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Abbreviations

AIs  aromatase inhibitors
ADAM  A desintegrin and metalloproteinase
AKT  v-akt murine thymoma viral oncogene homolog
AP-1  activation protein 1
ATP  adenosine triphosphate
BCAR  breast cancer antiestrogen resistance
BCAR4  breast cancer antiestrogen resistance 4 
DAVID  database for annotation, visualization and integrated discovery
cDNA  complementary DNA
DNA  deoxyribonucleic acid
EGF  epidermal growth factor
EGFR  epidermal growth factor receptor
ER  estrogen receptor
ERBB  erythroblastic leukemia viral oncogene homologue
ERE  estrogen response element
ERK1/2  extracellular-signal-regulated kinase 1/2
FDA  food and drug administration
FGFR4  fibroblast growth factor 4
GO  gene ontology
IGF1  insulin growth factor 1
IGF1R  insulin growth factor 1 receptor
KD  kinase domain
LHRH  Luteinizing hormone-releasing hormone
MAPK  mitogen-activated protein kinase
mRNA  messenger RNA
mTOR  mammalian target of rapamycin
MUC4  mucin-4
NRG  Neuregulin
4-OHT  4-hydroxytamoxifen
PFS  progression-free survival
PgR  progesterone receptor
PI3K  phosphoinositide 3-kinase
Pre-mRNA precursor mRNA
qRT-PCR  quantitative reverse transcriptase polymerase chain reaction
RNA  ribonucleic acid
RNPs  ribonucleoproteins
RPMAs  reverse-phase protein microarrays
SERDs  selective estrogen receptor downregulators
SERMs  selective estrogen receptor modulators
siRNAs  short interfering RNAs
SP-1  specific protein 1
SRC  v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog   
  (avian)
STAT  signal transductor and activator of transcription
VEGF  vascular endothelial growth factor
2-DG  2-deoxyglucose





Chapter 1

General Introduction

 
    



10

1.1 Breast cancer

Breast cancer is one of the most common cancers in women, and the second lead-
ing cause of cancer-related death, just behind lung-cancer [1]. The 2008 estimated 
incidence was 1.4 million cases worldwide [2], and it is predicted to substantially 
increase in the next decades [3]. In the United States, over 230,000 new cases and 
approximately 40,000 deaths have been estimated for 2011 [1]. Breast cancer is the 
most common form of cancer in Dutch women of 30 years of age and older, with 
over 13,000 new cases registered in 2009 (www.kankerregistratie.nl). The incidence 
rates in the Netherlands have been rising (www.kankerregistratie.nl). One of the rea-
sons for this increase may have been the introduction of the national breast cancer 
screening program in 1989 for women aged 50 to 69 years. Breast cancer in males 
is rare and accounts for approximately 1% of all breast cancer cases (www.medi-
cinenet.com).
Several risk factors for breast cancer have been identified (reviewed in [4]). The main 
risk factors are increasing age, geography (Western countries), positive family history 
of breast cancer, mutations in BRCA1 or BRCA2 genes, and exposure to radiation. 
Reproductive factors include late age of menopause, early age of menarche, null par-
ity, and older age at time of the first birth. Alcohol consumption, obesity, and lack of 
physical exercise are lifestyle factors that have been associated with the risk of de-
veloping the cancer. Breast cancer is a heterogeneous disease. They differ in therapy 
response, in course of the disease and clinical characteristics [5]. The expression, or 
lack, of the estrogen receptor (ER), progesterone receptor (PgR) and erytroblastic 
leukemia viral oncogene homologue 2 (ERBB2) is routinely determined in tumor tis-
sues as it bears clinical consequences and thereby allows the histological classifica-
tion of breast cancers. According to this classification, breast cancers can be divided 
into four subvariants: ER+ (ER+/ERBB2-), ERBB2+ (ER-/ERBB2+), triple negative (ER-/
PgR-/ERBB2-), and triple positive (ER+/PR+/ERBB2+) [5]. The use of DNA microarrays 
has identified five molecular subtypes: Luminal A, Luminal B, Basal-like, ERBB2 and 
normal breast-like [6]. These subtypes partially correspond to the groups formed 
by histological classification methods. The luminal A and B subtypes include ER+ tu-
mors, the molecular ERBB2+ subtype overlaps with the histological ERBB2+ and the 
basal-like subtype corresponds to the triple negative (reviewed in [5]). 
The treatment offered to each patient largely depends on the characteristics 
of the cancer. Primary treatment for breast cancer includes surgery of the pri-
mary cancer, with removal of the entire breast (mastectomy) or only the cancer 
and a minimal amount of breast tissue (lumpectomy). Removal of the sentinel 
lymph nodes is standard in those patients who have no clear involvement of the 
regional lymph nodes, while axillary lymph nodes are removed if pathological ex-
amination reveals that the cancer has spread into these lymph nodes. If indicated, 
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neo-adjuvant systemic therapy precedes surgery mainly aiming at diminishing the 
size of large cancers. After surgery, radiotherapy is administered to patients who un-
derwent a lumpectomy, who have involvement of the chest wall, and/or if more than 
four axillary lymph nodes are involved. In addition, patients may receive adjuvant 
systemic therapy to reduce the chances of disease recurrence. Adjuvant systemic 

therapy includes chemotherapy and hormonal therapy, and depending on cancer 
characteristics, combinations of these may be offered. In recent years, also molecular 
targeted therapies have been offered for adjuvant treatment of selected cases. The 
treatment of metastatic breast cancer includes hormonal therapy, chemotherapy 
and molecular targeted therapy, usually administered in combinations.

1.2. Estrogens, estrogen receptors and the development of breast 
cancer 

1.2.1 Estrogens in normal tissues and breast cancer
Estrogens are steroid hormones with physiological roles in metabolism, regulation 
of the menstrual cycle, development of the female reproductive tract, and growth 
and development of breasts. Thus, they have important roles in the development of 
the secondary sexual characteristics in females. The major estrogens in females are 
estrone, estradiol and estriol. In premenopausal women, the ovaries produce estra-
diol, the major circulating estrogen. In postmenopausal women the main estrogen is 
estrone, mainly produced in adipocytes. Estriol is also produced by the placenta and 
is therefore the major estrogen during pregnancy. 
A connection between estrogens and breast cancer has been established more than 
a century ago, when George Beatson demonstrated that, in some cases, the removal 
of the ovaries of premenopausal women with breast cancer could induce cancer re-
gression [7]. Since then, innumerous reports have documented the involvement of 
estrogens in the development and progression of breast cancer (reviewed in  [8, 9]).

1.2.2 Estrogen receptors
Estrogens perform their actions by interacting with estrogen receptors. Two es-
trogen receptors have been identified, the ERα  [10] and ERβ  [11], both members 
of the nuclear receptor super family. ERα and ERβ bind DNA and ligand identically 
[12], but are encoded by separate genes, mapped to chromosomal regions 6q25.1 
and 14q23.2 respectively, and have distinct functions [11, 13, 14]. Human breast 
tissue expresses both ERα and β [15, 16]. Abnormal ER signaling may result in in-
creased cell proliferation and survival, thus playing a role in the development and 
progression of breast cancer. Approximately 70% of breast cancers are classified as 
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ERα-positive [17]. While ERα expression increases during tumorigenesis (reviewed in 
[18]), the expression of ERβ decreases [19, 20]. The actions of estrogens are medi-
ated by four ER pathways, which have been described in detail  [21, 22] and sum-
marized in figure 1.1. 

Chapter 1

Figure 1.1. Mechanisms of estrogen action. (A) In the classical mechanism, ligand-bound estrogen re-
ceptor (ER) homodimers regulate gene transcription by forming complexes with co-activators (CoA) and 
binding to specific DNA estrogen response elements (ERE). (B) In the ERE-independent mechanism the 
complex regulates gene transcription in an indirect way. The complex binds to other transcription fac-
tors (TF) like activation protein 1 (AP-1) or specific protein 1. (C) In the ligand-independent mechanism, 
estrogen receptors are activated by downstream mediators of the growth factor receptor (GFR) signaling 
pathways. (D) In the non-genomic pathway, estrogens (E) bind to receptors localized at the cell membrane, 
and activate intracellular signaling cascades. Modified from figures in references  [22, 28, 29].

In the classical mechanism (Fig. 1.1A) estrogens bind the ERs inducing the formation 
of homodimers. These recruit and bind co-activators and the assembled complex 
binds to specific DNA sequences, the estrogen response elements (EREs), located 
within the promoter of responsive genes. The binding of the complex to the response 
elements regulates expression of these genes. In the ERE-independent mechanism, 
estrogens are able to regulate the expression of genes without direct DNA binding 
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(Fig. 1.1B). This is accomplished by the binding of ERs to other transcriptions factors 
at DNA specific sites [23-25]. The ER can also be activated in the absence of its ligand 
(ligand-independent pathway) (Fig. 1.1C). Growth factor signaling, through the ac-
tion of cellular kinases like MAPK, is able to activate the ER, affecting the expression 
of ER target genes [26]. 
The non-genomic pathway, or membrane-initiated ER signaling (Fig. 1.1D), is medi-
ated through a pool of ER localized at the plasma membrane or cytoplasm. These 
effects are rapid (within seconds to minutes after estrogen stimulation) and activate 
alternative signaling cascades, resulting in transcription factor activation (reviewed 
in [27, 28]).

1.3. Endocrine therapy 

The growth promoting action of estrogens on breast cancer can be antagonized by 
endocrine therapies. These therapies disrupt estrogen receptor signaling, by com-
petitively binding the ER or by inhibiting estrogen production. The endocrine thera-
pies for ER-positive breast cancer patients are summarized in figure 1.2.
 
The available endocrine therapies for premenopausal women are surgical removal 
or radiation of the ovaries, and administration of luteinizing hormone-releasing hor-
mone (LHRH) agonists or selective estrogen receptor modulators (SERMs). 
Inhibition of estrogen production by the ovaries can be permanently achieved by 
radiotherapy or by surgical removal of the ovaries, or temporarily by the use of LHRH 
agonists. LHRH agonists initially stimulate the release of estrogens in a non-physio-
logical way, but the chronic administration of these drugs disrupts the endogenous 
hormonal feedback systems, causing a decrease of estrogen production. Inhibition of 
estrogen production, used as adjuvant therapy in premenopausal patients, reduces 
the risk of cancer recurrence and related death [30]. 

SERMs are compounds that act on the estrogen receptor and, depending on the 
tissue, may act as estrogen agonists or antagonists. The SERM tamoxifen, the first 
targeted therapy for breast cancer [31], has been used extensively to treat patients 
with ERα-positive breast cancer, being effective in both the adjuvant and metastatic 
settings. When used as adjuvant therapy it reduces the risk of relapse and death, and 
approximately half of the patients with recurrent disease will benefit from treatment 
[32]. 
In breast tissue, tamoxifen has antagonistic effects. It binds to ERs, and these ho-
modimers recruit co-repressors instead of co-activators (reviewed in [33]). As a con 
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sequence, proliferation of breast cancer cells is slowed down, resulting in reduced-
proliferation and tumor regression. Tamoxifen exerts agonistic effects in bone, reduc-
ing fractures and increasing bone density in postmenopausal women (reviewed in 
[34]). The down side of tamoxifen treatment is an increased risk for thromboembolic 
events and a minor increased risk for endometrial carcinoma [32]. 
Raloxifene is another SERM which has estrogen agonistic effects on bone tissue but 
not on breast or endometrium [35]. Therefore, it produces fewer side effects than 
tamoxifen, namely it does not increase endometrial cancer [36, 37]. Both tamoxifen 
and raloxifene have been approved by the food and drug administration (FDA) to be 
used as preventive agents for breast cancer [38, 39].

Chapter 1
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Figure 1.2. Endocrine therapies available for ER-positive breast cancer patients. In premenopausal women 
(left), LHRH agonists block the production of luteinizing hormone, resulting in an inhibition of estrogen 
synthesis by the ovaries. The production of estrogens can be irreversibly inhibited by removal of the ova-
ries or radiation therapy. In postmenopausal women (right), the production of estrogens is blocked by 
aromatase inhibitors. These compounds inhibit the enzyme aromatase which converts androgens into 
estrogens. SERMs and SERDs inhibit estrogen actions by competitively binding the ER.    
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Although tamoxifen has been shown to be effective in the treatment of ERα-positive 
breast cancer, resistance to anti-estrogens remains a problem in the management of 
the disease. 

In postmenopausal women endocrine therapy options include SERMs, selective es-
trogen receptor downregulators (SERDs) and aromatase inhibitors (AIs).
The SERD ICI182,780 (Fulvestrant) competitively binds the estrogen receptor and in-
hibits receptor dimerization. The formed complex undergoes degradation resulting 
in down-regulation of ER levels. This compound in complex with ERα has no biologi-
cal activity, and consequently it lacks the side effects caused by SERMs. Thus, it does 
not increase the risk for endometrial carcinoma and thromboembolic events, but it 
also does not preserve bone density [40]. Fulvestrant is approved for the treatment 
of postmenopausal women with ERα-positive recurrent breast cancer who have pro-
gressed on anti-estrogen therapy. This drug has also been shown to have activity in 
ERα-positive tumors when used as first-line therapy [41]. Whether ICI182,780 has 
a beneficial effect for premenopausal women as adjuvant treatment needs further 
investigation.

The conversion of androgens into estrogens by the enzyme aromatase, is the major 
source of estrogens in postmenopausal women. This enzyme is present in multiple 
tissues including breast, ovary, placenta and adipose tissue [42, 43]. Inhibition of 
aromatase activity results in reduced levels of circulating estrogens. Aromatase in-
hibitors approved by the FDA and currently in clinical use are anastrozole, letrozole 
and exemestane [44]. They are now used as standard treatment for postmenopausal 
women with ERα-positive breast cancer, in both the adjuvant and metastatic settings 
[45]. Aromatase inhibitors lack estrogen agonist activity and, unlike tamoxifen, do 
not increase the risk of endometrial cancer and thromboembolism [42, 46]. Howev-
er, their use is accompanied with other toxicities such as osteoporosis, and muscular 
complaints. They have been shown to be more effective than tamoxifen when used 
as first line therapy [47-49], and are being investigated as agents for prevention of 
breast cancer [44]. 

