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Abstract To unravel the mechanisms underlying failure
of endocrine therapy of breast cancer, we have previously
executed a functional genetic screen and identified the
adaptor protein BCARI1 to be causative for tamoxifen
resistance. As a consequence of the manifold of interactions
with other proteins, we characterized the contribution of
individual protein domains of BCARI to anti-estrogen-
resistant proliferation of human breast cancer cells. We took
advantage of the observation that the closely related family
member HEF1 was unable to support long-term anti-estro-
gen-resistant cell proliferation. Chimerical proteins con-
taining defined domains of BCARI1 and HEFl were
evaluated for anti-estrogen-resistant growth. Exchange of
the SH3 and C-terminal domains did not modify the
capacity to support cell proliferation. Full support of anti-
estrogen resistant proliferation was observed for chimerical
molecules containing the central part of BCARI1. The
bi-partite SRC-binding site or the Serine-rich domain did
not explain the differential capacity of BCARI1. These
findings indicate that the differences between BCAR1 and
HEF1 with respect to support of anti-estrogen resistance
reside in the substrate domain which contains multiple sites
for tyrosine phosphorylation. The crucial interactions
required for anti-estrogen resistance occur within the sub-
strate domain of BCARI. Further deciphering of these
interactions may resolve the growth regulatory mechanism
and provide an explanation for the observation that primary
tumors with high levels of BCARI are likely to fail on
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tamoxifen therapy. This information may also help to devise
alternative personalized treatment strategies with improved
outcome for breast cancer patients.
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Introduction

Endocrine therapy of breast cancer is applied widely and
has proven to be effective. Breast tumor development and
recurrence can be reduced by long-term treatment with the
estrogen antagonist tamoxifen [1]. In addition, tamoxifen
and other endocrine treatment regimens have shown clin-
ical benefit in advanced disease [2]. Tamoxifen competes
with estrogen for the estrogen receptor (ER) o and inter-
feres effectively with estrogen signaling. However, in most
patients with advanced disease, the available endocrine
treatments ultimately fail due to the development of ther-
apy resistance. Despite the detailed insights in ER function,
the mechanism of this general therapy failure is still poorly
understood [3-7].

In our search for breast cancer anti-estrogen resistance
(BCAR) genes involved in the development of tamoxifen
resistance, we have applied a functional genetic screen
using retrovirus insertion mutagenesis. Estrogen-dependent
human breast cancer cells (ZR-75-1) were infected with
defective retrovirus and subsequently selected for growth
in the presence of 4-hydroxy tamoxifen. Insertion of a
retrovirus into the host cell genome can alter the expression
of genes located in its proximity and individual cells may
survive the selection when the altered gene confers
tamoxifen resistance. The BCARI locus was the first ret-
roviral integration site identified and demonstrated to
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contain a causative gene for the resistant phenotype [8, 9].
Additional experimentation demonstrated that the BCARI
gene was the human homologue of rat p130Cas, a promi-
nent tyrosine phosphorylated protein in Src- and Crk-
transformed cells, and also confirmed the dominant role of
BCARI in tamoxifen-resistant cell growth [10-12].
Recently, BCARI has also been implicated in resistance to
the chemotherapeutic drug adriamycin [13]. Furthermore,
by analysis of patient specimens we have shown that
patients with primary breast tumors containing high
BCARI1 protein levels have a poor prognosis and a poor
type of response to tamoxifen treatment [14—18].

