment
is 6.8 x 10% As a consequence, the probabitity of
identifying three additional independent Integration
events in this locus, among the remaining clones of the
cell ling panel, is extremely low {2 x 107", binomial
distribution). This implies that the model of complete
randomness has to ba rejected, i.e. it slrongly suggests
that integration within the bear-1 locus is tightly linked
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Fig. 5. RNase Protection of ER and EGF Receptor mRNA
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Autoradiograph of protected radiolabeled RNA probes (p) of ER (a) and EGF -receptor (b) after hybridizalion to 20 ug total cell
RNA as indicated, digestion with RNases, and fractionalion on a depaturing 6% polyacrylamide-urea gel, Exposure was for 12
days or 16 h {*) with intensitying screens at —80 C. Only the relevant paris of the zutoradiographs are shown. No other protected
fragments {70 bases) were detected. RNA samples were from ZR-75-1 cells {ZR) and antieslregen-resistant clones V21 (1),
X121 (23, X114 (3), X113 (4}, Xi+6 (5), XH13 (6), VHI24 {7), an EGF receptor-positive derivalive of ZR-75-1 (+), and tRNA (1).

to the selected biological phenotype of antiestrogen
resistance. Dominant activation of a gene within the
bear-1 locus by either promotorfenhancer Inserlion,
removal of negative regulatory sequences, or mRNA
destabilizing sequences afiowed for cell proliferation
independent of antiestrogen from day 1 onward. Acti-
vation by enhancer insertion is mostly independent of
orientation and position, whereas 3'-LTR promotion is
often accompanied by deletions in the viral genoms
{21). The identical orientation of Intact and functional
viral integrates (all bear-1 ciones exhibit G418 resist-
ance) within the bear-1 locus suggests that either 5'-
LTR promotion or removal of mRNA destabilizing se-
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quences is the most likely astivation mechanism (21).
Alternatively, gene inactivation cannot be excluded but
is rather untikely in view of the presence of multiple
coples of chromosornes in the ZR-75-1 cell ling. Iden-
tification of the expressed sequences wilhin the bear-
t locus and their level of expression in antiesirogen-
resistant cell clones may answer these questions.

The hiologlcal properties of the cell clones with inte-
grations within the bear-1 locus are quite simifar, Al
clones show a virlually complete loss of response to
estradiol, which Is in agreement with the very low levels
of wild type ER mRNA (Fig. 5a) and ER- and estradiol-
induced PgR protein, The strongly reduced ER expres-



sion and function explains the lack of inhibition or
stimulation of estrogen antagonists {OH-TAM and
1C1164,384) on bear-1 cell proliferation and excludes
the possibility of acquired OH-TAM dependence {50).
Production of constitutive transcriptionally actlive ER
variants {lacking exon 5 sequences) is rather unfikely
because of the absence of PgR expression in these
cells (51). in addition, no aberrant protected transcript
was seen in ZR-75-1 cells or in tha tamoxifen-resistant
cell lings, Variants facking exon 4 sequences would
have been missed in this analysis, but deletion of the
basic region flanking the second zinc finger has been
shown to Impair DNA binding {52), Similarly, inactive
fusion proteins involving the N-terminal part of ER {53)
would not have been detected in our mANA and protein
analysis, Variants [acking exon 7-enceded sequences
and capable of imerfering with normal ER function (54)
would have been detected as wild type protein and
protected RNA fragment. Our analysis thus strongly
suggests that the cell clones with integrations in the
bear-1 locus do not produce significant levels of a
functlioral ER (variant) and are truly estrogen independ-
ent. ER expression may have been down-modulated as
a result of alteration of the bear-1 locus andfor the
stringent selection with antihormene (18). The iatter
seems plausible, becauss clone VIli24 also showed a
strong decrease in ER expression and an increase in
EGF receplor expression {Fig. 5) without evidence of
an integration wilhin the bcar-1 locus. In contrast, one
other OH-TAM-resistant cell clorie obtained using this
antiestrogen-selection protocol showed abundant ER
and PgR expression {data not shown). Cell ¢lones with
integrations in the bear-1 locus showed increased lev-
els of EGF receptor mRNA expression in comparison
to ZR-75-1 cells (Fig. 5b). EGF receptor protein expres-
sion in cell clones X113 and X114 was cleary increased
compared to the EGF receptor-negative ZR-75-1 pa-
rental cells but lower than the expression level observed
in the EGF-responsive ZR/HERc cells ectopically ex-
pressing the EGF receptor ¢DNA (18). The moderate
response to EGF In complete medium of some cell
clones {Fig. 4) suggests that this pathway Is functional,
The magnitude of this signal transduction pathway in
profieralion of bear-1 cell clones needs further analysis
under serum-free conditions,

Clinical progression of human breast cancer to hor-
mene independence appears to oceur frequently during
antiestrogen therapy and is unlikely to depend on a
single gena mechanism. Breast tumors are heteroge-
nous and may evade antihormone elimination via ditler-
ent pathways, some alfowing for second-line endocrine
treatment (5, 7, 55). We have provided strong evidence
that development of antiestrogen resistance in vitro is
direclly linked {0 disruption of the bear-1 locus by
retroviral integration, it remains to be established
whether bear-1 has a role in clinical breast cancer
development or progression. Additicnal genes possibly
tagged in our cell panel and contributing to alternative
ways o escape hormonal regulation await identifica-
tlon. Our experiments also demonstrate that gene tag-
ging in human cells by /n vitro insertional mutagenesis
using defective retroviruses is feasible,

MATERIALS AND METYHODS
Cell Culturing and Virus Infeclion

ZR-75-1 cells were oblained from Dr. R, J. B. King {imperial
Cancer Research Fund Laboratories, London, United King-
dem) and maintained in APMI medivm {Gibeo BAL, Lile Tech-
nologles Lid., Paisly, United Kingdom) supplemented with 10%
heat-inaclivated bovine calf serum {R/BCS medium) and 1 nw
estradiol for a madimum of 10 passages (18}, Ampholropic
producers of N2 (56) and LN [37) virus were eslablished by
infection of CRIP {43} and PA317 (42) packaging cells with
ecotrople defective virus transiently produced by CRE cells
(43) transfected wilth the respective plasmid construct. CM
from subconfluent producer cells contalning the amphotropic
virus was centrifuged (5000 x g) and filtered through 0.45-um
filters, adjusted to 8 ug polybrene (Sigma, St. Louis, MO)fmi
(20). and added undiluted to the ZR-756-1 cells. Approximately
2 % 10" ZR-75-1 cetls per 175.cm? flask were infected during
a period of 2-3 days with addition of fresh virus-containing
supernatant twice a day. After Infection, ZR-75-1 cells were
trypsinized, counted, and seeded in 75-cm? flasks at a density
of 4 3 10° cells in R/BCS with 1 uwt 4.0H-TAM {ICI, Meccles-
field, United Kingdom). The culture medium was changed twice
a week, and surlace colonies were scored and picked within
& weeks after seeding and expanded in the same medium. In
foltawing experiments, expansion of picked clones was per-
formed In medium additicnally supplemented with 10% filtrated
CM of nonproducer CRIP celis to improve attachment and
survival, Infection frequéncies of ZR-75-1 celis were estimated
by plating 2 % 10* cells after infection in 25-cm? flasks In the
absence or presence of 1mg/ml G418 {Giboo BRLYIn complete
medium, Surface colonies were scored 10-14 days later. The
presence of reptication-competent virus was assayed by ap-
plying the undiuted culure medium of mass-infected ZR-75-
1 cells 1o Balb3T3 or ZR-75-1 cells and subsequent selection
for G418 resistance. MTT assay In R/BCS medium, which
measures the number of viable cells capable of reducing the
tetrazolism compound 1o a blue formazan product (46), and
measurements of hormene receptors (ER-EIA and PgR-EIA;
Abbott Laborateries, Chicago, IL) and EGF receptors were
performed as described (18).

Analysis of Nuclele Aclds

DNA was prepared from the antiestrogen-resistant cell clones
using proteinase K and high salt (57), digested wilth Hindil,
BamHE, Bghl, Sacl, and EcoRV (Pharmacia P-L Biochemicals
Inc., Milwaukee, Wi}, fractionated on 0.6% agarose gels, and
alkali blotted onto Hybond N+ (Amersham fntemational ple,
Amersham, United Kingdom) according to standard proce-
dures (58). DNA probes purified on lew-meiling point agarose
were melted and radiolabeled with [a-*Pldeoxy-ATP (Amer-
sham} using the random primer procedure (59). Hybridization
was carried out overnight at 65 C in 3% SSC (1X S5C = 0.15
M NaCl, 0.015 M Na citrate, pH 7.0), 0.1% scdium dodecy!
sulfate, 10X Denhardt’s, 9% dextran sulfate, and 50 pgjm!
denatured herring sperm ONA. Filters were washed in 0.3%
§8C/0.1% sodium dodecyl sulfate at 65 C and autoradi-
ographed using intensifying screens. Total ANA was isolated
using the guanidinium iseihicyanalefCsCl procedure and sub-
jected to RNase proteclion assays according to described
procedures (58). Radiolabeled RNA probes from the Hindill-
Bglit fragment of ER [nucleotides {n} 1248-1500)} (60) and
the Bgil-Sact fragment of EGF receptor {nt 2951-3281) (61)
were generated with T7-ANA polymerase as specified by the
supglier (Promega, Madison, Wi).