1.3.1 Mechanisms of resistance to endocrine therapy 
Tamoxifen has proven to be effective in the treatment of ERα-positive breast cancer, 
but resistance to endocrine therapy remains a major challenge in the management 
of the disease. Approximately half of the patients with recurrent, ERα-positive breast 
cancer do not respond to tamoxifen treatment (primary or intrinsic resistance), and 
the ones who do respond will inevitably become resistant over time (secondary or 
acquired resistance). Numerous mechanisms of resistance to tamoxifen have been 
identified, and are described in detail in several excellent recent reviews [22, 28, 
50, 51]). Such mechanisms include ERα mutations, isoforms or loss of expression; 
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altered expression levels of ERα co-activators and co-repressors; altered growth fac-
tor receptor signaling; cross talk between growth factors and ERα; and (epi)genetic 
alterations in genes regulating cell proliferation. Mechanisms of resistance to endo-
crine therapies relevant for the context of this thesis are next briefly described.

Loss of ER expression and/or function:
ERα-negative scored breast cancers rarely respond to tamoxifen, and ERα expression 
remains the main predictor of response to tamoxifen treatment. Some tamoxifen-
resistant cancers still respond to treatment with aromatase inhibitors or ICI182,780 
indicating the presence of a functional ERα [52-55]. In patients receiving endocrine 
therapy, loss of ERα occurs in approximately 20% of the cases [56, 57]. These ob-
servations suggest that loss of ERα expression is not the main mechanism of endo-
crine therapy resistance. Moreover, preclinical data have shown that ERα can be re-
expressed after treatment with therapies targeting receptor tyrosine kinases [58-61].

Aberrant growth factor receptor signaling: 
Endocrine resistance may also be caused by aberrant expression and increased sign-
aling of growth factor receptors and their downstream molecules (reviewed in [28]). 
Increased expression of epidermal growth factor receptor (EGFR), ERBB2, the insulin 
growth factor 1 receptor (IGF1R), and fibroblast growth factor receptor 4 (FGFR4) are 
associated with tamoxifen resistance [62-65]. Furthermore, in ERα-positive tamox-
ifen-resistant breast cancer cells, the MAPK and AKT downstream signaling pathways 
were found to be activated [66-69].

ERα and growth factor signaling cross talk:
Members of the ERBB family can activate the phosphatidylinositol-3 kinase (PI3K) 
and the mitogen-activated protein kinase (MAPK) pathways, which in turn can acti-
vate the ERα by specific phosphorylation [70, 71]. Receptors for insulin/IGF1, vascu-
lar endothelial growth factor (VEGF), fibroblast growth factor (FGF) and the kinases 
AKT and SRC can also activate ERα [72-74]. Activation of these signaling pathways 
may be due to amplification and/or overexpression of growth factors or their recep-
tors. Activating mutations on downstream effectors of the growth factor signaling 
may also activate these pathways. Moreover, co-activators of ERα, which increase 
ERα activity, can also be phosphorylated by kinases from the growth factor pathway 
[70]. 

Chapter 1
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1.4. The ERBB family of receptors

The ERBB family of receptor tyrosine kinases includes EGFR (also known as ERBB1), 
ERBB2 (Her2/Neu), ERBB3/Her3 and ERBB4/Her4. These receptors are expressed in 
several tissues where they play important roles in regulation of development, prolif-
eration, migration, differentiation, and survival (reviewed in [75-77]). 
ERBB receptors are transmembrane proteins with an extracellular ligand binding 
domain, a single transmembrane domain, and an intracellular, cytoplasmic, protein 
tyrosine kinase domain (reviewed in [75, 76]). The family of EGF-related peptide 
growth factors is able to bind the extracellular domain of the ERBB receptors (Fig. 
1.3A). Several ligands have been identified for EGFR, ERBB3 and ERBB4, but no direct 
ligand has been found for ERBB2 so far. Ligand binding induces dimerization, result-
ing in the formation of homo- or heterodimers (Fig. 1.3B) [75]. Dimerization leads to 
activation of the cytoplasmic tyrosine kinase domain, initiating a signaling cascade 
(Fig. 1.3C) [78, 79]. Two major intracellular signaling pathways activated by ERBB 
receptors are the MAPK and the PI-3K (reviewed in [75, 80, 81]). Other signaling me-
diators activated by the ERBB receptors include the signal transductor and activator 
of transcription proteins (STATs) (reviewed in [82]); SRC (reviewed in [83]); and mam-
malian target of rapamycin (mTOR) (reviewed in [84]). 

1.4.1 ERBB receptors and cancer
ERBB receptors are involved in processes such as cell survival, migration, invasion 
and angiogenesis (reviewed in [78]). Abnormal ERBB signaling is found in several hu-
man cancers including breast, lung, ovarian and prostate [79, 80]. 
EGFR was the first tyrosine-kinase receptor to be linked directly to human cancers 
(reviewed in [85]). EGFR gene amplification, and/or protein over-expression, are of-
ten found in human cancers [86, 87], including 45% of breast cancers [88]. Gene am-
plification may occur together with gene rearrangements, which may constitutively 
activate the receptor [89]. Over-expression of EGFR correlates with a poor outcome 
in several human cancers [90]. Expression of EGFR is inversely related to expression 
of ER, and therefore an indication of intrinsic endocrine resistance.
The oncogenic effect of ERBB2 is due to over-expression, usually caused by gene am-
plification. Over-expression of ERBB2 occurs in approximately 20% to 30% of human 
breast cancers [91, 92], and is also found in other cancers including ovarian and gas-
tric (reviewed in [93]). In breast cancer, over-expression of this receptor is associated 
with a poor prognosis, tumor aggressiveness and tamoxifen resistance [91, 94-97]. 
ERBB3 is often expressed together with ERBB2 in breast cancers [98, 99], and 
phosphorylated ERBB3 is often found in tumors with over-expression of ERBB2 
[100, 101]. The prognostic value of ERBB3 expression remains to be established. 
The role of ERBB4 in carcinogenesis is not yet clear, but this receptor may induce 
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inhibition of cell growth rather than proliferation [102]. Expression of ERBB4 is de-
tectable in less than half of the breast cancers, and its expression is associated with 
a better patient outcome [103, 104]. 

Chapter 1

Figure 1.3. Activation of ERBB receptors and downstream signaling pathways. The ERBB2/ERBB3 heter-
odimer is used as an example. (A) ERBB2 exists in a conformation which allows immediate dimerization. 
The ERBB3 receptor exists in an inactive conformation. (B) Ligand (neuregulin (NRG)) binds ERBB3 and 
the receptor becomes available for dimerization with its partners. ERBB3 lacks kinase activity (indicated 
as crossed kinase domain (KD) in the figure). (C) Dimerization initiates phosphorylation of the involved 
receptors, allowing the binding and activation of downstream mediators, resulting in the activation of 
signaling pathways, including the mitogen-activated protein kinase (MAPK), phosphatidylinositol-3 kinase 
(PI-3K)/AKT and STATs pathways. Activation of these pathways can culminate in several cellular responses 
such as increased cell proliferation, survival, migration, and decreased cell cycle control. Figure modified 
from [77].
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1.4.2 ERBB2 targeted therapies
Due to its involvement in several human cancers, several therapeutic agents which 
disrupt ERBB2 function or downstream signaling were developed. Agents approved 
for clinical use are summarized next, and in figure 1.4.
 
Trastuzumab (Herceptin®, Roche) is a humanized antibody that binds to the extracel-
lular domain of ERBB2 (Fig. 1.4) [105]. The mechanism behind trastuzumab’s clinical 
efficacy is not completely elucidated. A role of the immune system in this process 
has been suggested [106, 107], and in preclinical studies it has been shown that tras-
tuzumab down-regulates ERBB2 levels and signaling [108, 109]. In patients with re-
current disease, over-expressing ERBB2, trastuzumab combined with chemotherapy 
and used as first-line therapy improves progression-free and overall survival [110-
115]. Although trastuzumab has been shown to increase the risk of cardiac dysfunc-
tion [116], it is approved for the adjuvant treatment of patients with breast cancer 
over-expressing ERBB2 in combination with or following chemotherapy. 
Pertuzumab is another antibody against ERBB2. It is different from trastuzumab be-
cause it binds the dimerization domain of the receptor (Fig. 1.4), and unlike trastu-
zumab, it inhibits ERBB2 from dimerizing with the other ERBB receptors [79, 117, 
118]. Pertuzumab has not yet been approved for the treatment of breast cancer.

                                                                                                                                    Introduction

Figure 1.4. ERBB2-targeted therapies and their sites of interaction with the receptor. Trastuzumab binds 
the extracellular domain of ERBB2 and interferes with its activity. Pertuzumab binds the dimerization arm 
of the receptor and blocks dimerization with other ERBB receptors. Lapatinib acts intracellularly, by com-
peting with ATP for binding the tyrosine kinase domain (KD). This inhibits receptor phosphorylation and 
downstream signaling. Figure modified from [77]. 



20

Lapatinib is a reversible, potent inhibitor of EGFR and ERBB2 [119-122]. This small 
molecule competitively binds the ATP-pocket of the tyrosine kinase domain, blocking 
self-phosphorylation of the receptors (Fig. 1.4). By doing so, it prevents activation of 
downstream mediators and thereby inhibits signal transduction, leading to increased 
apoptosis and decreased proliferation [123, 124]. Lapatinib treatment inhibits phos-
phorylation of ERBB2 downstream kinases in ERBB2-overexpressing breast cancer 
cell lines, xenografts, and breast cancers [122, 124-127]. Because lapatinib targets 
the intracellular domain of the receptors, it may also be effective in cancers express-
ing truncated receptors which lack the extracellular domain [128]. 
Lapatinib is approved for the treatment of patients with advanced or ERBB2-over-
expressing metastatic breast cancer when administered in combination with the cy-
totoxic drug capecitabine [119], or letrozole (www.fda.gov), an aromatase inhibitor.

1.5. Functional genetic screenings and the identification of candidate 
tamoxifen resistance genes

Despite the success of tamoxifen and other anti-estrogens in the treatment of 
breast cancer, resistance remains a major problem. A better understanding of the 
mechanisms involved in resistance will assist in the development of new strategies 
to overcome resistance, and allow the identification of new therapeutic targets and 
biomarkers of therapy response. Functional genetic screenings were developed to 
identify genes causing tamoxifen resistance. These functional screenings included 
retrovirus insertion mutagenesis and retroviral transduction of cDNA libraries  [129, 
130]. Insertional mutagenesis is based on the fact that retroviruses randomly inte-
grate in the genome of cells they infect, and this integration can affect the expression 
of a single gene in its proximity. The affected gene may become over- or under-ex-
pressed or truncated, depending on the location of the insertion of the viral genome. 
In the search for genes causing tamoxifen resistance, this approach was applied to 
ZR-75-1 cells. These cells are estrogen-dependent and anti-estrogen-sensitive  [131] 
human breast cancer cells. After infection, cells were selected for tamoxifen-resistant 
growth. Twelve gene loci strongly associated with tamoxifen-resistant cell prolifer-
ation were identified [130, 132-134], and seven of them (BCAR1, TRERF1/BCAR2, 
BCAR3, EGFR, AKT1, AKT2 and GRB7) were proved to be causative. Although inser-
tional mutagenesis is useful in the identification of such genes, it has also proved 
to be very laborious. Because of this, in subsequent screenings a faster strategy us-
ing retroviral transduction of cDNA libraries was applied [135]. ZR-75-1 cells were 
infected with replication-impaired retroviruses which contained cDNAs from differ-
ent tissues. After infection, cells were selected for anti-estrogen-resistant growth.

Chapter 1
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In proliferating colonies of cells the inserted gene was identified by PCR and nucleotide 
sequence analysis. Additional genes identified by this method were ABCB1, BCAR4, 
CSFR1, EEF1A1, EIF1, FBXL10, FGF17, HRAS, NRG1, PDGFRA, PDGFRB, RAD21, RAF1, 
and RPL18A [129, 136]. Some of the genes identified in these screenings are over-ex-
pressed in breast cancer, where they predict tamoxifen resistance [97, 137-140], and 
some have roles in signaling pathways involved in endocrine resistance (reviewed 
in [28]). Taken together, these results show the usefulness of functional genetic 
screenings to identify relevant genes and pathways relevant in endocrine resistance. 

1.5.1 The breast cancer anti-estrogen resistance 4 (BCAR4) gene
The novel breast cancer anti-estrogen resistance 4 (BCAR4) gene was identified 
in one of the functional screenings using different retroviral cDNA libraries [129]. 
The BCAR4 cDNA was recovered from the human placenta library only, suggesting 
restricted expression or specific function. In contrast to control cells, ZR-75-1 cells 
transduced with retroviruses containing BCAR4, were able to proliferate in the pres-
ence of tamoxifen. ZR-75-1 cells expressing a BCAR4 construct carrying a frameshift 
mutation were unable to grow in the presence of tamoxifen, implying that the BCAR4 
protein is required. Furthermore, cells with forced expression of BCAR4 were capable 
of anchorage-independent growth without addition of estrogens. Despite these find-
ings, the function of the gene is yet unknown. 