BCAR1/p130Cas (hereafter referred to as BCARI),
exhibits a modular structure containing a Sarc homology 3
(SH3) domain, a Proline-rich region, a substrate region
containing multiple YXXP phosporylation motifs, a Ser-
ine-rich domain, a Src Binding domain and a conserved C-
terminus [19, 20]. These domains are mostly conserved
among the family members NEDD9 (HEF1/Cas-L), EFS
(Sin) and HEPL [21]. As a consequence of the multiple
protein interaction sites, BCARI serves as a docking
molecule and has been implicated in many cellular pro-
cesses, including cell transformation, integrin signaling,
estrogen signaling, cell death, cytoskeletal rearrangements,
migration, proliferation, force sensing, and bacterial
infection [7, 12, 19, 20, 22-25]. The closely related family
member NEDD9/HEF1/CAS-L (hereafter referred to as
HEF1) is unable to substitute for BCAR1 in vivo, since
p130Cas knock-out mice die in utero due to developmental
cardiovascular defects and growth retardation [26]. HEF1
has been shown to participate in cell migration, cell cycle
regulation and in melanoma metastasis [27-29].

How BCARI achieved tamoxifen-resistant tumor cell
proliferation was not clear from our previous work, but was
anticipated to involve SRC-BCARI complexes [7, 20, 23,

Table 1 Mutation primer sequences

24]. SRC was shown to bind to the Src-binding site and to
phosphorylate several YXXP motifs of BCAR1 [30-33].
These experiments have shown that BCAR1 phosphoryla-
tion may be important for some processes (cell migration),
but not essential for anchorage-independent growth of SRC
transformed fibroblasts [7, 23, 24, 34-36]. Another
important finding was the functional association between
the C-terminal ends of BCAR1 and BCAR3 (AND-34)
[37—41], the latter also identified in our functional screen
for tamoxifen resistance [42].

In this manuscript we describe the use of protein chi-
meras of BCAR1 and HEF1 to establish the contribution of
individual protein domains to anti-estrogen-resistant pro-
liferation of human breast cancer cells.

Materials and methods
Generation of variant constructs and chimera

The BCARI cDNA (AJ242987) and the HEF1 cDNA
(GeneStorm clone 143821, Invitrogen, Breda, The Neth-
erlands) were inserted into pCR2.1-TOPO vector plasmid
(Invitrogen) between the Kpnl and EcoRI sites. Restriction
sites were removed or introduced using specific primers
(Table 1) and the Quickchange Site-Directed Mutagenesis
kit (Stratagene), and sequence verified as described previ-
ously [9]. In brief, a HindIIl site was introduced at the
end of the SH3 domain (nt position 302, leading to an
amino acid change 62I->L), a Sall and HindIIl site
(nt 1334 and 1739, respectively) removed and a Sall site
introduced at position 2120 (668H->D) within BCARI1
(BCARIa, Fig. 1). In HEF1, a Sall site was introduced
(nt 2057) leading to 633H->D (HEF1a). For exchange of

Gene/modification Forward (5’ —3')

Reverse (5'—3')

BCARI1/HindIII (302)
BCAR1/delHindIII (1739)
BCARI1/SALI (2120)
BCARI1/delSALI (1334)
HEF1/SALI (2057)
HEF1/SALI (1247)
ATG adaptor
BCARI1/-135AA
BCARI/RPLA
BCARI1/FDF
Flag-tag/BCAR1
Flag-tag/HEF1

GGGAACCGCCTCAAGCTTTTGGTGGGCATG
GCCCTGCATGCCAAACTTAGCCGGCAGCTG
GACTATGACTACGTCGACCTACAGGGGAAG
GGTGGCGTGGTGGACAGTGGTGTGTATGCG
GACTACGATTACGTCGACCTACAGGGTAAG
GGCTCTCGGGACTTGGTCGACGGGATCAACCG
AGCTTCAGGTGGTTCATGGTGTCCGGCGG
GGCGGCCTGGGGCCCTAGGACCGGCAGCTG
CAGTCACGACCCCTAGCCTCACCCCCTAAG
GGATGGAGGACTTTGACTTCGTCGACCTACAGG CCTGTAGGTCGACGAAGTCAAAGTCCTCCATCC
GCCGCCACCATGGATTACAAGGATGACGACGATAAGAACCACCTGAACGTGCTGGCCAA
GCCGCCACCATGGATTACAAGGATGACGACGATAAGAAGTATAAGAATCTTATGGCAAGG