Inverse Polymarase Chaln Reaction {PCR)

Sequences adjacent to tha integrated viral genome were am-
plified as described (45) with minor modifications. Briefly,
genomic DNA (1 1g) was digested with a panel of restriction
enzymes (Sacl, Fstl, EcoRl, Ncol, Sphl, Nhe), and BamBl +
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Bght + Beli), heat reated (65-85 C)to inactivale the enzymes,
difuted to approximately 10 ug/mt, and religated with T4-DNA
ligase. A small aliquot {(15-50 ng) was subjected to 30 cycles
of DNA amplification with cutward directed primers [nt 204~
182 (5'gooatccgCATGCCTTGCAAMTGGCGTTAC) and
2833-2854  (5'ggaagctGACCTGAAATGACCCTGTGCCT)]
located on the LTR of the LN virus (37) using Taq polymerase
(Promega) in the presence of radiolabeled deoxy-ATP, An-
nealing was at 62-65 C for 2 min, and extensions were carried
out at 72 C for 2 min. Products were idenlified after ge!
electrophoresis by either ethidium bromide slalning or autora-
diography, Isolated, reamplified using ona internal primer {nt
6668-709 (5'ggaagetGGTCTCCTCTGAGTGATTGACT)), and
cloned in gither T-1aited Hinclk-digested pTZ 18R DNA (62) or
pTZ18R DNA digested with BamHl and Hindlll. Transformed
JM108 bacleria were characterized, and flanking sequences
were acquired using the T7-DNA polymerase sequencing kit
(Pharmacia) on double-stranded templates, Probes were ob-
tained after appropriate digestion with restriction enzymes Lo
remove plasmid and viral sequences and separaled on low-
melling point agarose gels. Befors large-scale screening, all
potential flanking probas were tested for the presence of
repetitive sequences (using *?P-labeled fow COT DNA; GIBCO
BRAL} and evaluated on Scuthern blots of the comresponding
cell line DNA to varify the lnkage to the integrated viral DNA.
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The antiestrogen tamoxifen is imporiant in the treat-
ment of hormone-dependent breast cancer, although
development of reslstance is inevitable, To unravel the
molecular mechanisms of antlestrogen resistance, a
search for involved genes was initiated, Retrovirus-
mediated Insertional mutagenesis was applied to
human ZR-75.1 breast cancer cells, Infected cells were
subjected to tamoxifen selection and a panel of reslstant
cell clones was established, Screening for a comman
Integration site resulted in the identification of a novel
gene designated BCAR3, Transfer of this locus by cell
fusion or transfection of the BCAR3I ¢DNA to ZR-
75-1 and MCF-7 cells Induces antiestrogen resistance,
BCAR3 represents a putative SH2 domaln-containing
protein and Is partly homotogous to the cell diviston
cycle protein CDCd8.

Keywords: breast cancet/CDC48/estrogen receptor/SH2
domain/tamoxifen

Introduction

Growth and differentiation of the mammary gland is
regulated by complex interactions between hormones and
polypeptide growth factors with their specific receptars
{Osborne, 1987; Mauvais-Jarvis ef al., 1988; Clarke e/ al.,
1992). Disruption of these strictly controtled signaling
pathways may result in the development of cancer, It is
widely accepled that breast tumors initially are dependent
upon estrogens for establishment and progression (Jensen,
1981; Horwitz, 1993). Treatment of hormene-dependent
breast cancer with antiestrogens like tamoxifen can delay
recurrence or induce remissions of the disease (Early
Breast Cancer Trial Collab Group, 1992), Antiestrogens
compete with estrogen for the estrogen receptor (ER)
(Jordan and Murphy, 1990; Jorden, 1994; Wolf and Fuqua,
1996), resulting in blocking of hormone signaling and
growth inhibition of the tumor cetls (Jordan and Murphy,
19906; Musgrove et al., 1993). Unfortunately, nearly all
patients who initially respond to antiestrogen therapy
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experience a relapse due to the development of anti-
estrogen-resistant mesastases. Understanding the mechan-
isms of drug resistance may lead to the development of
rew treatment strategies. A number of possibilities for
tamoxifen resistance have been postulated (reviewed by
King, 1990; Johnston et al., 1992; Horwitz, 1993; Wolf
and Jordan, 1993; Clarke ef al., 1994; Jordan, 1994; Klijn
etal., 1994; Osbome and Fugua, 1994; Clarke and Briinner,
1995}, including loss of ER, alteralions in staiciure and/
or function of the ER, tamoxifen-stimulated growth, altered
drug metabolism and overexpression of different genes.
However, the general mechanisms underlying the resist-
ance for the majority of breast cancers are still net known,
Progression of breast cancer to hormene insensitivity may
be the result of a mutational event, followed by clonal
selection (Dorssers e af., 1991; Clarke er al, 1993).
Altemnatively, the altered phenotype may be the result of
epigenetic mechanisms involving stable changes in a large
number of tumor cells (Van Agthoven ef al., 1994},

A random search for genes involved in antiestrogen
resistance was initiated, Due to the inability to cullivate
primary breast tumor cells in large quantities for prelonged
times, the human breast cancer cell line ZR-75-1 (Engel
et al, 1978) was selected as a model for hormone-
dependent breast cancer. This cell line is strictly estrogen
dependent for proliferation and can be inhibited fully by
antiestrogens {Van Agthoven ¢t al., 1992; Dorssers et al.,
1993). Previously, we have shown that up-regulation of
expression of a single gene is sufficient to induce estrogen
independence. Transduction of estrogen-dependent ZR-
75-1 cells with an expression vector carrying the epidermal
growth factor (EGF) receptor resulted in proliferation
independent of estradiol (Van Agthoven et af, 1992).
Furthermore, in different experiments, we showed that
random changes in the methylation pattern of the DNA,
induced by S-azacytidine, resulted in a high frequency of
antiestrogen-resistant cell clones (Van Agthoven et al.,
1994). These resulls indicate that several escape mechan-
isms of hormone depeadence are possible. However, these
strategies do not readily alow for the isolation of the
involved genes. Hence, identification of (novel) genes
connecied with the development of antiestrogen resistance
was approached by retrovirus-mediated insertional muta-
genesis (Dorssers ef al, 1993). Random integration of
retroviruses may lead (o alteration of expression or trunca-
tion of genes in the vicinity of the integration site.
Consequently, insertional mutagenesis can mimic changes
leading to tumor progression. The provirus, carying long
terminal repeats (LTRs) and a neemycin resistance (NeoR)
gene, serves as a unique tag to identify genes in the
proximity of the integration site. This approach has been
successful in the identification of ransforming genes in
the mouse (Habets et al., 1994; Jonkers and Berns, 1996},
and preliminary results show that this sirategy may be



useful for the identification for drug resistance genes
involved in human disease (Dorssers ef al., 1993; Dorssers
and Vetdscholte, 1997). ZR-75-1 cells (8% 10%) were
infected with defective retroviruses and subsequently
selected for growth in the presence of 4-hydroxy-
tamoxifen, the aclive metabolite of tamoxifen, Eighty
4-hydrexy-1amoxifen-resistant cell clones have been iso!-
ated and established as stable cell lines. Many of the
resistant clones carry more than one integrated provirus,
The presence of a retroviral genome integrated in a
particular locus of several cell clones which have arisen
independently (common integration site) strongly suggests
that a specific gene function is altered by the viral
integration and conteibutes to the development of anties-
trogen resistance. Therefore, a search for common sites
of integration in the established parel of resistant cell
clones was performed to identify the loci of interest, This
has resulted in the identification of three chromosomal
loci, designated breast cancer antiestrogen resistance
{(BCAR) locus 1 (Dorssers et al., 1993), 2 (Dorssers and
Veldscholte, 1997) and 3. This report describes the ¢loning
and characterization of the BCARI gene, involved in
antiestrogen resistance, identified by retrovirus-mediated
insertional mutagenesis.