1.6. Objectives of the thesis

Resistance to tamoxifen still remains a major challenge in the treatment of ERα-
positive breast cancer. BCAR4 expression was shown to induce tamoxifen resistance 
in cell lines therefore we aimed at establishing the clinical relevance of this gene, 
to functionally characterize it, and to get insights into the mechanisms of BCAR4-
induced tamoxifen resistance. In chapter 2 the clinical relevance of this novel gene is 
established. BCAR4 mRNA expression was measured in primary breast cancer sam-
ples. The associations of expression levels and tamoxifen resistance and tumor ag-
gressiveness were determined. In addition, proteins involved in BCAR4-induced ta-
moxifen resistance were identified. The goal of chapter 3 was to get insights into the 
function of BCAR4. To elucidate its role in normal development we have searched the 
literature and public databases for BCAR4 homologues and its expression in normal 
and diseased human tissues. To investigate its role in endocrine resistance, we tested 
the ability of BCAR4-expressing cells to proliferate in the presence of several anti-
estrogens and in the absence of estrogen. The ability of BCAR4 to induce tumor for-
mation in vivo, and the involvement of ERα on BCAR4-induced tamoxifen resistance
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were determined. The identification of signaling pathways activated in resistant cell 
models may reveal new targets for therapy. Therefore, in chapter 4 we aimed at iden-
tifying such signaling pathways. A reverse-phase protein microarray analysis, includ-
ing specific antibodies for total and phosphorylated key signaling proteins, was per-
formed on lysates of cells over-expressing BCAR4 and several other BCAR genes. All 
of them have previously been shown to induce tamoxifen resistance. In chapter 5 the 
sensitivity of BCAR4-expressing cells to lapatinib as a single agent or in combination 
with tamoxifen was tested. Moreover, we determined the prevalence of tumors posi-
tive for BCAR4 expression without ERBB2 over-expression or gene amplification. The 
associations of the combined BCAR4 and ERBB2 mRNA levels and clinical tamoxifen 
resistance were determined. To get more insights into the mechanism of BCAR4-in-
duced tamoxifen resistance, the gene expression patterns of cells expressing several 
BCAR genes were compared in chapter 6. The significance and clinical implications of 
these findings are summarized and discussed in chapter 7. 
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Abstract 

Background: 
Breast cancer anti-oestrogen resistance 4 (BCAR4) was identified in a search for 
genes involved in antieoestrogen resistance in breast cancer. We explored whether 
BCAR4 is predictive for tamoxifen resistance and prognostic for tumour aggressive-
ness, and studied its function. 

Methods: 
BCAR4 mRNA levels were measured in primary breast tumours, and evaluated for as-
sociation with progression-free survival (PFS) and clinical benefit in patients with oes-
trogen receptor (ERα)-positive tumours receiving tamoxifen as first-line monothera-
py for advanced disease. In a separate cohort of patients with lymph node-negative, 
ERα-positive cancer, and not receiving systemic adjuvant therapy, BCAR4 levels were 
evaluated for association with distant metastasis-free survival (MFS). The function of 
BCAR4 was studied with immunoblotting and RNA interference in a cell model.

Results: 
Multivariate analyses established high BCAR4 mRNA levels as an independent predic-
tive factor for poor PFS after start of tamoxifen therapy for recurrent disease. High 
BCAR4 mRNA levels were associated with poor MFS and overall survival, reflect-
ing tumour aggressiveness. In BCAR4-expressing cells, phosphorylation of v-erb-b2 
erythroblastic leukaemia viral oncogene homolog (ERBB2), ERBB3, and their down-
stream mediators extracellular signal-regulated kinase 1/2 and v-akt mutine thymo-
ma viral oncogene homolog (AKT) 1/2, was increased. Selective knockdown of ERBB2 
or ERBB3 inhibited proliferation, confirming their role in BCAR4-induced tamoxifen 
resistance. 

Conclusion: 
BCAR4 may have clinical relevance for tumour aggressiveness and tamoxifen resist-
ance. Our cell model suggests that BCAR4-positive breast tumours are driven by 
ERBB2/ERBB3 signalling. Patients with such tumours may benefit from ERBB-target-
ed therapy.

Chapter 2
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Introduction

Over  three decades, the anti-oestrogen tamoxifen has been the endocrine treatment 
of choice for patients with oestrogen receptor (ERα)-positive breast cancer [1]. As an 
adjuvant therapy after surgery, tamoxifen reduces the incidence of relapse. In half of 
the patients with recurrent disease tamoxifen induces an objective clinical response 
[2, 3]. However, the cancer will ultimately progress to hormone-independence that 
is, becoming unresponsive to tamoxifen. Despite extensive studies, the mechanisms 
involved in resistance are largely unknown [4-9].
Clinically, tamoxifen resistance is associated with poor prognosis and outcome. Thus, 
understanding of the mechanisms leading to this resistance is needed for developing 
new therapies. Previously, we applied several functional screens to identify genes 
involved in anti-oestrogen resistance [10-14]. In one of the screens we identified 
a new gene, breast cancer anti-oestrogen resistance 4 (BCAR4). In the tamoxifen-
sensitive ZR-75-1 human breast cancer cell line, forced expression of BCAR4 induced 
tamoxifen-resistant proliferation [13]. 
To establish the clinical relevance of BCAR4, we investigated its relationship with ta-
moxifen resistance and cancer aggressiveness. In addition, we explored its biological 

function in vitro. 

 

Materials and methods

RNA isolation, complementary DNA synthesis and quantification of mRNA tran-
scripts
The isolation of RNA, quantification, complementary DNA synthesis, and normali-
zation to reference genes were performed as described before [15] (details in the 
supplementary Material and Methods). TaqMan gene expression Assay-on-demand 
assays were BCAR4 Hs00415922_m1, EGFR (Hs01076091_m1), v-erb-b2 eryth-
roblastic leukaemia viral oncogene homolog (ERBB)2 (Hs00170433_m1), ERBB3 
(Hs00176538_m1) and ERBB4 (Hs00171783_m1) (Applied Biosystems International, 
Nieuwerkerk a/d Ijssel, the Netherlands), used according to the recommendations 
of the supplier.

Cell lines 
The ZR-75-1 and derived cell lines containing expression vectors for BCAR4 (ZR/
BCAR4) [13], BCAR3 (ZR/BCAR3) [11], EGFR (ZR/EGFR) [16], v-akt murine thymoma 
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viral oncogene homolog (AKT)1 (ZR/AKT1) and AKT2 (ZR/AKT2) [14], were cultured as 
described previously [16]. 

Western blot analysis and Immunoprecipitation
Immunoprecipitation and immunoblotting were performed as described [17] (details 
in the supplementary Material and Methods). 

Small interfering RNA-mediated inhibition of gene expression
Cells were seeded into 96-well plates at a density of 7500 per well. After 24 hrs, a 
mixture containing 25 μl small interfering RNA (siRNA), 25 μl DharmaFect3 (Perbio-
Science, Etten Leur, the Netherlands), and 50 μl medium was added. Final concen-
trations were 25 nM siRNA, 1 nM β-estradiol or 1 μM 4-hydroxytamoxifen (4-OHT) 
(Sigma-Aldrich Chemie, Zwijndrecht, the Netherlands). The ZR/EGFR cells were cul-
tured in 4-OHT containing medium, with 10 ng/ml EGF (Roche-Diagnostics, Almere, 
the Netherlands). After 4 days, a WST-1 proliferation assay was performed (Roche Di-
agnostics). For each condition, six replicates were assayed. For RNA isolation, 8 repli-
cates were lysed with RNABee (Bio-Connect, Huissen, the Netherlands) and pooled. 
siRNAs were On TARGETplus SMARTpools (Dharmacon, Perbio-Science), each con-
sisting of 3 oliogonucleotides: EGFR (L-003114-00-0005), ERBB2 (L-003126-00-005), 
ERBB3 (L-003127-00-0005) and ERBB4 (L003128-00-0005) (Perbio-Science).

Clinical details 
To assess the clinical relevance of BCAR4 in breast cancer, we measured mRNA levels 
in a cohort of 1474 ERα-positive and negative primary breast tumours from patients 
with detailed clinical follow-up [18]. BCAR4 was detected in 398 samples (27%). ERα-
status was determined by ligand-binding or enzyme immunoassays [19], 73% of the 
tumours were ERα-positive. The medical ethics committee of the Erasmus MC-Uni-
versity Medical Center Rotterdam, the Netherlands, approved our study design (MEC 
02.953). This retrospective study was in accordance with the Code of Conduct of the 
Federation of Medical Scientific Societies in the Netherlands, and is reported in line 
with the REMARK guidelines [20]. All patients underwent surgery between 1979 and 
1996.
To determine the association of BCAR4 with tamoxifen resistance, samples from 280 
patients (selected from the cohort of 1474 patients) with ERα-positive tumours, who 
received first-line tamoxifen therapy for advanced disease, were analysed. About 
42% of these patients had lymph node-negative (LNN) cancer and 10% presented 
with metastasis at diagnosis. None had received adjuvant hormone therapy. A total 
of 53 patients were treated with systemic adjuvant chemotherapy (21 with anthracy-
cline, 32 with non-anthracycline based regimens). Response to tamoxifen treatment 

was monitored according to a standardized protocol [21, 22]. Clinical benefit, defined 
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as objective (measurable) tumour response or no change for more than 6 months, 
was observed in 172 patients (62%) with 11 complete and 37 partial remissions, and 
124 had no change for more than 6 months. From the remaining 108 patients, 91 had 
progressive disease and 17 had no change for 6 months or less. The median follow-
up after the start of tamoxifen therapy was 38.2 months. The median time that 50% 
of the patients experienced progression is 9.2 months.
For studying the relation between BCAR4 mRNA levels and prognosis, 506 patients 
with lymph node-negative cancer, ERα protein–positive disease were selected from 
the cohort of 1474 patients. None received systemic adjuvant therapy. During follow-
up 193 experienced a relapse of distant metastasis (median follow-up time was 97 
months). Patients with recurrent disease [115] were subsequently treated with ta-
moxifen. These were also included in the advanced study group of 280 patients.

Statistical analyses
Statistical computations were performed with STATA, 10.1 (STATA Corp., College Sta-
tion, TX). Differences in mRNA concentrations were assessed by the Mann-Whitney 
U test or the Kruskal-Wallis test. Patient and tumour characteristics were used as 
grouping variables. Spearman rank correlation was used to quantify the strength of 
the monotonic association between continuous variables. For the levels of estrogen 
receptor (ESR)1 and progesterone receptor (PGR) Box-Cox and logarithmic transfor-
mation was applied to reduce skewness. The transformed data were used for all anal-
yses. The Cox proportional hazards model was used to calculate the hazard ratio (HR) 
and its 95% confidence interval in the analyses for metastasis-free survival (MFS), 
overall survival (OS), progression-free survival (PFS) and post-relapse survival. For 
MFS, the end point was the first detection of a distant metastasis as confirmed after 
symptoms reported by the patient or at the time of detection of clinical signs at fol-
low-up. This endpoint was preferred over relapse free survival because relapse may 
be local and treated accordingly. The group is therefore more homogeneous from 
the perspective of treatment. During the years the tumours were collected (1979-
1996), tumour grade was assessed by regional pathologists and not yet according 
current standards. In addition, approximately 30% of the pathology records lacked 
information on tumour grade. Therefore, we included in our prognostic analyses only 
the univariate survival data, because grade is included in the model for multivari-
ate analysis. For all advanced patients treated with tamoxifen, PFS was defined as 
the time elapsed between initiation of first-line tamoxifen therapy and the first de-
tection of disease progression. In multivariable analyses for PFS the model included 
the classical predictive factors age, menopausal status at start of first line therapy, 
the disease free interval, the dominant site of relapse and ESR1 and PGR mRNA lev-
els. Proportional hazards assumption was verified by a test based on Schoenfeld re-

siduals. In case of violation, the analysis was stratified for the variable. Data were 
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visualized in survival curves with the method of Kaplan and Meier. The logrank test 
was used to compare survival curves whereas for more than two groups the logrank 
test for trend was used. Logistic regression analysis was used for the relation be-
tween mRNA levels and clinical benefit of tamoxifen therapy and reported as the 
odds ratio and its 95% confidence interval. A two-sided P-value of <0.05 was consid-
ered statistically significant.

Results

Clinical relevance of BCAR4

Association of BCAR4 mRNA levels with tamoxifen resistance
To address the question whether BCAR4 is associated with clinical tamoxifen resist-
ance, we studied 280 ERα-positive primary breast cancer specimens from patients 
with advanced disease. These patients received tamoxifen monotherapy as first-line 
treatment. The levels of BCAR4 mRNAs were determined by quantitative RT-PCR of 
complementary DNA preparations of primary breast tumours. The levels of BCAR4 
mRNA levels were analysed for association with the clinicopathological factors and 
the end points PFS, clinical benefit and post relapse survival. BCAR4 mRNA was de-
tected in 81 samples (29%). Tumours with mRNA levels below the detection limit 

were categorized as negative. Tumours with detectable levels of mRNA were cat-
egorized in a single group (positive), or in two groups (low or high) split at median 
levels. No relation between categorized BCAR4 mRNA levels and age, menopausal 
status, tumour size, nodal status, or adjuvant systemic treatment of the patients was 
observed (Supplementary Table 1). Univariate Cox regression analysis revealed that 
the presence of BCAR4 mRNA was significantly associated with shorter PFS (positive 
vs. negative HR = 1.45, P = 0.007, Table 1). High levels were significantly associated 
with shorter PFS (high vs. negative HR = 1.70, P = 0.003), while low levels were not 
informative. The Kaplan-Meier curves for PFS in these subgroups show rapid progres-
sion of the disease in patients with high levels of BCAR4 (Figure 1).
In the multivariate analysis for PFS, high BCAR4 levels were independently predic-
tive for short PFS (high vs. negative, HR = 1.47, P = 0.041, Table 1). In the univariate 
analysis of post-relapse survival, high BCAR4 levels were related with poor outcome 
(high vs. negative HR = 1.68, P = 0.007, Supplementary Table 2), but this association 
was not independent of the traditional predictive factors (HR = 1.44, P = 0.073). In 
the univariate logistic regression analysis of clinical benefit, high BCAR4 levels were 
significantly associated with an unfavourable response to tamoxifen treatment (high 
vs. negative OR = 0.49, P = 0.042, Supplementary Table 3).
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Table 1. PFS after first-line tamoxifen treatment of 280 patients with oestrogen receptor-positive primary 
breast cancer.