CATGCCCACCAAAAGCTTGAGGCGGTTCCC
CAGCTGCCGGCTAAGTTTGGCATGCAGGGC
CTTCCCCTGTAGGTCGACGTAGTCATAGTC
CGCATACACACCACTGTCCACCACGCCACC
CTTACCCTGTAGGTCGACGTAATCGTAGTC
CGGTTGATCCCGTCGACCAAGTCCCGAGAGCC
AATTCCGCCGGACACCATGAACCACCTGA
CAGCTGCCGGTCCTAGGGCCCCAGGCCGCC
CTTAGGGGGTGAGGCTAGGGGTCGTGACTG
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Fig. 1 Schematic representation of BCAR1 and HEF1. The structure
including the SH3 domain, proline-rich region (Pro), Substrate
domain, the serine-rich region (SER domain), the SRC binding
domain (SrcBD) containing the SH3 binding site (RPLPSPP) and the
substrate site (YDYV), and the C-terminal domain (C-term) of
BCARI is shown. The homologous domains within HEF1 have been
marked identically. Numbers represent amino acid positions. Restric-
tion sites (H = HindIll, S = Sall) used for the construction are
indicated. Numbers and letters below the graphs describe the
respective regions used for generation of the chimerical variants

the Ser-rich domain, an additional Sall site was introduced
at nt position 1247 of HEF1, without altering the amino
acid sequence. In addition, we have generated flagged
versions of BCAR1a (FBCAR1a) and HEF1a (FHEF1a) by
exchanging the 5'-upstream region including the initiation
codon for the FLAG tag sequence (Table 1). For genera-
tion of a N-terminal deletion construct, the SH3 domain
was removed by adding an initiation codon preceding the
HindIlI site at position 202 (ATG adaptor primer). For the
C-terminal truncated version lacking 135 amino acids, a
termination codon was introduced at the specific position
(BCAR1/-135AA primer). The SRC SH3-domain binding
sequence (RPLPSPP) was mutated to RPLASPP, and the
phosphotyrosine substrate domain (YDYV) was modified
to FDFV within BCARla using the primers detailed in
Table 1. The overall structure and relevant restriction sites
used for generation of (chimerical) expression constructs
are depicted in Fig. 1. Chimerical constructs were pro-
duced by ligation of the appropriate restriction fragments
into the PCR2.1-TOPO plasmid. All resulting plasmids
were sequence verified and tested for production of
full length protein using the in vitro transcription-transla-
tion assay (ITT, Promega, Leiden, The Netherlands).
Expression cassettes were excised with the unique cut-
ting restriction enzymes Xhol and EcoRI and inserted
in the LZRS-IRES-Neo vector [12], and the resulting

expression vectors characterized by detailed restriction
enzyme analyses.

Cell culture

The human ZR-75-1 breast cancer cells were maintained in
RPMI medium supplemented with 10% bovine calf serum
(R/BCS) and 1 nM of 17 f-estradiol as previously described
[9, 43]. Transfection of LZRS-derived expression con-
structs was performed using FuGENE 6 (Roche Diagnos-
tics GmbH, Mannheim, Germany) following the protocol
of the supplier. Transfectants were selected using 1 mg/ml
of G418 (Geneticin, Invitrogen) in complete medium and
pooled cell populations were used for evaluation of anti-
estrogen resistance. Proliferation assays were performed by
plating 0.7 x 10° cells in R/BCS medium supplemented
with 100nM of ICI182,780 in triplicate. The culture med-
ium was replaced twice a week. Cells were harvested using
trypsin/EDTA at the indicated days, counted and reseeded
at the original density as previously described [12].
Expression of the relevant proteins was verified by western
blot analyses immediately before start of the assay or after
the first passage.