Results

Common site of integration BCAR3

To identify genes involved in antiestrogen resistance, celi
clone X-3-6 was selected from our pane] of 80 cell
clones resistant to 4-hydroxy-tamoxifen. Cell clone X-3-6
contains only one integrated provirus which is expected
to induce the resistant phenotype. Furthermore, cell clone
X-3-6 does not belong to the ¢lones which contain a viral
integration in the BCARY or BCAR2 loci. To screen for
additional clones with an insertion in this region, an
integration site-specific probe was created by inverse PCR
(Figure 1A}, Chromosomal DNA of clone X-3-6, digested
with a panel of restriction enzymes, was analyzed by
Southern blowting techniques, Hybridization with a NeoR
probe, specific for the retroviral integration, showed that
a combination of BamHI and Bglil digestion resulted in
a restriction fragment of ~6.5 kb, convenient fer isclation
of a large fragment adjzcent to the viral integration (Figure
1A). BNA of cell clone X-3-6 cleaved with BamHI and
Bglll restriction enzymes was circularized by ligation and
amplified using owlward-directed primers located within
the NeoR and viral gag sequences. Subsequently, this
inverse PCR product was amplified with two sels of
nested primers located within the LTRs (Figure 1A). This
approach resvlted in a 3.2 kb PCR fragment of genomic
sequences adjacent to the viral integration site. Alu-
repetitive sequences were removed from this fragment by
subcloning, which resulted in a 1.6 kb probe (Figure 1A).
Southern analysis of X-3-6 and parental ZR-75-1 DNA
digested with a panel of restriction enzymes and hybridized
with the integration probe and a NeoR probe confirmed
the specificity of this probe for the X-3-6 integration site.
Subsequently, the cell line panel was screened for the
occurrence of a common site of integration. Scuthem
blots of the 80 antiestrogen-resistant cell lines containing
DNA, digested with either BamHI, Bg/ll or Hindl1}, were
hybridized with the integration-specific probe of clone
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Fig. 1. (A) Genomic analysis of the BCARD inlegration focus. The
primers used for inverse PCR 10 oblain an integration site-specific
probe are indicated below the LN virus {open arrows), The position
and orientation of the different rewoviral integrations are indicated
with an arrow, Mapping of the different integratiens was performed by
Southern bletting techniques and PCR analysis with primers located
on the 3' LTR and on the integration probe (open amews). The
positions of the integrations are mapped with respect 1o the retroviral
integration in cell <lone X-3-6. The integration site-specific probe is
marked. The exon detected near the integrations is denoted as a black
box. Restriction sites Bell and 8g/Tl, BamHI (B) and HéndIEE (H) and
the gag region are indicated. (B) Common integration site. A Southem
blot with genomic DNA of celt tines digested with the resuiction
enzyme HindIll was bybridized with the BCARD integration probe.
Roman numerals indicate the different BCAR3 ¢ell clones. In the six
independently derived BCAR3 cell lines of a total panel of 80 ceil
lines, an additional larger restriction fragment is detected a3 a result of
the integration of the provirus. The intensity of the additional band in
cell clone X1V-2-4C is less in comparison with the other cell lines.
This may be explained by contamination with & different clone during
isolation, Clone XI¥-2-4C vas omitted from funber (RNA) analysis.

X-3-6. Figure 1B shows that this probe identified a 15 kb
HindII] restriction fragment in the parental ZR-75-1 cells
and in the derived integration cclb ¢lones. In the X-3-6
cell clone, an additional fragment {~}8 kb) was cbserved,
resulting from integration of the LN retrovirus (~3 kb) in
the other atlele {Figure 1B}, This analysis revealed five
additional cell clenes with a provirus integrated in this
region. In tolal, a region of ~25 kb surrounding the
X-3-6 integration site was analyzed. Additional integra-
tions further up- or downstrearn of this region cannot be
excluded. Detailed mapping analysis of the six integration
sites demonstrated that they were distinet and thus con-
firned the independent origin of the clores (Figure 1A).
In addition, Southem analysis and PCR mapping showed
that atl clones have a similar 5" to 3' direction of
transcription of the integrated retrovirus, Five viral integra-
tions have occurred in a 1 kb region and one, in clone
X-1-2B, is integrated 5 kb upstream. The occurence of
six retroviral insertions in six cell lines which have arisen
independently in a panel of 80 cell lines in a region of
5 kb is unlikely to be the result of a random process
(2.9 1079, binomial distribution} {Dorssers ef al., 1993),
This common site of integeation is thus tightly linked with
antiestrogen resistance /n vitre and is termed the breast
cancer pntiestrogen resistance 3 (BCAR3) locus.
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Fig. 2. Transfer of the BCARD locus, Somatic cell hybrids with (A) or without (B) the FCAR3 locus were cultured in the presence of 4-hydroxy
tamoxifen. Representive examples were stained with hematoxylin-cosin at day £0. Hybrid cells with the BCAR3 locus (A) proliferate in mediom
contzining 4-hydroxy-1amoxifen, while hybrid cells with the non-relevant integration locus (B} are fully inhibited by 4-hydroxy-tamoxifen,

Transfer of the BCAR3 locus by somatic cell fusion
Subsequently, we wished to determine whether the altera-
tion in the BCAR3 locus, caused by retroviral mutagenesis,
is 2 dominant or recessive event. Southern blotting analysis
shawed that one of the integration clones, XI-1-6A, carries
two integrated proviruses, one in the BCAR3 locus and
an additional integeation which is expected to be non-
relevant for antiestrogen resistance. This cell line was
chosen for generation of sematic cell hybrids between a
hygromycin B-resistant subclone of the parental ZR-75-1
cells (ZH3D7) and XI-1-6A cells. The presence of the
additional proviral integration in this cell line serves as
an internal control, An approach was chosen in which the
donor cells were fethally irradiated. Somatic cell hybrids
were sefected with hygromycin B and G418, resulting
solely in hybrids consisting of parental ZR-75-} ceils
which have acquired at least one of the NeoR-containing
integratien loci. In total, 11 hybrids were obtained which
were characterized with an informative HindIIT restriction
digestion to distinguish between the two viral integrations.
This analysis showed that five hybrids contained the locus
with the viral integration in the BCAR3 locus and six
hybrids carried the other viral integration site. Sub-
sequently, we tested whether the hybrids were antiestrogen
resistant. The growth performunce of triplicate cultures of
the cell hybrids was compared with the parentat ZR-75-1,
ZH3D7 and X1-1-6A cells in culture medium containing
1 M of 4-hydroxy-tamoxifen, Antiestrogen sensitivity of
cell hybrids was scored on days 7 and 10. Cultures of
hybrid cells showing poor, reunded cell morphology, loose

attachment to the culture flask, low numbers of mitoses
and little or no increase in cell numbers (measured as the
percentage of covered surface, ~20-30%) comparable
with ZR-75-1 and ZH3D7 cells were scored 4-hydroxy-
tamoxifen sensitive (Figure 2B). Hybrids which looked
healthy, with a flattened morphology, firmly attached to
the culture flask with readily visible numbers of mitoses,
and cell numbers occupying up to 90% of surface of the
culture ftask, comparable with X1-1-6A cells, were scored
tamoxifen resistant (Figure 2A). This analysis showed that
only the five hybrid cell lines carrying the BCAR3 locus
were resistant to 4-hydroxy-tamoxifen, These results indi-
cate that transfer of the BCAR3 integraticn locus instantly
confers dominant resistance to the parental ZR-75.1 cells,

Identification of coding sequences in the BCAR3
locus

In five out of six resistant ¢ell lines, the integration of the
retrovirus occurred in & very narrow region (Figure 1),
This indicates a positive selection for this region and a
common mechanism of aiteration of gene expression,
Northern blots with RNA of the integration ¢lones were
screened with the genomic inverse PCR probe to identify
possible transeribed sequences., Large transcripts were
observed in the BCARJ clones, which vary in size in the
various ¢ell clones and were not detected in the parental
ZR-75-1 cells (Figure 3}, Northern blot hybridization
demonstrated that these are chimeric transcripts composed
of LTR, NeoR and BCAR3 sequences (data not shown).
The observed differences in mRNA sizes in individual
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Fig. 3, mRNA expression of BCARD, Nonhem blols containing total
RNA fram ZR-75-1 ¢ells, antiestrogen-resistant cell ¢lones and
MDA-MB-231 breast cancer celis were hybridized with a FCAR3
probe, ZR-75-1 cells were culsured in the presence (E2) or absence
(BCS) of 1 oM 17P-estradiol or in medium containing 1 yM
4-hydroxy-tamoxifen (FAM). Antiesirogen-resistant cell ¢lones were
cultured in the presence of 4-hydroxy-tamoxifen. The positions of 185
and 288 rRNAs are indicated.

cetl clenes can be cxplained by the position of the
integrated retroviruses relative to the BCARI sequences
and readthrough transcripts from the viral LTR (Figures ]
and 3). More importantly, screening of Northern blots
with RNA of a panel of cell lines revealed a transcript
of ~3.4 kb in the estrogen-independent MDA-MB-231
{Caitleau ef al., 1974) breast cancer cell line (Figure 3).
This indicates that this genomic integration probe contains
exon sequences, This BCARJ transcript appears also to
be present in the integration clores and is barely detectable
in the ZR-75-1 cells. Estrogens can modulale gene expres-
sion of target genes. However, BCAR3 is not regulated
detectably in ZR-75-1 cells. Cultivation of ZR-75-1 cells
in the presence and absence of estradiol and in the presence
of 4-hydroxy-tamoxifen did not result in up-regulation of
BCAR3 expression (Figure 3). Therefore, it is most likely
that the observed up-regulation of the BCAR3 RNA is
induced by the integrated virus,