Abbreviations: CI = Confidence Interval; HR = Hazard ratio; PFS = progression-free survival. BCAR4 mRNA 
levels were defined as high, low or negative.  Multivariate analyses were stratified for this variable.  BCAR4 
was introduced to the base model that included the factors age, menopausal status, dominant site of 
relapse and ESR1 and PGR mRNA levels as transformed continuous variables. Inclusion of adjuvant chemo-
therapy in the base model did not change the estimates for BCAR4.

                                                            Univariate analysis                           Multivariate analysis

                                 No.             HR              95% CI P HR 95% CI      P

Age at start of therapy (years)                   0.083                                0.109
≤ 55                                 110            1.00   1.00  
56 - 70                                 102            0.85          0.64 - 1.12  0.74        0.49 - 1.10 
> 70                                   68            0.70          0.51 - 0.96  0.62        0.40 - 0.96 

Menopausal status at start of therapy                  0.454                    0.216
Pre                                       73                                       1.00   1.00  
Post                                      207                     0.90          0.68 - 1.19  1.30        0.86 - 1.96 

Disease-free interval (years)                                                                                                                   <0.001   
≤ 1                                        72               1.00     
1 - 3                                      126               0.67          0.50 - 0.90    
> 3                                         82              0.52          0.37 - 0.72    

Dominant site of relapse                                      0.673                    0.517
Local regional relapse                   29               1.00      1.00  
Bone                                 144              1.20          0.79 - 1.83      1.18                                                    0.76 - 1.84 
Viscera                                 107              1.15          0.74 - 1.77     1.29                                                      0.82 - 2.05  
ESR1 mRNA level                 280                 0.91          0.86 - 0.96                                      0.001    0.92                                                      0.86 - 0.98          0.010
PGR mRNA level                 280               0.90             0.84 - 0.97                                    0.004    0.92                                                      0.85 - 0.99          0.026
     
                                                                                                              Additions to the base model 
BCAR4                                  280      
Positive vs. negative            81/199                                1.45                  1.11 - 1.90                                     0.007                                                                                         1.26                                                    0.95 - 1.68    0.104
Low vs. negative            41/199                                 1.27               0.90 - 1.80                                     0.177                                                                                         1.12                                                      0.78 - 1.60    0.554
High vs. negative            40/199                                  1.70                  1.20 - 2.41                                 0.003                                                                             1.47                                                     1.02 - 2.13          0.041

a

b
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Figure 1. Progression-free survival of 280 patients with advanced disease  treated with first-line tamoxifen 
monotherapy. Kaplan-Meier  curves for  PFS   for  subgroups  of  patients  as  a  function of  BCAR4 mRNA 
status. Patients at risk at 12-month intervals are indicated. 

a b
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Association of BCAR4 mRNA levels with tumour aggressiveness
In our cell line model, expression of BCAR4 gives rise to an aggressive phenotype, 
that is, vigorous oestrogen-independent growth and anchorage independence [13]. 
Therefore, we investigated whether BCAR4 mRNA levels give information on tumour 
aggressiveness. To estimate the true prognostic value of BCAR4, we performed analy-
ses on a cohort of 506 patients with lymph node negative cancer, ERα-positive dis-
ease. These patients had not received systemic adjuvant treatment. BCAR4 mRNA 
was detected in 119 samples (24%). No relation between categorized BCAR4 mRNA 
levels and age, menopausal status, tumour size or tumour grade was found (Sup-
plementary Table 4). Univariate analyses showed a significant association between 
the presence of BCAR4 mRNA (positive vs. negative) and shorter MFS (HR = 1.41, P = 
0.033) and OS (HR = 1.77, P = 0.001) (Table 2). Kaplan-Meier curves show the rapid 
recurrence of the disease in the group of patients with detectable BCAR4 compared 
with the BCAR4-negative group (Figure 2). Patients with high BCAR4 in the tumours 
showed the worst MFS and overall survival (Table 2). 

Table 2. Univariate analysis for metastasis-free and overall survival in 506 patients with oestrogen 
receptor-positive, lymph node-negative primary breast cancer

                                         Metastasis-Free Survival                         Overall Survival

                        No.       HR         95% CI                 P           HR                95% CI       P
       
Age (years)              0.035                                     0.479
≤40                              56            1.00                                                                      1.00  
41 - 55                            183                                                 0.82           0.54 - 1.26                                                                             0.95                                                                              0.58 - 1.55 
56 - 70                            159                                                 0.61           0.39 - 0.96                                                                        0.91              0.55 - 1.51 
>70                            108                                                 0.53           0.32 - 0.89                                                                                   1.26                  0.74 - 0.215 

Menopausal status              0.054                                                                                                              0.334
Pre                     203                                                1.00                                                                      1.00  
Post                      303                                                0.76                                                                               0.57 - 1.01                                                                                   1.16                                                                              0.86 - 1.58 

Tumor size (cm)              0.269                                                                                                                          0.232
≤ 2                       233                                                1.00                                                                      1.00  
>2                       273                                               1.17                                                                              0.88 - 1.56                                                                     1.20                                                                             0.89 - 1.62 

Grade                   0.001                                                                                      0.040
Poor                               243                                               1.00                                                                      1.00  
Unknown                      161                                             1.11                                                                                  0.81 - 1.50                                                                     1.00                                                                              0.72 - 1.40 
Moderate                    102                                                0.51                                                                               0.33 - 0.78                                                                       0.60                                                                              0.39 - 0.93 
       
ESR1 mRNA                   506                                                0.95                                                                              0.89 - 1.01                                           0.080                                                                 0.98                                                                              0.92 - 1.04                                                   0.546
PGR mRNA                   506                                                0.85                                                                             0.78 - 0.93                                             <0.001                                                              0.84                                                                              0.76 - 0.92                               <0.001
       
BCAR4        
Positive vs. negative    119/387                         1.41                                                                               1.03 - 1.94                                                      0.033                                                                1.77                                                                             1.28 - 2.45                                               0.001
Low vs. negative   60/387                            1.29                                                                               0.84 - 1.98                                                       0.240                                                                1.62                                                                             1.06 - 2.48                                              0.027
High vs. negative   59/387                            1.54                                                                                1.03 - 2.31                                                      0.037                                                               1.94                                                                             1.28 - 2.94                                               0.002

Abbreviations: CI = Confidence Interval; HR = Hazard Ratio; MFS = Metastasis-Free Survival. BCAR4 mRNA 
levels were defined as high, low or negative
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Figure 2. Metastasis-free survival in 506 patients with LNN, ERα-positive breast cancer. Kaplan-Meier 
curves for MFS for subgroups of patients as a function of BCAR4 mRNA status of the primary tumours. 
Patients at risk at 24-month intervals are indicated. 

Characterization of BCAR4 using a breast cancer model 

BCAR4 activates ERBB2 and ERBB3 signalling
Identification of activated proteins in BCAR4-expressing cells may give important in-
sight into BCAR4 function in anti-oestrogen-resistant proliferation. To identify pro-
teins activated by BCAR4, we performed immunoprecipitation using an antibody di-
rected to phosphorylated tyrosine residues. Lysates of ZR-75-1 cells were compared 
with lysates of equal numbers of cells with forced expression of BCAR4, BCAR3, AKT1 
or AKT2. All these transgenic cell lines are resistant to tamoxifen, due to expression of 
the transgene [11-13, 23]. Amongst others, an abundant 180kD band was detected in 
ZR/BCAR4 cells which was hardly observed in the other cell lines (Figure 3A, arrow). 
The position of the protein band and the knowledge that the ERBB receptors can be 
involved in tamoxifen resistance provided a possible clue. Identically loaded blots 
were probed with antibodies against EGFR, ERBB2, ERBB3 and ERBB4. ZR-75-1 cells 
do not express EGFR [16] and phosphorylated EGFR was not detected. Low levels 
of phosphorylated ERBB4 were detected, but no increase in ZR/BCAR4 cells (Figure 
3A). In contrast, phosphorylation of ERBB2 and ERBB3 was noticeably elevated in the 
ZR/BCAR4 cells (Figure 3A). This increase in phosphorylation of ERBB2 and ERBB3 
in BCAR4 transduced cells, compared with empty vector-expressing cells, was not 
due to higher total levels of these receptor proteins (Figure 3B). Additional analyses 
showed that AKT and extracellular signal-regulated kinase 1/2, representing major 
proliferative and survival pathways down-stream of ERBB2/ERBB3 signalling, were 
also activated in ZR/BCAR4 cells (Figure 3B). This indicates that BCAR4 expression 
enhances the activity of the ERBB2 and ERBB3 receptors.

                                                                                                                     BCAR4 in breast cancer 
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Figure 3.  Activation of the ERBB2/ERBB3 signalling pathway by BCAR4. (A) Lysates of ZR-75-1 cells trans-
duced with empty vector, BCAR4, BCAR3, AKT1 or AKT2 were immunoprecipitated with phosphotyrosine-
specific antibody and subjected to western blot analysis. An approximately 180 kD band in lysates from 
ZR/BCAR4 cells is marked with an arrow. To identify the phosphorylated proteins in this band, identically 
loaded blots were probed with antibodies against EGFR, ERBB2, ERBB3 and ERBB4. Phospho-EGFR was not 
detected (not shown). (B) Activation of down stream signalling of ERBB2/ERBB3. Lysates of two independ-
ent pools of ZR-75-1 cells containing empty vector or stably expressing BCAR4, cultured in the presence 
of estradiol (E) or 4-OHT (T), were subjected to western blot analysis. Blots were probed with total ERBB2, 
ERBB3, phospho-AKT, total-AKT, phospho-ERK1/2 and total-ERK1/2 antibodies and beta-actin for loading 
control.

Chapter 2

siRNA-mediated reduction of ERBB signalling inhibits BCAR4-induced proliferation 
If increased ERBB2 and/or ERBB3 signalling is required for BCAR4-induced tamoxifen 
resistance, than inhibition of ERBB2 and/or ERBB3 should suppress ZR/BCAR4 pro-
liferation. To test this, ZR/BCAR4 and control cell lines were transfected with small 
interfering RNAs (siRNA) directed against the different ERBB receptors. Successful 
down-regulation of ERBB2 was confirmed by western blot analysis (insert Figure 4A). 
Inhibition of all ERBB receptors was verified by quantitative RT-PCR, showing reduc-
tions of over 50% of EGFR in ZR/EGFR cells, ≥80% of ERBB2 and ERBB3, and more 
than 60% for ERBB4 mRNA transcripts. 
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The ZR-75-1 cells are oestrogen-dependent, and growth is inhibited by anti-oes-
trogens. As a consequence, addition of 4-OHT inhibited proliferation of ZR-75-
1 cells, irrespective of the addition of siRNA (Figure 4A). Knockdown of EGFR ex-
pression did not inhibit proliferation of ZR/BCAR4 cells, due to the fact that both 
our parental and ZR/BCAR4 cells are devoid of EGFR. However, ERBB2, ERBB3, and 
ERBB4 siRNA all significantly inhibited proliferation of ZR/BCAR4 cells in the pres-
ence of 4-hydroxytamoxifen (Figure 4A). In the presence of EGF, ZR/EGFR cells are 
resistant to tamoxifen due to the expression of the EGFR transgene [16]. Prolifera-
tion was reduced when EGFR was inhibited by siRNA-mediated interference (Fig-
ure 4A) confirming the involvement of this pathway in resistance of these cells.

                                                                                                                     BCAR4 in breast cancer 

Figure 4. Knockdown of ERBB receptors reduces proliferation of cells with forced expression of BCAR4 or 
EGFR. (A) Cells were exposed to 4-hydroxytamoxifen (OH-TAM), plus EGF for ZR/EGFR cells. Insert shows 
the down-regulation of ERBB2 protein by western blot analysis, 96h after treatment with siERBB2 (+) or 
transfection reagent only (-). (B) Proliferation was measured in oestradiol-containing medium. Bars rep-
resent the average of 6 independent siRNA transfections. Data of six replicates is reported as mean ± s.d.. 
Significance was determined by the Mann-Whitney U test; *P < 0.05, ** P < 0.01  compared to the control 
(medium without siRNA). 
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The knockdown of ERBB2 and ERBB4, but not ERBB3, in ZR/EGFR cells also resulted 
in inhibition of proliferation. 
In oestradiol-containing medium, proliferation of BCAR4-expressing cells was also 
inhibited by addition of ERBB2 or ERBB3 siRNA (Figure 4B). In contrast, knocking-
down ERBB2 or ERBB3 expression in the vector-control cells did not inhibit prolif-
eration. In the presence of oestrogen, ZR/EGFR cells utilize the oestrogen receptor 
pathway and are not further stimulated with EGF. As expected, knockdown of EGFR 
in the presence of oestradiol did not inhibit proliferation (Figure 4B). In oestradiol-
containing medium, proliferation of ZR-75-1, ZR/BCAR4 and ZR/EGFR cells was re-
duced by knockdown of ERBB4, suggesting a role of ERBB4 in oestrogen-regulated 
growth (Figure 4B).