Protein analyses

Cultured cells were trypsinized, rinsed with PBS buffer,
sonicated for 10 s and lysed in 1% SDS, 10 mM Tris-HCI
pH 7.5 buffer for 10 min at 100°C [12]. Protein content in
total cell extracts was determined using the BCA protein
assay reagent (Pierce Chemical Co Rockford, IL). Poly-
acrylamide gels were loaded with equivalent amounts of
protein (3.3 pg), blotted onto membrane and subjected to
western blot analysis with enhanced chemiluminescence
detection as previously described [14, 17, 42]. Antibodies
used to verify the products generated from the expression
constructs were: mouse monoclonal anti-Cas (Transduction
Laboratories, Lexington, KY), rabbit polyclonal Cas
(N-17) and Cas (C-20), Cas-L/HEF1 (N-17) (Tebu-Bio,
Santa Cruz Biotechnology Inc., Santa Cruz, CA), Rabbit
anti-BCAR1 (329#) [17], and anti-Flag M2 (Stratagene
Europe, Amsterdam, The Netherlands).

Results

BCARI1 variants

The BCARI1 family member HEF1 exhibits a very similar
modular protein structure and thus may exert a role in
tamoxifen resistance in the ZR-75-1 breast cancer cell

model comparable with BCAR1. ZR-75-1 cells are com-
pletely dependent on estrogen and are growth arrested in
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medium supplemented with anti-estrogen [12, 42]. In
contrast to BCAR1, HEFI appeared unable to support
long-term proliferation of ZR-75-1 cells in the presence of
OH-Tam or ICI182,780 in pilot experiments (not shown).
These observations initiated the construction of chimerical
molecules between BCAR1 and HEF1 by exchanging
defined protein domains. It was anticipated that exchanging
complete domains would not result in a compromised
protein fold and thus would provide insight into the critical
domains of BCARI required for anti-estrogen-dependent
cell proliferation.

In order to exchange the N-terminal SH3 domain, the
central domain containing many protein interaction sites,
and the C-terminal domain, we introduced convenient
restriction sites between these domains (Fig. 1). In the
BCARI cDNA, the endogenous HindIIl and Sall sites were
removed without altering the amino acid sequence. A novel
HindIII site was introduced at the end of the SH3 domain
causing an amino acid change 62I->L (also a leucine at this
position in HEF1), and a Sall site before the C-terminal
domain leading to an exchange of an aspartic acid into a
histidine on residue 668 (BCARI1la). Within the HEF1
cDNA, a Sall site was introduced before the C-terminal
domain also causing an identical amino acid change
(633D—H, HEFla). Additionally, a Flag-tag was added at
the NH2-terminus of both BCAR1a and HEF1a, to facili-
tate the detection of the recombinant proteins (Fig. 1).
Using these restriction sites on the boundaries of the pro-
tein domains, fusion constructs were generated, and were
verified by both DNA sequence analysis and in vitro
translation assays. In addition to these chimerical con-
structs, a set of deletion and mutation variants of BCAR1
was generated to investigate the role of individual domains
and binding sites. The N-terminal SH3 domain was
removed (BCAR1 ASH3) as well as the C-terminal 135
amino acids (BCAR1 A135), the latter implicated in pro-
tein-protein interaction with BCAR3 [38]. All validated
expression constructs were inserted into the LZRS-IRES-
Neo expression vector and transfected into ZR-75-1 cells
[12]. Pools of transfected cell clones were selected with
G418, and evaluated for expression of the appropriate
protein (Fig. 2). ZR-75-1 cells possessed low levels of
endogenous BCARI and transfectants with the BCARI1
expression constructs contained increased levels of protein
(Fig. 2a). HEF1 was barely detectable in the parental cells
(not shown), while transfectants carrying the HEFI
expression construct carried two proteins (Fig. 2b) most
likely related to differential phosphorylation [44].