BCAR3 ¢DNA cloning and predicted amino acid
sequence

To isolate the gene comesponding to the cbserved tran-
seript, & human testis ¢cDNA library was screened with
the integration site-specific probe. In the first screening
round, a 1.9 kb cDNA clone was isolated (#16, Figure 4A).
Sequence comparisen of the genomic integration probe
with the cDNA showed that the genomic probe contains
a 133 bp exon, identical to sequences of the cDNA clone
#16 (represented by nuclectides 456-58% in Figure 4B)
with consensus splice doner and acceptor sites. Northern
blot analysis confirmed that this cDNA clone recognizes
the BCAR3 transcripts, In successive screening efforis to
obtain the full-length ¢DNA, overlapping clones were
isolated (Figure 4A). The assembled ¢cDNA clones consist
of 3004 bp, while the mRNA is ~3.4 kb as estimated on
Nerthern blots, The first ATG is not preceded by an in-
frame stop codon. Therefore, a 5 RACE (rapid amplifica-
tion of cDNA ends) strategy was performed to obtain the
additional sequences at the 5' end of the BCAR3 mRNA.,
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Total RNA of MDA-MB-231 cells, which show abundant
expression of BCAR3, was used to obtain the full coding
region of BCAR3. Several 3' RACE clones were isolated
and sequenced. 1t was shown that an in-frame stop codon
(TGA) is present 72 bp upstream of the first ATG. The
cDNA obtained is 3042 bp in total and contains the
complete coding region. Three ATGs are present in the
first 174 bp of the ¢DNA. Analysis of the surrounding
sequences of the three putative start sites indicates that
the first ATG codon at position 99 fits the Kozak consensus
sequence {Kozak, 1991). The open reading frame (ORF)
is flanked by an in-frame TGA translation termination
codon at posilion 2574, followed by a 448 nucleotide
3"-untranslated region and a poly(A) tait of 19 nucleotides,
BCAR3 has a single ORF that encedes a protein of 825
amino acids with a predicted molecular mass of 92 kDa,
assuming that transtation starts at the first ATG (Figure 4B).
Comparison of the sequence of BCAR3 with the available
protein and nuclcotide databases revealed that BCAR3 is
a newly identified pene whose product has a single stretch
of amino acids {codons t54-253 in Figure 4) with strong
homology with Src homolegy 2 (SH2) domains of other
proteins (Figure 4C). A profile scan utilizing the Prosite
profile database detected no further putative protein
domains, However, sequences hemologous to part of the
yeast cell division cycle protein CDC48 were observed
by wusing the BLASTP algorithm (codons 699-812,
Figure 4D),

mRNA expression of BCAR3

We next evahuated the expression of BCAR3 mRNA in
various nermal lissues, For this purpose, commercially
available Northern blots were hybridized with the 1.9 kb
cDNA probe clone #16. BCAR3 mRNA is widely
expressed, and abundant transcripts were observed in
heart, placenta, skeletal muscle, spleen, prostate, testis,
ovary, small intestine, colon and fetal kidney. In skeletal
muscle and heart, an additional 6 kb mRNA is present
{Figure 5). The nature of this larger transcript is at present
unclear but may be explained by alternative splicing. In
addition, Northern analysis was performed on RNA isol-
ated from non-malignant breast tissues, Na expressien of
BCAR3 was detected in these samples (# = 6). However,
the amount of luminat epithelial cells in normal breast is
small compared with stromal cells, Therefore, it cannot
be excluded that BCAR3 is expressed by (he glandular
epithelial cells. A panel of cell lines originating from
breast, ovarian and endemetdal cancer was screened by
Northern analysis for expression of BCAR3. These results
were contpared with ER and EGF receptor protein expres-
sion (Table I). In the cell lines, only the 3.4 kb BCAR3
mRNA was detected. In the breast cancer cell lines tested
(ZR-75-1, BT-474, MCF-7, T47D, ER-positive; EVSA-.T,
SK-BR-3, MDA-MB-134, ER-negative}, no expression of
BCAR3 was detected. In the ER-negative breast cancer
cells BT-20, HS-578 and MDA-MB-231, abundant expres-
sion of BCAR3 was observed, In two ER-negative immor-
talized mammary epithelial cetl lines, RC-6 and HBL-
100, only the latter showed expression, In ovaran cell
lines (SKOV3, SKOV6, OVCAR3, 2774, 2780, HOCY
and KB3.1, all ER-negative), expression of BCAR3 was
observed except for in 2780. In the endometrial cell lines
tested {SCRC, AN-3-CA, HECIA, HEC1B, RL 95-2 and
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Fig. 4. Structzre of BCAR3, (A) Schematic representation of the BCARA gene. The thick lines represent the overlapping cDNAs. The arrow indicates
the pasition of the virl integration sites in the genome compared with the ¢DNA sequence. The exon detected near the integrarions Is indicaled
(Mlack box, see aleo Figure 1A). The hatched box indicates the 5° region obtained by RACE. The location of the putalive SH2 domain and the
region homologous to CDC48 is shown. (BY HBCAR3 deduced amino acid sequence. The amino acid sequence i given in the one-letter code. The
predicted N-terminal methionine and the ATG codon (M) of the shonened product observed in the BCAR3 cell clones and 1he first stop ¢odon (*) are
indicaled, The region of similarity to cther 8H2 domain-conlaining proteins is underlined and the région homologous to CDC4E is double
underlined. (C) Sequence alignment of the SH2 demain of the human BCAR3 and other human SH2-containing proteins, The conserved residues of
the BCARJ, She, Grb2, Fer, Fes, Hek and Sre proteins are compared by giving prierity to BCARJ. Scquences used in this figure are She, SWTSS-
PROT database accession No. P29353, Grb2 P29354, Fer P16591. Fes P07332, Hek POS8631 and Sre G338360. Identical amino acids are represented
by black bones, whereas similar residues (A, G. S, B, T: DL E R, Q: HU KL Ri L L. M, Vi B Y, W) zre given in gray boxes. Key residues in specific
interaction with phosphotyrosine {*) and substrate specificity-delermining residues (#) in Src are indicated (Songyang er af., 1994; Cohen e1 al.,
1995). ¢} Sequence aligament of the CDC48-related domaln of the human BCAR3 proteln, The CDC48-related residues of the BCARD protein are
visualized by giving priority 10 BCARY, The CDC4B equivalents are derived from the following specics Succhamunyces cerevisiue {S¢) accession
No. A30977, Caenorhuabditis elegans (Ce) PSA811, Xeacpus laevis (X1) P23787. Mus musculus (Mm) QO1833, Arabidapsis thaliuna (A8) P54603,
Sulfolobus acidocaldaring ($a) Q07590, Homo sapiens (Hs) ESTs AAD09995 and N72512.
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Fig. 5. The enpression of ACARS mRNA in varicus normat human
tissues. Northem blots (Clontech) containing 2 g of poly(A)" RNA
from the indicated tissues were hybridized with BCAR3 cDNA probe,
clone #16, The mobility of RNA molecular size standards is indicated
on the lefl in kilobases.

Tahle 1, Expressien of BCAR3 mRINA was compared with expression
of ER and EGF receptor protein

Cell ling BCAR3 ER EGFR
Breast

ZR.7541 - + (100) —-(0)
MCF-? - + (300) — (20}
T-470 - +(100) + (60
BT-471 - +23) nd

BT-20 ++ - (<1 od
EVSA-T - - (<10) + (67)
HS-578-T ~(<10) nd
MDA-MB-134 - — (<1 nd
MDA-MB.231 +4+ —(<10) + (> 1600)
SK-BR-3 - - {<1n + {560)
HBL-100 + (<1 nd

RC-6 - - {<190) nd

Ovary

2780 - — (<10} + (220)
2774 ++ — (<10 + {*}
HOC-7 + - (=<1y + ("
KB3.1 + — (<10} nd
OVCAR-3 + - (<10} + (1200)
SK.OV-3 + - {<10) + {=1600)
SK-OV-5 + - (<10} + {>1600)
Endometnium

ECC-1 - + (82) +(84)
AN-3-CA + —(<i0) + (1550}
HEC-1-A +4 ~ (<10} + (> 1600)
HEC-1-B + - (<10} + (=160
KLE - - (<10) + (530)
SCRC ++ —(<10) + (>1600)
RL 95-2 ++ —(=10) + (1600}

Receptor concentrations determined with biochemical assays are
expressed as fmol/mg prolgin. Expression ¢f ER >10 fmol/mg and
EGF receptor 30 fmol/mgof protein was scored positive (+), ND
not done. (*) Expression determined by Nenhem analysis. Expression
levels of BCARI mRNA varied between —, no expression detected
after 7 days exposure and + + +, high expression detected after
avernight exposure en fln.

KLE, ER-negative and ECCI, ER-positive), high mRNA
levels were observed except for in ECCI and KLE. The
integrity of the mRNA on Northern blots was examined
by hybridization to a GAPDH or actin probe, Correlation
of ER and EGF receptor expression with expression of

8

B3s

B3

Fig. §. In vitro ranscription translation. fa vitro translated full-fength
BCAR3 (B3) was compazed with the shonened form {B3s) of BCAR.
as deduced from analyses of the virus clones (nucleolides 383-2951),
Control reactions with 2 luciferase construct (61 kDa product, 10%
loaded) and reaction without plasmid DNA (=) are shown, Datection
was by chemilum!nescence. The mobility of molecular size standards
is indicated on the left in kilodaltens.

BCAR3 showed an inverse relationship between expression
of BCAR3 and ER (McNemar test, P = 0.025).

in vitro transcription transfation of BCAR3

Figures 1 and 4 show that all proviral integrations had
occurred in an intron in the 5 region of the BCARJ gene,
most likely resulting in a shorter mRINA, Northern blot
analysis with a specific probe for the 37 part of the gene
(represented by nuclectides 38-420) demonstrated that
these sequences were not present in the shortened BCAR3
mRNA of the integration clones, but were present in
the MDA-MB-231 BCAR3 transeripts (not shown). The
shoriened BCAR? gene in the antiestrogen-resistant clones
may encode a protein of 699 amino acids with a predicted
mass of 78 kDa, assuming that the ATG cedon at position
477 is the initiator methionine. Both BCAR3 and a
shortened construct (represented by nucleotides 421-2989)
resembling the presumed situation in the BCAR3 clones
were subcloned in a vector which allows the expressed
protein to start with the authentic ATG codoa. In vitre
transcription transiated BCAR3 migrated as a single band
by SDS-PAGE at ~90 kDa (Figure 6). In vitro transcription
translation analysis of the shortened construct showed a
single band of ~74 kDa (Figure 6).