Discussion 

We describe two sets of patients with ERα-positive breast cancer. The first group 
received tamoxifen as first-line treatment for advanced disease. This allowed for 
the analysis of clinical benefit, PFS and post-relapse survival in advanced breast can-
cer patients in relation to BCAR4 mRNA levels in the primary tumour. In the second 
group, including only patients with lymph node-negative cancer, ERα-positive breast 
cancer, we investigated the prognostic value of BCAR4 mRNA levels. Our data show 
that high BCAR4 levels are independently predictive for shorter PFS after start of 
first-line tamoxifen therapy and in addition provide prognostic information for MFS 
and overall survival. Our results indicate that patients with high levels of BCAR4 are 
at increased risk for early recurrence of the disease and have reduced probability of 
long-term benefit of tamoxifen treatment.
We show that ERBB2/ERBB3 signalling is critically involved in the mechanism of 
BCAR4-induced proliferation in the presence of oestrogen or tamoxifen. BCAR4 over-
expression induced strong phosphorylation of ERBB2 and ERBB3. Key downstream 
mediators of ERBB signaling, AKT and extracellular signal-regulated kinase 1/2, were 
also activated in BCAR4-transduced cells. siRNA-mediated inhibition of the ERBB re-
ceptors confirmed the direct involvement of ERBB2 and ERBB3 in BCAR4-mediated 
proliferation. The ERBB tyrosine kinase receptors have important roles in normal 
development, growth and differentiation. Their involvement in numerous types of 
human tumours has been reported [reviewed in 24]. Gene amplification and over-ex-
pression of ERBB2 has been reported in several types of cancer including breast, and 
has been shown to contribute to a poor clinical outcome [18, 25-29]. Overexpression 
or amplification of ERBB2 predicts response failure to tamoxifen therapy [18, 28, 
30-32]. In patients with hormone receptor-positive breast cancer who had received 
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adjuvant tamoxifen therapy, EGFR, ERBB2 and ERBB3 phosphorylation was found to 
be associated with shorter disease-free and overall survival [33]. 
We have shown a mechanistic relationship between BCAR4 and the ERBB2/ERBB3 
signalling pathways in the development of anti-oestrogen resistance in vitro. There-
fore, BCAR4 expression may identify a subgroup of patients with increased ERBB2/
ERBB3 signalling, independent of gene amplification and/or over expression of 
ERBB2. This is particularly important because currently the application of ERBB2-
targeting drugs is limited to patients whose tumours express high levels of the ERBB2 
protein or show amplification of the ERBB2 gene [34]. Tumours with activated ERBB2 
signalling via other mechanisms will be tested ERBB2-negative. These patients are 
currently withheld ERBB2-targeting drugs. However, it remains to be established 
whether BCAR4-positive primary tumours have elevated levels of phosphorylated 
ERBB2 or ERBB3.
The BCAR4 amino acid sequence predicts two transmembrane domains, suggesting 
it may be localized at the cell membrane. Therefore, it might be a ligand for ERBB3, 
stimulating ERBB2/ERBB3 activity. It could also be a substrate for membrane-bound 
members of the ADAM (a disintegrin and metalloproteinase) domain family of pro-
teins, some of them reported to be expressed in several cancers, including breast, 
where they may release ERBB ligands and promote proliferation [reviewed in 34]. 
Another possible mechanism could be an intracellular interaction with the differ-
ent ERBB receptors inducing their phosphorylation, as reported for nucleolin [35]. 
The BCAR4 protein could also function similarly to MUC4, which was reported to 
be a transmembrane ligand for ERBB2 [reviewed in 36]. Another ability of Mucin4 
is to translocate ERBB2 to the apical surface in polarized epithelial cells [37], or to 
increase the amount of ERBB2 and ERBB3 in the plasma membrane, by preventing 
their intracellular accumulation [38]. How BCAR4 activates ERBB2/ERBB3 signalling 
remains to be established. 
In conclusion, high levels of BCAR4 mRNA predict resistance to endocrine therapy 
and poor outcome in ERα-positive breast cancer. If BCAR4-positive tumours are driv-
en by ERBB2 signalling, in the absence of gene amplification or over expression, as 
our results suggest, than more patients may benefit from ERBB2-directed therapy.
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Abstract 

Resistance to the antiestrogen tamoxifen remains a major problem in the manage-
ment of estrogen receptor-positive breast cancer. Knowledge on the resistance 
mechanisms is needed to develop more effective therapies. Breast cancer anties-
trogen resistance 4 (BCAR4) was identified in a functional screen for genes involved 
in tamoxifen resistance. BCAR4 is expressed in 27% of primary breast tumors. In pa-
tients treated with tamoxifen for metastized disease high BCAR4 mRNA levels are as-
sociated with reduced clinical benefit and progression-free survival. Regarding tumor 
aggressiveness high BCAR4 mRNA levels are associated with a shorter metastasis free 
survival and overall survival. In the present study, we investigated the role of BCAR4 
in endocrine resistance. Forced expression of BCAR4 in human ZR-75-1 and MCF7 
breast cancer cells resulted in cell proliferation in the absence of estrogen and in the 
presence of various antiestrogens. Inhibition of estrogen receptor 1 (ESR1) expres-
sion with small interfering RNA (siRNA), implied that the BCAR4-induced mechanism 
of resistance is independent of ESR1. Highly conserved BCAR4 homologues of rhesus 
monkey, green monkey and the less conserved common marmoset gene induced 
tamoxifen-resistant cell proliferation, in contrast to the distant BCAR4 homologues 
of bovine and rabbit. Injection of BCAR4-expressing ZR-75-1 cells into nude mice 
resulted in rapidly growing tumors. In silico analysis showed that BCAR4 mRNA is 
highly expressed in human placenta and oocyte, and absent in other normal tissues. 
In conclusion, BCAR4 is a strong transforming gene causing estrogen-independent 
growth and antiestrogen resistance, and induces tumor formation in vivo. Due to its 
restricted expression, BCAR4 may be a good target for treating antiestrogen-resistant 

breast cancer. 
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Introduction

Breast cancer is the second most prevalent cause of cancer death in women in the 
Western World. Multiple studies demonstrated that the hormone estrogen plays an 
important role in both breast cancer development and progression. Two estrogen 
receptor genes, ESR1 (ERα) and ESR2 (ERβ) have been identified, which show similar 
DNA- and ligand-binding properties, but distinct tissue distributions and functions 
[1]. Over two-thirds of invasive breast cancers are ESR1 positive [2]. The estrogen 
dependence of breast cancer represents a unique feature of the disease that can 
be manipulated by antiestrogens and aromatase inhibitors, to prevent recurrence of 
the disease. The selective estrogen receptor modulator (SERM) tamoxifen, has been 
the most commonly used hormonal therapy for ESR1-positive breast cancer during 
the last three decades [3-8]. It competitively binds the ligand-binding domain of the 
estrogen receptor, which is translocated to the nucleus and interacts with the DNA. 
This complex binds co-repressor proteins instead of the usual co-activators, resulting 
in inhibition of transcription and subsequent tumor growth [9]. 
Although tamoxifen has proven to be effective in the treatment of breast cancer, ei-
ther intrinsic or acquired resistance to endocrine therapy presents a major challenge 
in disease management. Several causes of tamoxifen resistance have been identified 
[10, 11] including loss of ESR1 expression, ESR1 mutations, alterations in co-regula-
tory proteins, and increased expression and/or activation of growth factor recep-
tors like EGFR, ERBB2, IGF1R and FGFR4, and their downstream signaling pathways 
including ERK and PI3K. The need for therapies circumventing or conversion of the 
tamoxifen-resistant phenotype remains. Expansion of our insights into the mecha-
nisms underlying therapy failure will help to develop new therapeutic strategies and 
to overcome endocrine resistance in breast cancer patients. 
In order to identify genes responsible for tamoxifen resistance in breast cancer, we 
performed several functional genetic screens [12-14]. Our first screens were based 
on insertional mutagenesis, an approach in which cells were targeted with defec-
tive retroviruses. The rationale for this approach is that virus integration can affect 
expression of a single gene, consequently altering the cell phenotype [12]. For these 
experiments we used human ZR-75-1 breast cancer cells, a cell line fully dependent 
on estradiol for its proliferation [15]. Seven breast cancer antiestrogen resistance 
(BCAR) genes were identified using this approach [16, 17]. However, these studies 
proved to be very laborious in indentifying the genes involved. Therefore, in subse-
quent screens, we applyed a retroviral transduction-based approach utilizing cDNA 
expression libraries [18]. In these screens, cells were transduced with several ret-
roviral cDNA expression libraries. Subsequently, cells were selected for their ability 
to proliferate in the presence of antiestrogens. When insertion and expression of a 
cDNA resulted in a proliferating colony of cells, the inserted gene was identified by
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PCR and nucleotide sequence analysis. Using this approach we previously identified 
eight additional genes conferring resistance to tamoxifen [14, 19]. This strategy also 
led to the identification of the novel gene BCAR4 [14]. Antiestrogen-sensitive human 
ZR-75-1 breast cancer cells transduced with BCAR4 became antiestrogen-resistant 
and capable of anchorage-independent growth in the absence of estrogens [14]. 
BCAR4 mRNA is expressed in 27% of primary breast tumors. High BCAR4 mRNA levels 
predict tamoxifen resistance and the presence of BCAR4 mRNA in the primary tumor 
is associated with tumor aggressiveness [20]. In addition, in our cell model BCAR4-
induced resistance involves ERBB2/ERBB3 signaling [20]. 
These observations and the limited knowledge of this novel gene, and the possibility 
that it may be a target for future therapy prompted us to functionally characterize 
BCAR4. We analyzed BCAR4 expression in silico in normal and diseased tissues, and 
searched for conserved homologues. In addition, the ability of BCAR4 to promote 
tumor formation in vivo was examined and the possible involvement of ESR1 in the 
mechanism of resistance to antiestrogens induced by BCAR4 expression was studied.

Materials and methods

Cell lines and culture conditions
ZR-75-1 cells-derived transfectants containing BCAR4 (ZR/BCAR4) [14], BCAR3 (ZR/
BCAR3) [16] or EGFR (ZR/EGFR) [15] were cultured as previously described [15]. Hu-
man breast cancer cell lines screened for the presence of BCAR4 mRNA (Supporting 
table 1) were cultured as described before [21].

Generation of BCAR4 constructs and transduction experiments
The coding regions of monkey BCAR4 homologues were retrieved from rhesus 
monkey and common marmoset genomic DNA isolated from blood (obtained from 
the Biomedical Primate Research Centre, Rijswijk, the Netherlands), and from 
DNA of the COS-1 cell line (green monkey) using PCR and BCAR4 primate-specific 
primers (Forward: 5’-TCACCATGTACCAACCTATCC-3’, reverse: 5’-ACAATGCTCAGGA-
GACTTAG-3’, nested forward: 5’-CCATGTACCAACCTATCCAAAC-3’, nested reverse 
1: 5’-CAGGAGACTTAGTTCCAAAGACG-3’, nested reverse 2: 5’-AGACGAAGATGC-
CAGGGTTC-3’, marmoset forward: 5’-AAAACCTCACCATGAACCAAC-3’, marmoset re-
verse: 5’-ACAGCTACAGCGCGGTGC-3’). The rabbit BCAR4 homologue was isolated 
from DNA from rabbit liver using the following primers: forward: 5’-GCAGCACAA-
GAACACCATGT-3’, reverse: 5’-CACACACACGCTTTGAGGTT-3’. The bovine BCAR4 
homologue was a kind gift of Rozenn Dalbiès-Tran [22]. PCR fragments contain-
ing the coding sequences were cloned into the pCR 2.1-TOPO vector (Invitrogen, 
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Breda, the Netherlands), sequenced on an ABI PRISM 3100 Genetic analyzer (Applied 
Biosystems, Nieuwerkerk a/d Ijssel, the Netherlands), according to the instructions 
of the manufacturer and subsequently transferred into the LZRS-IRES-Neo expres-
sion vector. The expression constructs with rhesus monkey and green monkey BCAR4 
were transfected into ZR-75-1 cells, using FuGENE 6 (Roche Diagnostics, Almere, the 
Netherlands). ZR-75-1 cells containing expression constructs from the common mar-
moset, rabbit and bovine were generated by viral infection as described before [14, 
19]. After selection for G418 resistance (Invitrogen), colonies were pooled and ex-
panded. Pools of ZR-75-1 cells with BCAR4 or empty vector expression constructs 
were harvested and plated in 25 cm  tissue culture flasks with medium containing 
1 μM 4-hydroxytamoxifen (4-OHT) (Sigma-Aldrich Chemie, Zwijndrecht, the Nether-
lands) at a density of 1.5x10  cells/flask. At days 4, 7, 11 and 14 cells were trypsinized 
and counted.

Xenograft formation 
Cells, resuspended in fresh culture medium and matrigel (5:1) (Collaborative Re-
search, Bedford, MA, USA) were injected subcutaneously (2x10  cells/site) under the 
mammary fat pad of 6-week old female NMRI nu/nu nude mice (HARLAN-Nederland, 
Horst, the Netherlands) at the right and left 4th nipple. Developing tumors were 
measured twice weekly. All animal experiments were performed according to na-
tional and institutional regulations.

Quantification of mRNA transcripts 
RNA isolation, quantification, cDNA synthesis and normalization to reference genes, 
were performed as previously described [23]. Primer sequences for quantification of 
ESR1, ESR2, TFF1 and PGR mRNA were published before [24]. For the quantification 
of BCAR4 transcripts, the Taqman gene expression assay (Hs00415922_m1) from Ap-
plied Biosystems (Nieuwerkerk a/d IJssel, the Netherlands) was used according to the 
recommendations of the supplier.

Proliferation assays
ZR/BCAR4 and ZR/vector cells were seeded in 96-well plates at a density of 5,000 
cells/well in 200μl RPMI 1640 (GIBCO, Invitrogen) containing 10% heat-inactivat-
ed bovine calf serum (BCS) (Hyclone, Logan, UT) and increasing concentrations of 
β-estradiol (E2) (from 1 pM to 10 nM), 4-OHT (from 100 pM to 10 μM), raloxifene 
hydrochloride (Sigma-Aldrich Chemie) (from 1 pM to 1 μM) or ICI182,780 (Astra-
Zeneca, Zoetermeer, the Netherlands) (from 1 pM to 1 μM). One percent ethanol 
or 0.1% DMSO was used as vehicle controls. To test serum dependence, cells were 
cultured in 200 μl RPMI 1640 containing increasing concentrations of BCS (from 0.1% 
to 25%) and 1 nM E2 or 1 μM 4-OHT. For each condition, six replicates were included. 
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After six days in culture, a WST-1 proliferation assay (Roche Diagnostics, Almere, the 
Netherlands) was performed, according to the instructions of the supplier. 