Anti-estrogen-resistant cell proliferation

ZR-75-1 cells over-expressing either the wild-type BCARI1
or HEF1 were tested for their capacity to support growth of
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Fig. 2 Western blot analysis of BCAR1, HEF1 and variant proteins.
Total cell lysates were separated by gel electrophoresis and blotted
onto membrane. Proteins were visualized using antibodies directed
against BCARI1 (#329, a,c), HEF1 (b) or the Flag-tag (d). The arrows
indicate the position of wild-type BCARI (a) or HEF1 (b)

the cells in the presence of anti-estrogen. In these experi-
ments, we used the pure antagonist ICI182,780 as a rig-
orous selection system [12, 42]. Cumulative cells numbers
relative to the starting numbers (Fig. 3) showed that
BCARI over-expression (Fig. 2a) indeed conferred stable
cell proliferation. Cells transfected with expression con-
structs containing wild-type HEF1 and showing over-
expression of the protein (Fig. 2b), did increase in numbers
during the first 2 weeks of culture, but then arrested.
Control cells carrying the empty vector were rapidly
growth arrested and became depleted in the culture. These
results demonstrated that HEF1 does not support long-term
anti-estrogen-resistant cell proliferation.

The various mutational variants of BCAR1 and HEF1
were tested in the same manner. Cells with verified over-
expression of the different variants (Fig. 2) were plated at
equal densities and cultured with ICI182,780 for several
weeks. The conservative amino acid substitutions on resi-
dues 62 and 668 of BCARI1 as a consequence of the
introduction of convenient restriction sites, did not affect
the anti-estrogen-resistant growth capacity of cells trans-
fected with this construct (BCARI1a, Fig. 3). Addition of
the Flag-tag to the amino terminus of BCAR1a did neither
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Fig. 3 Anti-estrogen-resistant cell proliferation assay of BCARI,
HEF1 and variants. Equal numbers of cells transfected with the
indicated expression constructs were cultured in the presence of the
anti-estrogen ICI182,780 (100 nM) in triplicate. Cells were harvested
at the indicated time points, counted and re-seeded at the original
density. Cumulative relative cell numbers and the SD are presented

affect its function (FBCARI1a). Similarly, the substitution
of the residue 633 of HEF1 (HEF1a, Fig. 3) or the addition
of the Flag-tag did not generate resistance in transfected
cells producing these proteins. Cells expressing variants
lacking either the N-terminal SH3 domain or the C-termi-
nal 135 amino acids showed reduced growth when com-
pared with wild-type BCARI1, but proliferated better than
LZRS vector control or HEF1-transfected cells. It should
be noted that cells expressing these truncated variants
exhibited impaired binding to the substrate at later
passages, which may have contributed to reduced cell
recovery.

Several constructs expressing chimerical proteins were
tested for anti-estrogen resistance in this proliferation
assay. Exchange of the SH3 domain of BCARI1 (I, Fig. 1)
for the HEF1 counterpart (A) showed no major effect on
anti-estrogen-resistant growth of the cells (BCARI vs A-II-
III, Fig. 4). Furthermore, insertion of the SH3 domain from
BCARI (I) into HEF1 constructs did not generate resistant
cells (FI-B-C vs HEF1, Fig. 4). The C-terminal domains of
BCARI1 (IIT) or HEF1 (C) neither made a distinction in the
growth capacity of the cells in the presence of ICI182,780
(BCARI vs I-1I-C or FI-II-C; HEF1 vs A-B-III, Fig. 4). In
striking contrast, all constructs containing the central
domain (II) of BCARI1 showed increased anti-estrogen
resistant cell proliferation compared with constructs con-
taining the corresponding domain (B) of HEF1 (Fig. 4).
Insertion of HEF1 central part in BCAR1 (I-B-III, FI-B-III)
caused loss of function, while introduction of the BCARI1
central domain in HEF1 (A-II-C) resulted in gain of
function.