Ectopic expression of BCAR3 induces estrogen
independence In ZR-76-1 and MCF-7 cells

Stabie wransfectants with the BCAR3 gene were established
to provide conclusive evidence that BCARJ is the gene
responsible for anttestrogen resistance in this locus. For
this purpese, lwo expression constructs were made in
which the BCARI ¢DNA #32, containing the complete
coding region, was positioned under control of a ¢ytomega-
lovirus (CMV)} and a LTR promoier. These expression
vectors were transfected into ZR-75-1 cells and stable
G418-resistant clones were generated and isolated. These
transfectants, designated ZR/BCAR3J cells, were expanded
in the presence of 17B-estradiol to centify estrogen depend-
ence. We next determined the proliferation capacity of the
BCAR3 transfectants in the presence of the anticstrogen
4-hydroxy-tamoxifen. In Figure 7, the increase in cell
numbers over an 11 day culture peried of parenta) ZR-
75-1 cells, vector controls and eight independentiy derived
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Fig. 7. BCAR3 induces antiesirogen resistance. {A) ZR-75-1; cell lines
conlaining the expression vector without the BCAR3 ¢cDNA, FCARI
transfectants and pareniai ZR-75-1 celts (9,73 10% were plated in
cullure medium with 10% BCS and § uM 4-hydrexy.tamoxifen in
triplicare, Cell numbers were determined on day 11, Cell lines
indicated are: parental ZR-75+1 cells (ZR), LNCX (average of four
differem cell clones) and LXSN vector controls and the ACAR3
transfectants {C4, C5, C% and C10 under contro! of a CMV promoter
and 1.6, L24, L3t and L33 under control of the LTR promoter).

(B) MCF-7; poals of MCFIW/BCARJ transfectanis, MCFWLNCX
vector contre] transfectants and parental MCF-7 cells were plated in
medium with 10% FCS with 100 nM of the pure antiestrogen 1CT
182,760 in triplicate, Cells were counted at the indicated days and
replated at the initiat density of 0.25X160° cells per 25 om? Rask.
Cumulative cell numbers are presented over a S0 day culture period.

transfectants is presented. Parental ZR-75-1 cells, which
are fully dependent on estradiol for proliferation, give rise
to maximally one generation in the presence of 4-hydroxy-
tamoxifen (Figure 7A). As expected, similar resulls were
obtained with the LNCX and LXSN vector contrels, In
contrast, the ZR/BCAR3 cells have acquired the ability
to proliferate in the presence of 4-hydroxy-tamoxifen. In
addition, the proliferation capacity of the transfeciants is
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similar in the presence or absence of antiestrogens and
thus not dependent on antiestrogens, Subcultivation after
the 11 day culwre period of ZR-75-1 cells and transfectants
with the vector alone, in the presence of 4-hydroxy-
tamoxifen, resulted in rapid decline of these cultures.
Transfectants C3, C9, CI0 with BCAR3 under contro] of
the CMV promoter were subcultured successfully and
became expanding cultures. Celt clone L24 of the BCAR3
transfectants with the LTR promoter only developed as a
stable estrogen-independent cell line, The reasen for these
variations are at present not clear, but may be attributed
to differences in BCAR3 protein levels. In total, 40
transfectants were tested and 25 (62.5%) showed objective
growih in the presence of 4-hydroxy-tamoxifen. Similar
results were obtained with the antiestrogen IC1 182,780 a
pure antagonist of estrogen-stimulated protiferation, None
of the vector control cell lines or the parental ZR-75-1
cells, which were tested repeatedly, were able to grow in
the presence of 4-hydroxy-tamoxifen or ICI 182,780

Additional experiments were performed to establish
whether BCAR3? can induce antiestrogen resistance in the
ER-paositive MCF-7 breast cancer cell ling, MCF-7 cells
were transfected with BCAR3 under contrel of the CMV
promotor {(MCF/BCAR3) or with the LNCX vector
without the insert (MCFZ/LLNCX). Both pools of stably
transfected cells and individually established clones were
obtained in medium containing 10% fetal calf serum
(FCS8) and G418, In total, 20 MCFHWBCAR3J clones and
eight MCFHLNCX vector clones were isolated and tested
for proliferation ability in the presence of the pure anties-
trogen ICI 182,780, Fourteen out of 20 MCFWBCAR3
clones (709) showed objective growth compared with the
MCFHLNCX clones. Similar results were obtained with
cultures in the presence of 4-hydroxy-tamoxifen. Growth
curves of the pools of transfectants and the parental
MCF-7 cells in the presence of antiestrogen are presented
in Figure 7B, and demonstrate the requirement for BCAR3
for antiestrogen-resistant proliferation.

Discussion

Treatment failure of progressive breast cancer is inevitably
due to the unremitting progression of the tumor cells to a
more malignant hormone-independent phenotype. Insight
into the different signaling pathways of normal and breast
cancer cells leading to proliferation is a prerequisite for
future development of new treatment strategies. BCAR3,
a novel gene involved in progression of breast cancer cells
to estrogen independence, was identified using retroviral
insertional mutagenesis in vitro. A panel of $0 anti-
estrogen-resistant cetl clones was screened for new com-
mon integration sites. In six cell clones, a proviral
integration was detected in a restricted region. All viruses
were integrated in an intron located in the 5' region of
the BCAR3 gene, Somatic cell hybrids between estrogen-
dependent ZR-75-1 celis and one of the estrogen-independ-
ent BCAR3 integration clones were established. Transfer
of the BCAR3 chromosomal locus resulted in immediate
induction of antiestrogen resistance of the cell hybrids.
Mosl likely as a consequence of the proviral integrasions,
a truncated protein lacking the N-terminal part of the
protein is expressed in these cells. It was determined by
Northern analysis that the large transeripts in the BCAR3



integration clenes consisted of BCAR3, LTR and NeoR
sequences. [n addition, shorter BCAR3 mRNAs, lacking
the first exon(s), were cbserved in these cells, The shoner
BCAR3 product may originate from readtheough transeripts
initiated by the virat 5° LTR (Kung et al,, 199F; Jonkers
and Berms, 1996). These chimeric transcripts could be
spliced from the splice donor site preceding the gag
sequences (Miller and Rosman, 1989) in the retrovirus to
the BCAR3 exon sequences adjacent to the integration
site. Translation of the resulting mRNAs may initiate at
the ATG codon at position 477 and would result in a
smaller protein. However, this truncation of BCAR2 is
not a prerequisite for the induction of the hormone-
independent phenotype. Transfection of the BCAR3 cDNA
to estrogen-dependent ZR-75-F and MCF-7 cells resulied
in bypassing of hormone dependence and immediate
antiestrogen resistance. These resufts suggest that up-
regulaticn of BCAR3 stimulates an alternative growth path
independently of hormone, both in the presence and
absence of antiestrogens. In the established cell lines
studied, derived from the breast, ovary and endometrium,
an inverse relationship between expression of BCAR3
mRNA and ER protein was observed (McNemar test,
P = 0.025). BCAR3 expression was not detected in ER-
positive cell lines. The strongest predictor for response to
tamoxifen is expression of a functional ER in primary
breast tumors (Fockens ef al., 1994; Spyratos ¢f al,, 1994;
Johnston et al., 1995), while EGF receptor expression has
been associated with lack of response {o endocrine therapy
(Nicholson ef @f,, 1988, 1989). In the panel of breast-
derived cetl lines studied so far, EGF receptor expression
is not tightly linked to BCAR3 expression,

Sequence similarity analysis showed that BCAR3 eon-
tains a copy of a putative SH2 protein domain. SH2
protein domains are found within a wide variety of
cytoplasmic signaling molecules that can bind protein
sequences phosphorytated al tyrosine residues (Cohen
et al,, 1995; Pawson, 1995). The homology of BCAR3
with other SH2 domain-containing proteins js limited to
this domain. The amine acid residues implicated in protein
strueture and in interaction with the phosphotyrosine are
well conserved, Major sequence differences are observed
in the amino acid sequences spacing the P-sheets and
c-helices as well as residues implicated in the interaction
with substrate amino acid residves adjacent to the phos-
phorylated tyrosine (Cohen et al., 1995). The BCAR3 SH2
domain shows the strongest homology to SH2 domains of
She, Grb2, Fer and Fes, In analogy to these related
proteins, BCAR3 may act as an adapter protein and couple
activated growth factor receptors to a signaling pathway
that regulates the proliferation in these breast cancer cells.
Its substrate specificity may resemble that of the Grb2
protein (Sengyang et al., 1994), based on the conservation
of the critical residues {(Figure 4C, marked with #} in the
BD region, and indicates a link to the Ras signaling
cascade (Rozakis-Adcock et al., 1992).