SiRNA-mediated inhibition of cell proliferation
The culture medium of ZR/vector, ZR/BCAR4 and ZR/EGFR cells was replaced by me-
dium without E2.  After 24 hours, cells were seeded into 96-well plates at a density of 
7500 cells/well. The next day, a mixture  containing  25 µl of the siRNA dilution, 25 µl 
of the transfection reagent DharmaFect3 (Dharmacon, Thermo Scientific, Etten-Leur, 
the Netherlands) dilution, and 50 µl of the supplemented culture medium was added 
to the wells. Final concentrations were 25 nM for siRNA, 0.1% transfection reagent, 
1  nM of E2 or 1 µM 4-OHT. ZR/EGFR cells cultured in 4-OHT-containing medium 
were supplemented with 10ng/ml EGF (Roche Diagnostics). For each condition, six 
replicates were included. After 4 days, a WST-1 proliferation assay was performed. 
SiESR1 (s4825) was purchased from Applied Biosystems International. SiBCAR3 On 
TARGET plus SMART pools (L-011469-00) was from Dharmacon. To monitor gene si-
lencing, eight wells were pooled by lysis with RNABee (Bio Connect, Huissen, the 
Netherlands) 48h after transfection and RNA was isolated according the protocol of 
the supplier. 

Results

Placental and oocyte-specific expression of BCAR4
BCAR4 was identified using functional genetic screens to isolate genes capable of 
inducing antiestrogen resistance in human breast cancer cells. Retroviral cDNA ex-
pression libraries from human brain, placenta, the cervical cancer cell line HeLa, and 
mouse embryo were used. BCAR4 was isolated from the human placenta library only 
[14], suggesting tissue and or species-specific expression. In order to analyze the 
BCAR4 mRNA expression in normal and diseased tissues, we searched for expression 
data in the literature, as well as in public expression databases (LOC400500/BCAR4/
Hs.24611 and probe set 230854_at on Affymetrix U133 2.0+ platform in Gene Ex-
pression Omnibus, GEO, NCBI, NextBio, www.nextbio.com, and SAGE, www.sagenet.
org). In normal tissues, BCAR4 was only found to be highly expressed in the oocyte 
(GEO, series GSE11450) [25, 26] and in the basal plate of the placenta from midg-
estation to term (GDS2529) [27-29]. In the expression datasets GSE7307 and 3526, 
which included 677 tissue samples of 90 normal and diseased human tissues, BCAR4 
expression was detected only in placenta and in the MDA-MB-231 breast cancer cell 
line. 
To establish if BCAR4 is also expressed in human breast cancer cell lines, we tested a 
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panel of 42 cell lines. Five (T47D, MDA-MB-415, UACC812, BT474 and ZR-75-30) were 
found to be positive (Supporting table 1). In contrast to the GSE7307 dataset, MDA-
MB-231 was tested negative. Based on gene expression profiling and the subsequent 
identification of four molecular breast cancer subtypes (luminal, normal breast-like, 
ERBB2/HER2 and basal-like) [21, 30], all the BCAR4-positive cell lines belong to the 
luminal subtype and are ESR1, and/or PGR-positive [21, 30].

BCAR4 is highly conserved in primates and was identified in other mammalian spe-
cies
In order to get insight into the evolution and function of BCAR4, we searched for the 
existence of BCAR4 homologues. The largest BCAR4 cDNAs identified in our func-
tional screen contained four exons. Sequence similarity analyses showed that the 
cDNAs had variable 5’-ends. The coding region which is present in all retrieved cDNAs 
is entirely located on exon four. Comparing the nucleotide sequence of the predicted 
BCAR4 open reading frame with other sequenced genomes revealed its close rela-
tionship to different primate homologues (Fig. 1). Sequence similarity searches using 
BLAST (Basic Local Alignment Search Tool) in Ensembl (release 59 - Aug 2010), and the 
NCBI sequence databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed a 100% 
similarity between the predicted BCAR4 protein sequences of Homo sapiens and Pan 
troglodytes (chimpanzee), a 99% similarity to Gorilla gorilla gorilla (Western lowland 
gorilla), and a 95% similarity to Pongo pygmaeus abelii (Sumatran orangutan). A 93% 
sequence similarity was found between human BCAR4 and the Old World monkeys 
Macaca mulatta (rhesus macaque), Macaca fascicularis (crab eating macaque), Cer-
copithecus aethiops (green monkey), and Papio anubis (olive baboon). The sequence 
similarity between human and the New World monkey Callithrix jacchus (common 
marmoset) BCAR4 protein was less conserved (75%). Distant BCAR4 homologues 
were found in Equus caballus (horse), Ochotona princeps (American pika), Bos taurus 
(bovine), Tupaia belangeri (common treeshrew), Oryctolagus cuniculus (rabbit) and 
Choloepus hoffmanni (Hoffmann’s two-toed sloth) (Supporting Fig. S1). 
In all putative BCAR4 protein homologues, InterProScan (Quevillon E, Nucleic Acids Re-
search, 2005) predicted two transmembrane domains and a signal peptide (Fig. 1). The 
BCAR4 gene is located on human chromosome 16p13.13, between the genes zinc fin-
ger CCCH-type containing 7A (ZC3H7A) and ribosomal L1 domain-containing protein 1 
(RSL1D1). RSL1D1 is oriented head to tail, 23 kb from the 5’-end of BCAR4 and ZC3H7A 
is oriented head to tail, at the 3’-end, 46 kb of BCAR4. In addition, two related se-
quences, without an open reading frame, are located on chromosomes 5p12 and 
14q23.1. The BCAR4 homologues of chimpanzee, orangutan, rhesus monkey, bovine, 
horse, American pika and rabbit are also located between the two well conserved 
genes ZC3H7A and RSL1D1. For the tree shrew and Hoffmann’s two-toed sloth, the 
gene maps are not yet available, therefore care has to be taken when interpreting 
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that these genes are the actual BCAR4 homologues. BLAST searches failed to iden-
tify conserved BCAR4 homologues in the mouse and rat. Although the BCAR4 flank-
ing genes ZC3H7A and RSL1D1 are also well conserved in these species, no BCAR4 

homologue could be identified in this locus. 

Chapter 3

Using PCR, we retrieved the BCAR4 coding sequences from rhesus macaque and 
green monkey, and generated expression constructs. Estrogen-dependent, anti-
estrogen sensitive human ZR-75-1 breast cancer cells were transduced with these 
different expression constructs. Proliferation assays showed that ZR-75-1 cells con-
taining BCAR4 homologues derived from rhesus macaque and green monkey were 
able to proliferate in the presence of 4-hydroxytamoxifen (4-OHT), in contrast to 
empty vector containing cells (Fig. 2A). These primate homologues retained the 
capability of inducing tamoxifen resistance; therefore we next tested a less con-
served BCAR4 homologue from the common marmoset and distant homologues 
from rabbit and bovine. Despite 25% sequence divergence, forced expression of 
the common marmoset BCAR4 still induced tamoxifen resistance (Fig. 2B). How-
ever, forced expression of the distant BCAR4 homologues of bovine and rabbit did 
not confer tamoxifen resistance (not shown), indicating possible divergence of
function of BCAR4 or its target(s).

Fig. 1. Alignment of predicted protein sequences of different primate BCAR4 homologues. Predicted pro-
tein sequences from human (H.s.), chimpanzee (P.t.), gorilla (G.g.g.), Sumatran orangutan (P.p.a), olive 
baboon (P.a.), rhesus macaque (M.m.), crab-eating macaque (M.f.), green monkey (C.e.) and common 
marmoset (C.j.) are shown. Sequences were aligned with the ClustalW2 multiple sequence alignment 
software tool. Amino acid identities are shown as dots. (*) Residues identical in all sequences in the align-
ment, (:) conserved substitutions, (+) semi-conserved substitutions. The position of the signal peptide, 
predicted using the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/), is shown above the se-
quence (amino acids 1-41, solid line). The transmembrane domains, as predicted by TMpred (http://www.
ch.embnet.org/software/TMPRED_form.html), are indicated with a dashed line (amino acids 27 - 46 and 
59 – 77).
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Fig. 2. Expression of primate BCAR4 homologues induces tamoxifen resistance in human ZR-75-1 breast 
cancer cells. (A) The proliferation curves of ZR-75-1 cells expressing the rhesus macaque (rm) or green 
monkey (gm) BCAR4 homologues show that these cells are able to proliferate in the presence of 4-OHT, 
while control cells (ZR/vector) are not. (B) ZR-75-1 cells expressing the BCAR4 homologue from common 
marmoset (cm) can also proliferate in the presence of 4-OHT, in contrast to control cells. For each pri-
mate BCAR4 homologue, two independent cells lines were tested. All cell lines were cultured in 4-OHT-
containing medium, and counted at the indicated days. Average of 3 replicates and SDs are presented. We 
performed an analysis of variance of the data of day 14, which was significant for rm and gm compared to 
the control (p< 0.0000) and cm (p< 0.0004). Cell doubling times were calculated with exponential regres-
sion analysis: rm 85 and 87 hours, gm81 and 83 hours and vector control 372 hours, cm 76 and 78 hours 
and vector control 125 hours.
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BCAR4 promotes xenograft tumor growth in nude mice 
Previously we reported that BCAR4-overexpressing cells are anchorage-independent 
and form colonies in soft agar [14]. We next investigated whether ZR/BCAR4 cells 
could induce xenograft formation in partially immune-deficient nude mice. Injec-
tion of parental ZR-75-1 cells in nude mice does not result in tumor formation. Only 
when an estrogen-release pellet is administered tumors will develop (not shown). 
ZR/BCAR4 cells, containing the human BCAR4 cDNA, or empty expression vector 
containing cells (ZR/vector) were injected into two mammary fat pads of female 
mice. Within two weeks, four out of five mice injected with ZR/BCAR4 cells devel-
oped tumors. Three on both sides and one mouse showed tumor formation on one 
side (Fig. 3A). In one mouse no tumors were detected within a period of 6 months. 
Mice injected with ZR/vector cells did not develop tumors over a period of 6 months 
follow-up (Fig. 3B). In a second experiment using seven mice the number of injected 
BCAR4 cells was increased from 2 to 5 x10  and a take rate of 100% was achieved (not 
shown). These results show that BCAR4 induces tumor growth in vivo, independently 
of additionally administered estrogen. 

6
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Fig. 3. ZR/BCAR4 cells induce tumor formation in nude mice. (A) Four out of five mice injected with ZR/
BCAR4 cells developed rapidly growing tumors. (B) None of the mice injected with ZR/vector cells showed 
tumor formation. 

BCAR4 induces estrogen-independent, antiestrogen-resistant proliferation
Previously we showed, that ectopic expression of BCAR4 enables ZR-75-1 cells to 
proliferate in the presence of 4-OHT [14]. To solidify this initial observation and fur-
ther establish the role of BCAR4 in antiestrogen resistance, we used estrogen-sensi-
tive MCF7 cells. We generated MCF7/BCAR4 cells by transfection and tested these, 
together with ZR/BCAR4 cells, for proliferation in the presence of the antiestrogen 
ICI182,780, which is a better growth inhibitor for MCF7 cells than 4-OHT. As shown 
in Suppporting Fig. 2A, ZR/BCAR4 cells were fully resistant to this pure antiestrogen. 
Similarly, MCF7/BCAR4 cells were able to proliferate in the presence of ICI182,780 
while vector-control cells were growth inhibited (Supporting Fig. 2B). From these re-
sults it is shown that ectopic expression of BCAR4 transforms both breast cancer 
models from an antiestrogen-sensitive to an antiestrogen-resistant state.
To further explore the effects of BCAR4 expression, we performed dose-response 
assays and measured the effects of estrogen, the antiestrogens 4-hydroxytamoxifen, 
the active metabolite of tamoxifen, raloxifene, and the pure antiestrogen ICI182, 
780, and bovine calf serum (BCS). As shown in Fig. 4A, addition of E2 to the culture 
medium, at concentrations up to 1 nM, caused only a minor increse in proliferation 
rate of ZR/BCAR4 cells, showing their estrogen-independent phenotype.
In contrast, addition of 1 nM of E2 to the culture medium of empty vector-containing 
ZR-75-1 cells strongly enhanced their proliferation rate. ZR/BCAR4 cells were not 
inhibited by the addition of the antiestrogens 4-OHT (Fig. 4B) and raloxifene (Fig. 
4C). Addition of the pure antiestrogen ICI182, 780 up to 1 μM slightly stimulated 
proliferation of ZR/BCAR4 cells (Fig. 4D). ZR/vector cells were unable to proliferate 
in the presence of antiestrogens (Fig. 4B, C and D). Similar to the parental cells, the 
proliferation capacity of ZR/BCAR4 cells was fully dependent on the presence of BCS 
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Fig. 4. Effects of estrogen, antiestrogens and serum on the proliferation of ZR/BCAR4 cells. Closed lines 
represent ZR/vector cells and dashed lines ZR/BCAR4 cells. In all experiments cell viability was determined 
with the WST-1 proliferation assay on day six. A: ZR/BCAR4-expressing cells are independent of estrogens, 
in contrast to empty vector containing control cells. B: No dose–dependent effects on ZR/BCAR4 cell pro-
liferation were observed upon addition of increasing concentrations of the antiestrogens 4-OHT or C: with 
raloxifene. D: A minor stimulation of BCAR4 cells was observed in the presence of ICI182, 780. E: ZR/vector 
control cells and ZR/BCAR4 cells were cultured with estrogen (1 ng/ml) (n) or 4-OHT (1 μM) -containing 
medium (Δ), and in the presence of increasing concentrations of bovine calf serum. The main finding of 
the last experiment is that ZR/BCAR4 cells are still dependent on serum components for proliferation. 
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in the culture medium (Fig. 4E). BCS concentrations up to 6.25% resulted in a clear 
increase of both ZR/BCAR4 and parental cell proliferation, but higher concentrations 
had no further effect. In E2-containing medium, ZR/BCAR4 cells have an increased 
proliferative capacity compared with ZR/vector cells (Fig. 4E). This result shows that 
BCAR4 expression confers cells a proliferative advantage. In 4-OHT-containing me-
dium, ZR/BCAR4 cells proliferate at the same rate as control cells when cultured 
in estrogen-containing medium. Increasing concentrations of BCS were unable
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to overcome the inhibition of proliferation caused by 4-OHT of empty vector contain-
ing cells.