A major difference between HEF1 and BCARI1 is the
partial conservation of the SRC-binding domain (Fig. 1). A
proline rich sequence (RPLPSPP) and a tyrosine phosphor-
ylation site (YDYV) in BCARI1 have been demonstrated to

represent a binding site for the SRC kinase and to contribute
to cellular functions [32, 45]. Individual mutations were
introduced into BCARI1 to prevent the binding of SH3
domain-containing proteins to the proline-rich sequence
motif and to prohibit phosphorylation of the specific tyrosine
residues. Functional analyses of pools of transfectants
showed that mutation of the RPLPSPP sequence, which
disrupted interaction with SRC [45], did not significantly
affect anti-estrogen-resistant cell proliferation (FBCARI1a
vs FBCAR1a RPLA; A-II-C vs A-II-C RPLA, Fig. 5). The
substitution of the tyrosine residues (YDYV->FDFV) did
reduce the growth properties (FBCAR1a vs. FBCAR1a FDF;
BCARI1a vs. BCARI1a FDF, Fig. 5), but also affected cell
attachment following passage and could have led to reduced
cell recovery.

In an attempt to further delineate the contribution of
sub-domains, we have split the central domain in two
separate fragments by using the Sall site just preceding the
Ser-rich domain of BCAR1 (Fig. 1). A Sall site was also
introduced at the corresponding position of HEF1 and
allowed for exchange of these sub-domains. A Flag-tagged
BCARI construct containing the Ser-rich and SRC-binding
domain (Bff) of HEFI retained most of the capacity to
proliferate in the presence of anti-estrogen (FI-11o/Bf-1I11,
Fig. 6). A construct containing the Ser-rich and the SRC-
binding domain (IIf) of BCAR1 within the context of a
Flagged version of HEF1 (FA-Bo/IIS-C, Fig. 6), was
unable to restore anti-estrogen resistance.

Discussion

In this manuscript, we describe the contribution of indi-
vidual protein domains of BCARI1 for the anti-estrogen-
resistant and estrogen-independent proliferation of breast
cancer cells. It is important to note, that low levels of
BCAR1 are present in ZR-75-1 cells and that over-
expression is essential to obtain the tamoxifen-resistant
phenotype. Furthermore, over-expression of the close
family member HEF1 was shown insufficient to sustain
long-term estrogen-independent cell growth. Since these
proteins exhibit very similar domain structures (Fig. 1), we
predicted that exchange of intact domains would retain the
protein folding and thus allow for the evaluation of their
contribution to estrogen-independent cell growth.

The SH3 domain mediates complex formation with
proteins containing proline-rich sequence motifs [46]. The
SH3 domains of BCAR1 and HEF1 exhibit extensive
sequence homology (75% identity) and have been found to
bind to many different proteins, including FAK, which is
involved in the phosporylation of BCARI [32]. N-terminal
deletion of BCAR1, which eliminates the SH3 domains, did
show partially impaired growth of the transfected cells.
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Fig. 6 Anti-estrogen-resistant cell proliferation assay of chimerical
variants of the serine-rich region and the SRC-binding domain. Assay
was performed as described in Fig. 5. Cumulative cell numbers
relative to the wild-type (%) at day 24 are presented for the variants.
The structure of the chimera is as represented in Fig. 4

Furthermore we noticed reduced substratum binding fol-
lowing passage of these cells. The analysis of the chimerical
variants showed that the origin of the SH3 domain was
not important. The HEF1-derived SH3 domain supported

@ Springer

shown to be important for filamentation of fungi [48], and
both BCAR1 and HEF1 C-termini bind to BCAR3, another
gene recovered from our functional screen for anti-estrogen
resistance and predictive for tamoxifen resistance in breast
cancer patients [38, 42, 47, 49]. Furthermore, p85 PI3 K
was shown to bind to the C-terminus of p130Cas and to
contribute to the growth of v-crk transformed cells [45].
Removal of the extreme 135 amino acids of BCARI
implicated in BCAR3 binding did not fully abrogate
growth. Furthermore, exchanging the complete C-terminus
from BCARI by the domain from HEF1 was compatible
with anti-estrogen resistant cell growth. These results
suggest that interactions with the C-terminus do not explain
the functional difference between BCAR1 and HEFI.
Furthermore, BCAR3 binding is unlikely responsible for
anti-estrogen resistance mediated by BCARI because of
the near absence of BCAR3 in wild type ZR-75-1 cells [42]
and the absence of effects of BCAR3 knock-down in cells
over-expressing BCAR1 (not shown).