BCAR3J protein displays striking partial homology with
a cell division cycle gene product (CDC48) from yeast.
Mutation or elimination of CDC48 in yeast results in
arrest of cell division in the large budded state with an
undivided nucleus and wnseparated spindle pole body
(Frihlich et al., 1991), The characteristic feature of this
protein is an internally dupticated domain for nucleatide
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binding, which is conserved in its mammalian homolog
the valosin-containing protein {VCP). ATPase activity has
been demonsirated for these proteins (Schulte ef al., 1993,
Fréhlich et al., 1995), CDC48 proteins shows significant
homology 10 a group of NSF-like proteins which also
comprise the duplicated ATPase domain and are involved
in homeoltypic fusion of intracellular membranes (Frohiich
et al., 1991; Acharya er al., 1995; Latterich et al,, 1995,
Mellman, 1995; Rabouille et al., 1995), None of the
domains shared between CDC48 and the NSF-like proteins
are conserved in the BCAR3 protein, BCAR3J has acquired
the C-terminal part of CDC48 proteins, which has not yet
been implicated in a specific function ard includes ~30
amino acid residues contained within the duplicated
domain. The mammalian CDC48 is strongly phosphoryl-
ated on tyrosine and serine residues in B and T cells and
in v-Src transformed fibroblasts (Egerton et al., 1992,
Schulte et al., 1994). Primarily from in vitro experiments
with T cells it was concluded that the C-terminal Tyr805
in murine CDC48 is the predominant target for phospheryl-
ation, but phosphorylation of this residue is non-essentiat
for ATPase function {Egerton and Samelson, 1994}, This
particular tyrosine residue is not conseeved in BCAR3 nor
in the archaebacterial homolog of CDC48 (Figure 4D,
Sa). An adjacent tyrosine residue is conserved in CDC48
proteins of all species tested and in the BCAR3 protein,
and represents an attractive target for C-terminal phos-
phorylation and functiona) modulation of these proteins.

The BCAR3 protein has charactenistics of a molecule
involved in signal transduction. The putative SH2 domain
is most likely involved in binding of tyrosine-phosphoryl-
ated proteins and may represent an c¢ssential component
of caseades transporting signals from the cefl membrane
to the nucleus. The C-terminal domain of BCARJ is
hemologous to the CDC48 protein which is responsible
for cell division controt in yeast and subject to fyrosine
phosphorylation in mamemalian cells, The combination of
these features may explain its dominant role in anties-
trogen-artesied breast cancer cell proliferation upon over-
expression by retroviral insertion or ectopic expression.
Future experiments will attempt to delineate the contribu-
tion of these components and define the signaling pathway
involved. Further work will be required to establish
whether BCAR3 is tnvolved in ¢linical breast cancer and
possibly in other endoerine-related tumors,

Materials and methods

Coll lines and cufture conditions

Cell lines were obtained from the American Type Culwre Colleclion
(Rockville. MDY}, except for ZR-75-1 and MCF-7 which were kind
gilis of R1.B.Xing {(ICRF, London} and R.B.Dickeon (NCI, Bethesda)
respectively. Cell culture was performed essentially as described (Van
Agthoven e ol, 1992, 1994; Dorssers et of.. 1993; Sieuwens et al.,
1997). ZR-75-1, ZH2D7, hybzrd and ZRBCARS cells were culured in
RPMt 1640 medium supplemented with 10% heat-inactivated bovine
calf serum (BCS) and | b 17f-estradiol. BCART integration cell clones
were maintained in RPM1 1640 medium supplemented with 15% BCS,
10% conditioned medium of CRIP cells {a mouse fibroblast cell line)
and 1 pM 4-hydroxy-lamoxifen, MCF-7 and MCFI/BCAR3 cells were
cultured in RPME 1640 with 10% heat-inactivated FCS.

Celf fusion

Cell fusion experiments were performed as described (Dorssers and
Veldscholte, $997). Bricfly, ZR-75-1 ¢¢lls were Uansfected with the
expression consiruct PGK-Hyg B which confers hygromycin B resisy-



ance, and were used as acceptor cells (designated ZHMDT). Clone XI-
1-6A, carrying two viral integrations, was selecied as donor cell line.
As a consequence of the rewroviral inserttons, these cells are both
antiesirogen- and G318-resistant. Furthermore, the 4-hydrony-1amexifen-
resistand cells were lethally irradiated to prevent ouigrowth of the donor
cells. ZHIDT and XE-1-6A cells were fused with pelyethylens glycol
{PEG, Boehringer Mannheim, Germany) using a procedure for adherent
cells (Eijdems ¢f al,, 1992) and according 1o the manufaciurer’s recom-
mended conditions. After fusion, the cells were allowed to recover for
2 days and subsequenlly selected with | mg/mi G418 (Geneticin, Gibco-
BRL, Life Fechnolagies Lid, Paisley, UK} in the presence of 1 nM
17f-estradiol. After 10 days, the selection was continued with
500 pghind G418 and 25 pg/ml hygromycin B (Bochringer Mannheim)
until clones developed, Clones were picked, expanded, characierized by
Southern analysis and challenged for antiesurogen resistance,

Transfectfon of expression constructs

A near full-length BCARY ¢DNA (#32. nuclectides 39-2989) was cloned
into the pLXSN and pLNCX espression vectors (Miller and Resman,
1989} in which trantcripticn is driven in the former by the LTR promoter
and in the latter by & CMV promater. Expression constructs and contrel
vecters without inseris were transfected using lipefectin reagent {Life
Technologies). ZR75-1 cells (2X10%) were seeded in 25 cm? flasks
(Costar, Cambridge. MA} in medium contzining 17B-estradiol. After
2 days, the cells weee washed twice with serum-free Optimem medium
{Life Technologies). To the cells, 3 ml of Optimem mediuom with 30 pl
of lipofectin was added. After 1 b incubation at 37°C, 2-5 pg of
lingarized plasmid DNA was added. Following 5 h incubation, the DINA-
containing medivm was replaced by RPMI medium, containing 10%
BCS and § nM 17B-eswradiol. Subsequently, after 2 days, selection with
G418 was started. Individual transfectants were isolated and propapated
in medium with estradio) and G418, MCF-7 cells were wransfected
similarly with pLNCX with and withont insertion in RPMI medium
containing 10% FCS.

DNA and ANA analysis

Genombe PNA was jsolated using NaCl eavaction procedures described
by Miller et al, (1988}, Total RNA was isolated using guanidine/cesium
chloride extraction and used for Northern analyses as previeusly described
(Van Agthoven et al., 1994), Frobes were random-primed labeled using
[e-*2PJAATP (ICN Pharmaceuticals Ine. CA). Blots were enposed to
X-OMAT AR film (Easunan Kodak Company, NY).

Isolatlon and sequencing of BCAR3 cDNA clones

A testis cDNA library {Clontech Labomlories, Inc., CA} was screensd
with the RCAR3 integration-specific probe. Plagues were purified and
the ¢DNA inserts were recloned in pGEMSZ (Promega, Madison, W1}
The nucleotide sequence was determined on both strands by dideoxy
sequencing reactions using T7 DNA polymerase (Pharmacia Biotech,
Sweden)and [u--"P]dATP (ICN Pharmaceuticals Ine.). 5’ RACE experi-
ments were performed according 1o the manufaciurer’s recommendations
(Bochringer Mannheim),

in vitro transfation

The near full-length BCAR3 ¢DNA clone #32 was recloned in the
EeoR site of pGEMYZ, A shortened construct {nuclectides 421-2989)
resemnbling the alteration ip the BCARY clones was ablained by subcloning
the ¢cDNA clone #32, The plasmid was transcnbed from the T7 promoter
and translated in rabbit reticulocyte Iysate by using the TNT Coupled
Reticuloacyte Lysate System (Promega). After SDS-PAGE, recombinant
proweins were ¢lectrolransferred 10 nitrocel lutose membranes and proteins
were delected with the Non-Radicactive Translation Detection System
{Promega) and chemilumiricense (Amensham Intemational, Bucks, UK)
by exposing to X-OMAT AR film.

Growth assays

ZR-75-1 cells and transfectants culiivated in the presence of | nM
§7[-estradiol were harvesied by tremment with rypsin-EDTA. Single
cells (0.7x 10% were plated in 25 cm? plastic culture flasks in wiplicate.
The experimental medium containing 10% BCS and 1 pM 4-hydeony-
tamexifen was changed iwice a week. Afler it days, the cultures were
harvested by rypsinization and counted. Subsequently, 1.5%10% cells
were replated 1o determing the secendary growth rate, MCF-7 cells and
transfectants routinely were cultured in medium containing 10% FCS.
Celfs (0.25x10%) weze plated in experimental medium wilh 10% FCS
and 100 nM ICI 182,780, harvesled at days 8 and 1, and replated a1
the inital density to determing the secondary growth rate,

Receptor determinations

ER and progesierone receptor were determined as described {Van
Agthoven e1 al., 1992), using commercially available epzyme immuno-
assay kits (ER-EIA, PR-EIA; Abbott Laborateries. Chicago, IE), EGF
recepters were determined wsing a commercizlly available enryme-
linked immunosorbent assay kit (Oncogene Science, Cambridge, MA).