ESR1 is functional in cells with forced expression of BCAR4 
In general, clinical tamoxifen resistance is not due to loss of ESR1 expression [31, 32]. 
In estrogen receptor-positive breast cancer cell lines the expression of progesterone 
receptor (PGR) and trefoil factor 1 (TFF1), former name PS2 is induced by estrogen. 
In primary breast tumors expression of ESR1, PGR and TFF1 predicts the presence of 
a functional ESR1 signaling pathway [33-39]. 
In order to investigate if the receptor is still present and functional in ZR-75-1 cells 
expressing BCAR4, we measured the mRNA expression levels of ESR1, ESR2, and the 
estrogen-regulated genes PGR and TFF1. In all the cell lines tested, ESR1 expression 
was present (Fig. 5A). In ZR/BCAR4 cells ESR1 expression was slightly lower than in 
ZR/vector control cells. The addition of 4-OHT to the culture medium resulted in 
decreased ESR1 expression levels in all cell lines, compared with E2-containing cul-
tures. ESR2 expression was not detected (not shown). In all cell lines, the expression 
of TFF1 (Fig. 5B) and PGR (Fig. 5C) was higher in the estrogen-treated cultures than 
in the 4-OHT-treated cultures. These results indicate that the antiestrogen resistance 
observed in the ZR/BCAR4 cells is not accompanied by loss of ESR1 expression or loss 
of function. 

ESR1 silencing does not affect the proliferation rate of BCAR4 overexpressing cells
To establish whether BCAR4 expression activates ESR1 in a non-estrogen-depend-
ent manner, we inhibited ESR1 expression with specific siRNAs. Using RT-PCR, we 
determined that the inhibition of ESR1 was ≥90% in ZR/BCAR4 and ZR/vector cells, 
and 70% in ZR/EGFR cells. In E2-containing medium, the proliferation capacity of ZR/
BCAR4 cells was not affected by the inhibition of ESR1. In contrast, siESR1 signifi-
cantly inhibited proliferation of empty vector-containing cells and EGFR expressing 
cells (Fig. 6A). In the presence of 4-OHT the proliferation of BCAR4 expressing cells 
was also not inhibited by siESR1 (Fig. 6B). Inhibition of ESR1 in the presence of 4-OHT 
and EGF did not reduce proliferation of ZR/EGFR cells (Fig. 6B), indicating that the 
stimulation with EGF allowed cells to bypass the dependence on estrogen recep-
tor signaling. ZR/vector cells are fully inhibited by antiestrogens, and in 4-OHT-con-
taining medium the inhibition of ESR1 had no additional effect on cell proliferation 
(Fig. 6B). Control transfections with siBCAR3 did not change the growth properties of 
these cell lines, indicating absence of non-specific effects. Our results indicate that in 
our model, the mechanism of resistance to tamoxifen induced by BCAR4 and EGFR 
expression is independent of the ESR1 signaling.
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Fig. 5. ESR1 is present and functional in ZR/BCAR4 cells. (A) ESR1 was expressed in all cell lines tested. 
(B) Expression of the estrogen-regulated genes TFF1 and (C) PGR was enhanced in estrogen-treated cells 
(open bars) compared to cells in the presence of 4-OHT (closed bars). Average of 4 replicates and stand-
ard deviations are presented. Gene expression was measured by RT-PCR and is relative to a set of the 
reference genes: porphobilinogen deaminase (PBGD), hypoxanthine-guanine phosphoribosyltransferase 
(HPRT) and β-2-microglobulin (β2M). Note: data on the Y-axis are presented in logarithmic scale.

Fig. 6. Effect of ESR1 inhibition on the proliferation of ZR-75-1 derived cell lines. Open bars rep-
resent mock-transfected cells, black bars cells transfected with siRNA against ESR1, and striped 
bars cells treated with siRNA against BCAR3 as a specificity control. In contrast to control cells, ZR/
BCAR4 cell proliferation is not affected by the inhibition of ESR1, whether cultured in medium 
containing E2 (A) or 4-OHT (B). ZR/EGFR cells cultured in medium containing 4-OHT were sup-
plemented with EGF. Average of six replicates and SDs are presented. Significance of the data 
was determined by the Mann-Whitney U test; *P <0.05 compared to mock-transfected cells.
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Discussion

In the present study, we aimed to functionally characterize the novel gene BCAR4, 
in order to elucidate its role in endocrine resistance and normal development. The 
analysis of public databases and the cloning and sequencing of BCAR4 homologues 
confirmed the presence of this gene in several mammalian species. While highly con-
served in higher primates, the protein sequence of the New World monkey common 
marmoset already showed substitution of 25% of the amino acids. Due to the oc-
currence of substitutions, deletions and insertions, protein sequences of other non-
primate mammalian species were very difficult to align with the human sequence. 
Strikingly, the BCAR4 gene was lost in mouse and rat possibly due to a deletion event, 
while the flanking genes (ZC3H7A and RSL1D1) were retained. BCAR4 has a predicted 
coding region of 121 amino acids, resulting in a small protein of 13 kDa. The analysis 
of the predicted amino acid sequence of the BCAR4 proteins do not reveal conserved 
domains, with the exception of two transmembrane domains and a signal peptide, 
indicating that the protein may be localized at cell membranes. Our in vitro assays 
confirmed that all the primate homologues tested were able to induce antiestrogen-
resistant cell proliferation. However, forced expression of BCAR4 homologues of rab-
bit and cow failed to accomplish this, indicating that preservation of the putative 
transmembrane and signal peptide domains is not sufficient to induce tamoxifen re-
sistance in human ZR-75-1 cells. 
BCAR4 was the most abundantly recovered gene from our functional screen with 
the placenta cDNA library [14, 19], suggesting tissue-restricted expression. Microar-
ray data also showed high expression in placenta and absence of expression in most 
other tissues. Further studies with specific antibodies directed against BCAR4 are 
needed to confirm these mRNA expression data. High expression of BCAR4 in several 
stadia of the placenta (GDS2529) suggests an important role for this gene in this tis-
sue. Therefore the absence of BCAR4 in rodents is remarkable. Differences in placen-
tal development, morphology and function may explain the absence of the gene in 
rodents. A small series of samples showed that low BCAR4 mRNA levels are associat-
ed with preeclampsia (GDS2080) [29], a common severe complication of pregnancy 
which originates in the placenta [40]. In addition to placenta, oocytes of both human 
and bovine were found to express high levels of BCAR4 (GSE11450, GSE18290) [22, 
25, 26]. A time-course human expression dataset of the one, two, four, and eight-cell 
stage, morula and blastocyst showed that the level of mRNA of BCAR4 declines rapid-
ly during the morula stage and is absent in the blastocyst (GSE 18290). The presence 
of a stable mRNA pool in the mature oocyte to provide the fertilized egg with new-
ly synthesized proteins is well established [41, 42, 43]. The maternal pool of RNAs 
and proteins supports embryonic growth from fertilization until the moment that 
transcriptional activity of the embryonic genome is activated [42, 43]. BCAR4 is one 
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of the seventy highest mRNAs present in the human oocyte [44]. Therefore, BCAR4 
may have an important role in early development. In humans, degradation of ma-
ternal RNAs and activation of embryonic genome activity occurs around the 4- and 
8-cell stage. The degradation of maternal RNAs removes gene products that may 
interfere with later development [42, 43]. Despite maternal mRNA degradation, the 
synthesis of proteins from this pool of mRNA continues during the early phases of 
embryonic development [42]. Remarkably, no BCAR4 expression was found in the 
blastocyst, whose outer layer, the trophoblast, is the precursor of the placenta. The 
absence could be due to the fact that expression interferes with processes occurring 
at this developmental stage, or because its RNA is expressed in a minority of cells, 
resulting in undetectable levels in total cell lysates. 
Besides its expression pattern in normal development, we aimed to unravel the func-
tion of BCAR4 in antiestrogen resistance in human breast cancer and thereby find 
leads for novel treatment possibilities. BCAR4 expression transformed estrogen-de-
pendent human ZR-75-1 and MCF7 breast cancer cells into an estrogen-independent 
phenotype. The involvement of ESR1 in the resistance to tamoxifen, due to its cross-
talk with growth factor signaling was documented [45]. In our model, the inhibi-
tion of ESR1 with specific siRNAs had no effect on BCAR4-induced cell proliferation, 
showing that this mechanism is independent of the ESR1. In addition, ZR/BCAR4 cells 
were not only resistant to tamoxifen [14], but also to raloxifene and to the selective 
estrogen receptor down-regulator ICI182.780 (fulvestrant/Faslodex). ICI182,780 tar-
gets the estrogen receptor by a different mechanism than other SERMs. It inhibits 
receptor dimerization and abrogates estrogen signaling [46], further supporting an 
ESR1 independent mechanism. 
Loss of ESR1 expression has also been indicated as one of the mechanisms of acquired 
tamoxifen resistance [11]. The in vitro data presented, showed that antiestrogen re-
sistance induced by BCAR4 is independent of and compatible with ESR1 function. This 
finding is in accordance with the clinical observation that estrogen receptor expression 
is lost in less than 25% of the recurrent tumors, and therefore it is unlikely that this is 
the general mechanism responsible for acquired resistance [47]. Although absent in 
most normal tissues, BCAR4 mRNA was found in 27% of both ESR1-positive and ESR1-
negative primary breastcancers [20] and in 12% of our breast cancer cell line panel, 
suggesting a role for this gene in the development or progression of the disease. Three 
out of the five BCAR4-positive cell lines expressed ESR1 and the other two were PGR-
positive [21] confirming that BCAR4 and ESR1 expression and function are compatible. 
Serum- and anchorage-independent growth and in vivo tumor formation are 
indicative features of oncogenic transformation. Although BCAR4 expression 
was able to induce anchorage-independent growth [14] and tumor forma-
tion in nude mice, it was not sufficient to induce serum-independent growth. 
Our previous data showed that forced expression of BCAR4 resulted in strong  
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phosphorylation of ERBB2, ERBB3, and the downstream mediators of ERBB signaling 
AKT and ERK1/2 [20]. In addition, knockdown of the four ERBB receptors with specific 
siRNAs proved that BCAR4-induced cell proliferation is closely coupled to ERBB2 and 
ERBB3 signaling. The ERBB family of tyrosine kinase receptors have important roles 
in normal development, growth, differentiation and tumorigenesis [reviewed in 48]. 
Gene amplification and over-expression of ERBB2 has been reported in several types 
of cancer including breast, and has been shown to contribute to a poor clinical out-
come [49-55]. Overexpression or amplification of ERBB2 in primary breast cancers 
predicts response failure to tamoxifen therapy [53, 54, 56-58]. However, ERBB2 is 
also a target for established therapy [59]. The BCAR4 amino acid sequence has two 
predicted transmembrane domains, suggesting that it could be localized at cell mem-
branes. So far, a direct ligand for ERBB2 has not been found [60], and this might be 
due to the active conformation of the receptor [61]. BCAR4 might be a novel ligand 
for ERBB3, activating ERBB2/ERBB3 heterodimers. How BCAR4 actually activates the 
ERBB2/ERBB3 signaling network remains to be established. 
In conclusion, BCAR4 is a gene with oncogenic potential that transforms breast 
cancer cells into an estrogen-independent, antiestrogen-resistant phenotype. We 
showed that tamoxifen resistance induced by BCAR4 expression is independent of 
ESR1 function but compatible with ESR1 expression. Expression of BCAR4 was found 
in placenta and oocyte, possibly indicating an important function in these tissues. 
Due to its restricted pattern of expression and the fact that BCAR4 expression was 
also found in breast cancers [14, 20], this novel gene may have clinical value in breast 
cancer therapy. Targeting BCAR4 would specifically affect the tumors expressing it 
and would probably cause little side effects because of its absence in normal adult 
tissues. The recently observed involvement of ERBB2/HER2 signaling in BCAR4-driv-
en tamoxifen resistance [20] indicates that specific targeting of the ERBB2 signaling 
pathway might provide an alternative treatment for patients having BCAR4-positive 
tumors.
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Chapter 4

Abstract

Previously we have identified a panel of breast cancer anti-estrogen resistance (BCAR) 
genes. Several of these genes have clinical relevance because mRNA or protein 
levels associate with tamoxifen resistance or tumor aggressiveness. We postulated 
that changes in activation status of protein signaling networks induced by BCAR genes 
may provide better insight into the mechanisms underlying anti-estrogen resistance. 
Key signal transduction pathways were analyzed for changes in activation or expres-
sion using reverse-phase protein microarrays probed with 78 antibodies against sign-
aling proteins with known roles in tumorigenesis. We used ZR-75-1-derived cell lines 
transduced with AKT1, AKT2, BCAR1, BCAR3, BCAR4, EGFR, GRB7, HRAS, HRASv12, 
or HEF1 and MCF7-derived cell lines transduced with BCAR3, BCAR4, or EGFR. In the 
anti-estrogen-resistant cell lines we observed increased phosphorylation of several 
pathways involved in cell proliferation and survival. All tamoxifen-resistant cell lines 
contained high levels of phosphorylated AKT and its biochemically linked substrates 
FOXO1/3. The activation of ERBB2, ERBB3 and the downstream modulators FAK and 
SHC were activated in cells with overexpression of BCAR4. Remarkable differences 
were observed for the levels of activated AMPK alpha1, cyclins, STAT5, STAT6, ERK1/2 
and BCL2. The comparison of the cell signaling networks in estrogen-dependent 
and -independent cell lines revealed biochemically linked kinase-substrate markers 
that comprised systemically activated signaling pathways involved in tamoxifen re-
sistance. Our results show that this model provides insights into the molecular and 
cellular mechanisms of breast cancer progression and anti-estrogen resistance. This 
knowledge may help the development of novel targeted treatments.