The observation that replacement of the N- and C-ter-
minal domains of BCARI with the respective domains of
HEF1 was fully compatible with growth (Fig. 4), suggested
that the crucial elements must reside within the central
domain. In agreement, insertion of the HEF1 central
domain in BCARI caused loss of function while insertion
of the BCARI central domain in HEFI resulted in com-
plete gain of function. The most prominent difference
within the central domain is the partial absence of the
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bipartite SRC binding site in HEF1. While BCARI con-
tains both the RPLPSPP SH3-recognition sequence and the
YDYV substrate site, HEF1 possesses only the substrate
site (Fig. 1). Mutation of the RPLPSPP site into RPLASPP
in BCARI1 did not significantly impact growth of the cells,
while alteration of the tyrosine residues in YDYV clearly
impaired cell proliferation. In the latter experiments, cells
slowly attached to the substratum after passage which may
have impacted on cell survival and recovery. By intro-
ducing the Ser-rich domain and the SRC substrate site [50]
of HEF1 within BCARI, only minor effects were observed
on cell proliferation in the presence of anti-estrogen. These
results suggest that SRC binding and phosphorylation of
the YDYV site do not have a major role in growth control
for anti-estrogen resistance. This conclusion is supported
by the observation that SRC kinase inhibitors (PP2) did not
selectively affect growth of BCARI-transfected cells in
comparison with other anti-estrogen-resistant BCAR vari-
ants (data not shown). These cumulative data support the
hypothesis that anti-estrogen resistance is mediated
through the substrate domain of BCARI. Within this
domain, 15 YXXP motifs, which represent substrates for
phosphorylation by tyrosine kinases and which may sub-
sequently recruit different SH2-domain containing pro-
teins, are conserved between rodents and humans [12].
Proteins binding to these motifs in the substrate domain
of BCARI have been identified for different types of
biological functions, including migration and regulation
of the actin cytoskeleton [20, 36]. Despite extensive
sequence differences within this substrate domain, 11 of
these motifs have been retained in HEF1, although the
spacing and sequence context may have changed (http:/
www.ensembl.org/Homo_sapiens/Gene/Compara_Paralog/).
Selective mutation of these individual tyrosine residues
[36] may help to identify the set of crucial motifs required
for anti-estrogen resistance. Proteomic approaches may
also help to identify the crucial interacting proteins by
comparison of chimerical variants with or without the
capacity to support anti-estrogen-resistant cell growth.

In conclusion, our experiments have shown that retain-
ing the conformation of the BCARI chimera allows the
evaluation of larger parts of the protein for the capability to
support anti-estrogen resistance. While truncated proteins
were frequently affected in function, the exchange of
homologous domains from HEF1 into BCARI1 often did
not influence the function. Our experiments suggest that the
differential effects of BCARI1 and HEF1 in long-term anti-
estrogen-resistant growth support predominantly reside
within the central domain of these adaptor proteins. Several
motifs within this domain may be a substrate for tyrosine
kinases and their phosphorylation will recruit specific SH2-
domain-containing proteins and support the assembly of
protein complexes driving cell growth. Further studies are

required to pin down these critical interactions which may
contribute to the poor response to tamoxifen treatment of
patients with primary tumors containing high levels of
BCARI. Understanding these interactions will help to
design personalized treatment strategies with improved
outcome for breast cancer patients.
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