Nucleotids accession numbaor
The sequence data reported here have been submitted 1o the DDRBY/
EMBL/GenBank datsbase under accession number U92715.
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Summary

Breast cancer is the most common malignancy of women in the Western world,
and is one of the leading causes of cancer mortality. Breast tumor growth appears to
be estrogen-dependent in early stages of the disease. The effects of estrogens are
exerted through the estrogen receptor (ER) which can be inhibited with antagonists of
estrogens. Adjuvant treatment of patients with primary breast cancer with
antiestrogens like tamoxifen increases both the disease-free period and overall
survival, Unfortunately, virtually all patients with advanced breast cancer and
responsive tumors eventually experience a disease progression due to the
development of hormone-independent metastases. Many mechanisms for
antiestrogen resistance have been proposed including tumor heterogeneity and clonal
selection of ER-negative tumor cells, functional alterations in the ER, changes in the
metabolism of tamoxifen, and overexpression of various genes. Substantial evidence
for any of these mechanisims in antiestrogen resistance in clinical breast cancer is still
lacking,

The hypothesis, that antiestrogen resistance may be the result of (epi-) genetic
alterations, resulting in changes in gene expression in the tumor cells, is the research
subject of this thesis. The human ZR-75-1 breast cancer cell line was selected as a
model system to study the progression to hormone independence, This cell line is
fully dependent on estrogens for proliferation and growth can be inhibited with
different antiestrogens. We have applied insertional mutagenesis with retroviruses in
ZR-75-1 cells, to identify genes involved in development of tamoxifen resistance.

Retroviruses integrate into the DNA of the host cell as a part of their life cycle and
can disturb the expression of neighboring genes. When this alteration in gene
expression results in antiestrogen resistance, the integrated retrovirus can be used as
a tag to isolate the involved gene. Subsequently, the candidate gene can be
transfected to the parental celi ling, to study its role in antiestrogen resistance in vitro.
Next, the gene (product) should be studied in clinical breast cancer samples to
establish the rote in clinical hormone resistance. In this thesis, the application of
retroviral insertional mutagenesis to isolate (unknown) genes involved in
antiestrogen resistance is described. Several experiments were performed to evaluate
the feasibility of this approach in the study of breast cancer.

Expression of ER is inversely related to expression of epidermal growth factor
{(EGF) receptor in breast cancer. Furthermore, the EGF receptor is implicated in poor
prognosis and antiestrogen unresponsiveness of breast cancer. The EGF receptor
cDNA was introduced into ZR-75-1 cells, to establish a possible role for expression of
this receptor in development of antiestrogen resistance. These cells, designated
ZR/HERc, showed expression of functional EGF receptor and a proliferative
response to EGF even in the presence of antiestrogens. ZR/HERc cells rapidiy
progressed to an ER-negative phenotype in the presence of antiestrogens, suggesting
a role for EGF receptor expression in progression of breast tumors to hormone
independence. Interference between the ER and EGF receptor signaling cascades in
these ZR/HERc cells was observed which may explain the inverse relationship of
these receptors observed in breast tumors (Chapter 5.1). Furthermore, these
experiments showed that alteration of the expression level of a single gene in these
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cells is sufficient to bypass estrogen dependence and to allow for proliferation in the
presence of antiestrogens (chapter 5.1). This notion is important, because it is ¢
prerequisite for successful retroviral insertional mutagenesis. A change of phenotyp:s
requiring simultaneous modification of more than one gene in a single cell by
retroviral insertional mutagenesis is technically not feasible.

In different experiments, it was shown that antiestrogen resistance could bx
induced by epigenetic changes in gene expression, ZR-75-1 cells were treated with 5
azacytidine, a DNA demethylating agent, which may result in up-regulation of gene
expression. Cells were selected in the absence of estradiol or in the presence o
different antiestrogens. Pools of these cells were shown to express EGF receptor anc
to secrete EGF-like peptides. Proliferation could be inhibited with EGF receptor:
blocking monoclonal antibodies, indicating the activation of an autocrine growtk
mechanism (Chapter 5.2). These results show that alterations in gene expression are
sufficient to induce resistance in this cell line, but this approach does not easily permil
the identification of the involved genes.

As a consequence of the former studies, a double-immunohistochemical staining
method was developed to study the expression of ER and EGF receptor at the single
cell level. From data of clinical studies and cell line studies, it was apparent thal
expression of ER and EGF is inversely related. However, approximately 50% ol
primary breast tumors show co-expression of these receptors, It was not known
whether ER and EGF receptor are expressed in the same individual cell or that this it
mutually exclusive in a single breast (tumor) cell, because most analyses have been
performed on homogenates of tumor cells. Analysis of primary breast tumor biopsies
showed that expression of both receptors in the same tumor cell is a rare
phenomenon, However, in non-malignant luminal epithelial cells of the breast, it was
shown that simultaneous expression of ER and EGF receptor in individual cells does
occur (Chapter 53). In Chapter 54 it is described that there is little difference in
expression of ER and EGF receptor between primary breast tumor cells and
corresponding lymph node metastases.

The results of the EGF receptor transfections and the 5-azacytidine experiments, in
Chapters 51 and 5.2, supported the feasibility of the retroviral insertional
mutagenesis approach. Large numbers of hormone-dependent breast cancer cells
were infected with retroviruses and selected for proliferation in the presence of
tamoxifen to establish a panel of resistant cell lines. In total, a panel of 80 antiestrogen
resistant cell lines was generated. Southern blots, containing DNA of these cell clones,
were screened with integration site-specific probes to identify independent cell clones
with a viral integration in an identical locus. In Chapter 5.5, the first common
integration site linked with antiestrogen resistance is described, In four independent
cell clones, a viral integration in a locus termed breast cancer antiestrogen resistance 1
(BCAR1) was detected.

In Chapter 5.6, we describe the identification and partial characterization of the
BCAR3 gene, BCAR3 is the third locus, involved in antiestrogen resistance, identified
with retroviral insertional mutagenesis so far, Six independent cell clones of the panel
of resistant cell clones contained an integration in the BCAR3 locus in a narrow
region. Linkage of this locus with antiestrogen resistance was further documented by
somatic cell hybrid experiments. Cell fusion experiments were performed with the
parental ZR-75-1 cells and one of the BCAR3 clones. Somatic cell hybrids containing
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the BCAR3 locus were antiestrogen resistant, in contrast to cell hybrids lacking this
locus. Hybridization of Northern blots with an integration site-specific probe detected
a transcript that is up-regulated in the BCARS3 clones in comparison with the parental
cell line, which shows very low expression, BCAR3 ¢cDNA was isolated from a testis
cDNA library. Transfection experiments with a BCAR3 expression construct in the
parental ZR-75-1 and MCF-7 cells {another estrogen-dependent breast cancer cell
line} confirmed that expression of BCAR3 induces antiestrogen resistance,
Characterization of the gene by sequence analysis showed little sequence homology
with other known genes. Only similarity of a part of the BCAR3 protein with the SH2
domain of the adapter proteins SHC and FER was observed. In addition, some
protein sequence homology was detected of a part of the protein with the yeast
CDC48 gene product, which has a role in cell division and apoptosis. The presence of
an SH2 domain in BCAR3 suggests a role in signal transduction,

Future experiments will be aimed at establishing the role of the different BCAR
genes and the involved signaling cascades in clinical breast cancer. Most likely many,
different genes are responsible for development of hormone resistance. Therefore, it
is important to address the question which signaling cascades are utilized by the
tumor cells progressing to a more malignant phenotype. The growing understanding
of breast cancer biology will hopefully result in the development of more satisfactory
treatment strategies based on biological principles.
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Samenvatting

Borstkanker is de meest voorkomende maligniteit bij vrouwen in de westerse
wereld en én van de belangrijkste doodsoorzaken op dit moment. In een vroeg
stadium van de ziekte is de groei van borstkankercellen, naar aangenomen wordt,
afhankelijk van oestrogenen. De effecten van oestrogenen worden doorgegeven via
de oestrogeenreceptor, die geblokkeerd kan worden met specifieke antagonisten
(anti-oestrogenen). Behandeling van pati#nten met primaire borstkanker na operatie
met anti-oestrogenen, zoals tamoxifen, verlengt zowel de ziektevrije periode als de
totale overleving van de pati¢nten. Helaas blijkt bij bijna alle responderende
patiénten met borstkanker in een gevorderd stadium na verloop van tijd de
ziekteverschijnselen terug te keren door het ontstaan van hormoononafhankelijke
metastasen, Vele mogelijke mechanismen voor resistentie tegen anti-oestrogenen zijn
gepostuleerd, zocals: heterogeniteit in de tumoren en klonale uitgroei van
oestrogeenreceptor-negatieve cellen; veranderingen in het functioneren van de
oestrogeenreceptor; veranderingen in het metabolisme van famoxifen en
overexpressie van een verscheidenheid aan genen. Echter overtuigende bewijzen
voor de verschillende gepostuleerde mechanismen van resistentie zijn nog niet
geleverd.

De hypothese dat resistentie tegen tamoxifen veroorzaakt kan worden door (epi-)
genetische veranderingen in de tumorcellen, resulterend in een veranderd
genexpressie patroon, bepaalt het onderzoekprogramma van ons laboratorium. ZR-
75-1 is een humane borstkankercellijn die is gekozen als modelsysteem voor het
bestuderen van de progressie naar hormoononafhankelijkheid. Deze cellijn is voor
groei volledig afhankelijk van oestrogeen. Celproliferatie kan worden geblokkeerd
met verschillende soorten anti-cestrogenen. We hebben insertiemutagenese met
retrovirussen toegepast op deze ZR-75-1 cellen, om genen te identificeren, die
betrokken zijn bij anti-oestrogeen resistentie.

Retrovirussen integreren in het DNA van hun gastheercel als onderdeel van hun
levenscyclus. Deze inserties kunnen leiden tot verandering in expressie van
nabijgelegen genen, en zo (epi-) genetische effecten nabootsen. Als de integratie
resulteert in resistentie tegen anti-oestrogenen, dan kan het retrovirus gebruikt
worden als een label voor de isolatie van het betrokken gen. Vervolgens kan het
kandidaatgen getransfecteerd worden naar de corspronkelijke cellijn, om diens rol in
de resistentie tegen anti-oestrogeen in vitro te bevestigen. Vervolgens moet de
expressie van het gen(product} in borstkanker biopten worden geanalyseerd om de
rol bij hormoonresistentie in de kliniek te kunnen bevestigen. In dit proefschrift
wordt de toepassing van retrovirale insertiemutagenese beschreven, met als doel
(nieuwe) genen te isoleren die betrokken zijn bij resistentie tegen anti-oestrogenen.
Verschillende experimenten zijn gedaan om de haalbaarheid van deze nieuwe
aanpak te onderzoeken.

De expressie van de oestrogeenreceptor is omgekeerd evenredig met de expressie
van de epidermal growth factor (EGF) receptor in borstkanker. Expressie van de
EGF-receptor lijkt gekoppeld te zijn aan een slechte prognose en het niet reageren op
anti-oestrogenen bij de behandeling van borstkanker. Het EGF-receptor cDNA werd
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in ZR-75-1 cellen ingebracht met als doel een mogelijke rol voor deze receptor vast te
stellen  bij de ontwikkeling van resistentie tegen anti-oestrogenen. Deze
getransfecteerde cellen (ZR/HERc) brengen functionele EGF-receptor tot expressie en
vertonen een groeirespons op de groeifactor EGF, ook in de aanwezigheid van anti-
cestrogenen. ZR/HERc cellen veranderden snel in een oestrogeenreceptor-negatief
fenotype in de aanwezigheid van tamoxifen, wat een rol suggereert voor EGF-
receptor expressie bij de progressie van borstkanker naar hormeononafthankelijkheid.
Er werd interferentie tussen de signaaltransductiepaden van de oestrogeenreceptor
en de EGF-receptor waargenomen, die mogelijk de inverse relatie tussen deze
receptoren in borstkankercellen kan verklaren (Hoofdstuk 5.1). Verder lieten deze
resultaten zien dat verandering in het expressieniveau van slechts één gen voldoende
is om oestrogeenafhankelijkheid te omzeilen en proliferatie in de aanwezigheid van
anti-oestrogenen mogelijk te maken (Hoofdstuk 5.1). Dit gegeven is belangrijk want
het is een vereiste voor het slagen van retrovirale insertiemutagenese. Een
fenotypische verandering die de gelijktijdige aanpassing vereist in meer dan één gen
in dezelfde cel, is technisch niet haalbaar met retrovirale insertie mutagenese.

Verder hebben we laten zien dat het mogelijk is anti-oestrogeen resistentie te
induceren door epigenetische veranderingen in genexpressie teweeg te brengen. ZR-
75-1 cellen werden behandeld met 5-azacytidine, een stof die demethylering van
DNA tot stand brengt, wat kan leiden tot veranderingen, vooral tot verhoging van
genexpressie, Cellen werden geselecteerd in de afwezigheid van oestradiol of in de
aanwezigheid van verschillende anti-oestrogenen. Verzamelingen van celklonen
vertoonden EGF-receptor expressie en scheidden EGF-achtige peptiden uit in het
medium. Proliferatie van deze cellen kon worden geremd met EGF-receptor-
blokkerende antilichamen, suggererend dat een autocrien groeimechanisme was
geactiveerd (Hoofdstuk 5.2). Deze resultaten faten zien dat veranderingen in
genexpressie voldoende zijn om resistentie in deze cellijn te induceren, maar met
deze aanpak is het niet eenvoudig de betrokken genen te identificeren en te isoleren.

Op grond van de voorgaande studies hebben we een immunohistochemische
dubbelkleuring ontwikkeld voor de gelijktijdige aankleuring van de
oestrogeenreceptor en EGF-receptor, omdat immunohistochemie het mogelijk maakt
de expressie van individuele cellen te bestuderen, Uit gegevens van klinische studies
en studies met cellijnen was het duidelijk dat de expressie van oestrogeenreceptor en
EGF-receptor omgekeerd evenredig is, maar toch leek ongeveer de helft van de
primaire tumoren deze receptoren gelijktijdig tot expressie te brengen. Het was niet
bekend of deze gelijktijdige expressie plaatsvond in dezelfde cel of in verschillende
cellen, omdat de meeste analyses op tumorhomogenaten waren gedaan, Analyse van
biopten van primaire tumoren liet zien dat gelijktijdige expressie van deze twee
receptoren in één tumorcel slechts zelden voorkomt (Hoofdstuk 5.3). Echter in niet-
maligne cellen van het klierepitheel in de borst komt gelijktijdige expressie wel voor.
In Hoofdstuk 5.4 wordt beschreven dat er weinig verschil is in de expressie niveaus
van oestrogeenreceptor en EGF-receptor in primaire tumoren en hun
lymfkliermetastasen.

De resultaten van de EGF-receptor transfecties en de 5-azacytidine experimenten,
beschreven in Hoofdstukken 51 en 5.2, steunden de haalbaarheid van de
experimenten met behulp van retrovirale insertiemutagenese. Grote aantallen
hormoonafhankelijke borstkankercellen werden geinfecteerd met retrovirussen en
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geselecteerd op groei in aanwezigheid van tamoxifen, met als doel een panel van
resistente klonen te maken, In totaal is een panel van 80 resistente klonen
gegenereerd, die elk zijn opgegroeid tot cellijnen. Southern blots met daarop DNA
van deze klonen zijn gescreend met integratieplaats specificke probes om
onafhankelijke klonen te identificeren met een integratie in dezelfde locus. In
Hoofdstuk 5.5 is de eerste gemeenschappelijke integratie plaats beschreven, die
gekoppeld is aan resistentie tegen anti-oestrogenen. In vier onafhankelijke klonen
werd een integratie in dezelfde locus gevonden. Dit locus is breast cancer
antiestrogen resistance 1 (BCAR1) genoemd.

In Hoofdstuk 5.6 beschrijven we de identificatie en gedeeltelijke karakterisering
van het BCAR3 gen. BCARS3 is het derde locus, dat geidentificeerd werd door middel
van retrovirale insertiemutagenese, dat betrokken is bij resistentie tegen anti-
oestrogenen. Zes onafhankelijke klonen uit het panel resistente kionen bleken een
integratie in een klein gebied van dit locus te bevatten. Het verband tussen dit locus
en resistentie tegen anti-oestrogenen werd verder aangetoond door middel van
somatische celhybriden, Celfusie experimenten werden uitgevoerd met de
oudercellijn ZR-75-1 en één van de BCAR3 kionen. Hybriden die het BCAR3
integratielocus bevatten waren anti-oestrogeen resistent in tegenstelling tot de
hybriden die het locus niet bevatten, Hybridisatie van Northern blots met een
integratiespecifieke probe detecteerde een transcript dat verhoogd tot expressie komt
in de BCAR3 klonen in vergelijking tot de oudercellijn, die slechts zeer lage expressie
vertoonde. Het BCAR3 ¢cDNA werd geisoleerd uit een testis cONA bank, Transfectie
experimenten met een BCAR3 expressie construct in de ZR-75-1 en MCF-7, een
tweede oestrogeenafhankelijke borstkanker cellijn, bevestigde dat BCAR3 resistentie
tegen anti-oestrogenen induceert. Karakterisering van het gen door middel van
sequentieanalyse liet weinig homologie zien met andere bekende genen. Er werd
alleen een sterke overeenkomst gevonden met een gedeelte van het eiwit en het SH2
domein van de adaptergenen SHC en FER. Tevens werd er enige homologie
gevonden tussen een gedeelte van het cDNA en het gistgen CDC48, dat een rol speelt
bij celdeling en apoptose, De aanwezigheid van een SH2 domein duidt erop dat
BCAR3 mogelijk een rol heeft in signaaltransductie.

Toekomstige experimenten zullen erop gericht zijn de rol van de verschillende
BCAR genen en de betrokken signaalcascaden te bepalen bij de progressie van
borstkanker. Het is zeer waarschijnlijk dat er een groot aantal genen verantwoordelijk
kunnen zijn voor hormoon resistentie. Daarom is het belangrijk te onderzoeken welke
signaaltransductiepaden de tumorcellen kunnen gebruiken tijdens hun progressie
naar een meer kwaadaardig fenotype. De groeiende hoeveelheid kennis van de
biologie van borstkanker zal dan hopelijk leiden tot de ontwikkeling van betere
behandelingsmethoden, die gebaseerd zijn op biologische principes.
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