67

                                                                                       Molecular networks in tamoxifen  resistance

Introduction

Breast cancers are initially dependent on estrogens for growth and progression. 
Anti-estrogens prevent estrogens from binding the estrogen receptor (ER) alpha and 
thereby inhibit cell proliferation. ER alpha is expressed in about two thirds of pri-
mary breast cancers. For over 30 years the estrogen antagonist tamoxifen has been 
the preferred endocrine treatment for patients with ERα-positive breast cancer in 
pre- and post-menopausal women [1]. Tamoxifen is effective in the treatment of 
metastatic breast cancer, ductal carcinoma in situ, as adjuvant therapy, and more 
recently in chemoprevention of the malignancy [2, 3]. In breast cancer patients with 
recurrent disease, tamoxifen induces an objective response in approximately more 
than half of the patients with primary cancers expressing the ER [4] and references 
herein. However, the treatment is palliative, and progression of the tumor cells to 
a hormone-independent phenotype is inevitable. Several mechanisms have been 
identified underlying primary endocrine resistance of breast cancer and the progres-
sion to acquired resistance. The most favored explanations for mechanisms caus-
ing tamoxifen resistance are based on: pharmacology of the drug; alterations in the 
interactions between the cancer cells and the surrounding stromal cells; changes in 
the structure and function of the ER; and cross talk between signaling pathways [5]. 
Activation of specific signaling pathways in cancer cells may allow for bypassing of 
tamoxifen-induced cell cycle arrest. Experiments involving transfection or deregula-
tion of expression of various genes showed that genetic manipulation may alter the 
hormone-dependent phenotype of breast cancer cells. In particular the ERBB2 path-
way, the EGFR pathway, and the linkage of the ER pathway to MAPK signaling, and co-
regulators have drawn much attention [6, 7]. In addition, (epi-) genetic changes in the 
cancer cells may confer endocrine resistance [8, 9]. Tamoxifen resistance is associ-
ated with poor prognosis and adverse prospects of survival. Therefore, development 
of therapies circumventing or reversing estrogen independence is an important goal.
We performed functional cell-based genetic screenings in order to identify genes 
involved in anti-estrogen resistance [10, 11]. Our non-biased screenings were ini-
tially done with retroviral insertional mutagenesis. Human ZR-75-1 breast cancer 
cells are fully dependent on estrogens for proliferation. In the absence of estrogen 
supplementation proliferation is strongly reduced. In the presence of anti-estrogens 
cell proliferation is completely abolished. To identify genes causing anti-estrogen re-
sistance, large numbers of cells were infected with defective retroviruses, and se-
lected for growth in the presence of tamoxifen. Many retroviral target genes were 
identified, possibly underlying the tamoxifen resistant phenotype. Seven breast can-
cer anti-estrogen resistance (BCAR) genes were confirmed by transfection experi-
ments to be actually causative: BCAR1, TRERF1/BCAR2, BCAR3, EGFR, AKT1, AKT2, 
and GRB7. However, the analysis of common retroviral insertion sites and cloning 
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of involved genes proved to be laborious. In subsequent screenings transduction of 
cDNA expression libraries allowed for more rapid identification of BCAR genes [11]. 
We identified 14 additional genes involved in tamoxifen resistance: ABCB1, BCAR4, 
CSFR1, EEF1A1, EIF1, FBXL10, FGF17, HRAS, NRG1, PDGFRA, PDGFRB, RAD21, RAF1, 
and RPL18A [11, 12]. The expression levels in primary breast cancers of several of 
these genes predict tamoxifen resistance or tumor aggressiveness and poor progno-
sis [4, 13-17].
The objective of this study was to examine and compare the protein signaling net-
works involved in the loss of estrogen dependence caused by the overexpression of 
BCAR genes resulting in tamoxifen resistance. Knowledge of the aberrantly activated 
signaling pathways involved in the development of tamoxifen resistance may be cru-
cial to assess potential success or failure of endocrine therapy, and to understand 
why only a proportion of patients responds to treatment. Moreover, identification 
of kinase-driven signaling networks that are activated as resistance develops could 
point to targeted therapeutics that could modulate these networks and provide a 
strategy to reverse the resistant phenotype. A strategy to map the signaling architec-
ture of tamoxifen resistance was enabled through the use of reverse-phase protein 
array technology to examine the activation status of key signaling molecules in a 
model system where known BCAR genes have been previously identified and ma-

nipulated.

Materials and Methods

Cell lines and culture conditions
ZR-75-1 breast cancer cells (a kind gift of R.J.B. King, ICRF, London) and the various 
derived transfected or transduced cell lines with expression constructs were rou-
tinely cultured in RPMI 1640 medium (Gibco, Invitrogen, Carlsbad, CA, USA) contain-
ing 10% heat inactivated bovine calf serum (Hyclone, Logan, UT, USA) and 1 nmol/L 
β-estradiol (Sigma-Aldrich Chemie, BV, Zwijndrecht, the Netherlands). MCF7 breast 
cancer cells (a kind gift of R.B. Dickson, NCI, Bethesda) and the derived transduced 
cell lines were cultured in RPMI 1640 medium with 10% heat inactivated fetal bovine 
serum (Sigma-Aldrich Chemie). For each cell line two biological replicates consist-
ing of two independently derived pools of transfected or transduced cells, were cul-
tured, assayed and averaged. All cell lines were continuously cultured in the presence 
of estradiol or switched to growth medium with1 μM 4-hydroxytamoxifen (4-OHT; 
Sigma-Aldrich Chemie) for at least 7 days with the addition of 10 ng/ml epidermal 
growth factor (EGF) (Roche, Almere, the Netherlands) for EGFR-transduced cells. The 
concentration of 1 µM of 4-OHT was previously selected for complete inhibition of 
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estrogen-dependent ZR-75-1 cells, without influencing the growth of tamoxifen-re-
sistant derivatives [11]. This dose has been routinely used because of the absence of 
toxicity and to effectively counter variations in estrogen content of different batches 

of bovine serum.

Reverse-phase protein microarray construction 
Reverse-phase protein microarray methods and validation of the assays have been 
published previously [18-20]. In brief: cells were rinsed twice with ice-cold phosphate-
buffered saline (PBS, Invitrogen). Subsequently, the cells were lysed with a 1:1 solu-
tion of Tris-Glycine SDS sample buffer (Invitrogen) and T-PER (Pierce, Thermo Fisher 
Scientific, p/a Perbio Science Nederland B.V., Etten-Leur, the Netherlands), contain-
ing 2% of 2-mercaptoethanol, phosphatase inhibitors: PhosSTOP, and protease in-
hibitors, CompleteTM Mini (Roche). Lysates were boiled for 8 minutes and stored at 
-80°C  prior to printing of the arrays. Lysates were loaded into 384-well plates, and 
printed in triplicate onto 100 nitrocellulose-coated glass slides (Fast Slides, Schleicher 
and Schuell Bioscience, Keene, NH, USA) with an Aushon Biosystems 2470 arrayer, 
(Billerica, MA, USA) equipped with 325 μm pins. The samples were arrayed in two di-
lutions (neat and 1:4) to ensure each analyte / antibody combination would be in the 
linear dynamic range of detection. We have developed a series of reference lysate 
standard curves for the arrays that maintain a fixed total protein concentration and 
vary in analyte concentration by fixed percentages. These reference lysate curves 
were also printed in triplicate, and served as positive and negative controls as well as 
to establish the linear dynamic range for analyte detection. Slides were stored desic-
cated at -20°C before immunostaining. 

Immunostaining
Printed slides were prepared for staining by treating with 1x Reblot (Chemicon, Te-
mecula, CA, USA) for 15 min, followed by 2x5 min washes with PBS. Slides were 
treated for 1h with blocking solution I-block (Applied Biosystems, Bedford, MA, USA), 
0.5% Tween-20 with constant rocking at room temperature. Immunostaining was 
completed on an automated slide stainer using a catalyzed signal amplification kit 
(CSA kit, Dako, Carpinteria, CA, USA). Separate slides were individually stained with 
78 antibodies raised against phosphorylated or total proteins involved in cell prolif-
eration, survival, motility, and apoptosis signaling.
Each antibody was subjected to validation by immunoblotting prior to use on the re-
verse phase arrays. Antibody validation criteria included detection of a single band at 
the appropriate molecular weight in positive control lysates and the absence or sig-
nificantly reduced presence of a band in negative control lysates by immunoblotting. 
Primary antibody was incubated on each array for 30 min at room temperature, and 
binding was detected using a biotinylated goat anti-rabbit IgG H+L antibody (1:5000) 
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(Vector Laboratories, Burlingame, CA) or a rabbit anti-mouse IgG antibody (1:10) 
(Dako), followed by streptavidin-conjugated IRDye680 (LI-COR Biosciences, Lincoln, 
NE). Negative control slides, incubated with biotinylated secondary antibody only, 
were included in each staining run. A list of primary antibodies and dilutions used in 
these experiments are available in Supporting table 2.
Total protein for each sample was determined by probing arrays selected at regular 
intervals throughout the print run with SYPRO® Ruby blot stain (Invitrogen) according 
to the manufacturer’s directions. Digital images for each stained slide (antibody and 
total protein) were collected using a Vidar Revolution 4550 Scanner (Vidar Systems 
Corporation, Herndon, VA, USA). Scanned images were evaluated for both staining 
and printing artifacts which interfered with data analysis and affected analytes were 
repeated as necessary to obtain reliable data. Images were analyzed using MicroVi-
gene v2.9.9.9 (Vigenetech, Carlisle, MA) which performed spot finding followed by 
local background subtraction from raw spot intensities, negative control intensity 
subtraction from each spot, replicate averaging, and lastly, total protein normaliza-
tion, generating a single data value for each sample. Total protein values used for 
normalization were obtained in Microvigene as described above except for the elimi-
nation of the negative control intensity subtraction and normalization steps. For this 
study, a threshold staining level for analysis was set at 2 standard deviations (SDs) 
above local background. Additional quality assurance and quality control measures 
for antibody staining included evaluation of reference lysate staining by visual in-
spection of scanned images and examination of data analysis results for the positive 
and negative reference lysates. Final data results for the study set are provided in 
Supporting table 1 and 3. All data values above 700 have a coefficient of variation 
(CV) of less than 2% across the triplicates. Values below 700, close to background 
level, were treated as negative.

Results and discussion

Reverse-phase protein array analysis
Previously, we have compared mRNA expression profiles of parental ZR-75-1 cells 
with cells transduced with BCAR1-, BCAR3-, and EGFR [21]. Furthermore, all retrovi-
ral insertion mutagenesis derived cell lines have also been analyzed for their mRNA 
profile. Apart from the differences caused by the culture conditions, the gene expres-
sion patterns of the BCAR cell lines appeared very similar [15].
To characterize the protein signaling architecture changes that occurred when the 
expression of various BCAR genes are altered, profiles were made of the activation 
state of key signal transduction pathways of ten cell lines derived from human ZR-
75-1 breast cancer cells. Each cell line contained a different transgene conferring 
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anti-estrogen resistance to the cells. Breast cancer anti-estrogen resistance (BCAR) 
genes included in the study were: BCAR1 [22], BCAR3 [23], BCAR4 [11], EGFR [24], 
AKT1, AKT2, GRB7, HRAS [12], and HRASv12. The BCAR1 family member NEDD9/
HEF1/CASL, hereafter referred to as HEF1, does not support long-term proliferation 
in the presence of anti-estrogens [25], but the transfectant was included in the study 
because of the similar modular structure to BCAR1. Reverse-phase protein array 
analysis was used for signal pathway activation mapping through the measurement 
of the levels of total and phosphoprotein isoforms with known importance in cell 
survival, motility, death, growth, metabolism and inflammation. In total 78 antibod-
ies were used which were pre-validated for specificity by Western blot analysis. Our 
signaling network analysis included probing estrogen receptor (ER), and members 
of the ERBB family, MAPK, PI3K-AKT, PRKK1/AMPK alpha1, JAK-STAT, CREB, VEGF, 
WNT, TGFß, NF-kappa-B, cyclins, and PKC signaling pathways. Detailed information 
concerning the antibodies used in the reverse-phase protein array assay is listed in 
Supporting table 2. Many of the proteins were abundantly expressed or activated, 
indicating a significant common role in the breast cancer cell lines. Although readily 
detectable in  manipulated HeLa or Jurkat control cell cultures, phosphorylation of 
Bad (serine (S) 112),IGF1R (tyrosine (T) 1131), insulin receptor (T1146), JAK1 (T1022, 
1023), STAT1 (T701), and levels of BCL2L1 (BCL-x-l) were below the detection limit in 
the lysates and will not be discussed further. Of the 68 signaling proteins detected, 
31 showed at least a two-fold difference in the averaged phosphorylation or total 
levels between the empty vector-containing cells and one or more of the different 
BCAR cell lines (Fig.1, Supporting fig. 1, Supporting table 1, 3).

Cell signaling changes induced by culture conditions
All cell lines were cultured in the presence of estradiol or 4-OHT, one of the active 
metabolites of tamoxifen with high affinity to the ER, and subjected to reverse-phase 
protein array analysis. Unsupervised hierarchical clustering analysis of 68 antibodies 
showed that the cell lines were not grouped by the culture condition (Supporting fig. 
1). In contrast to our mRNA expression profiling and data analysis, only minor differ-
ences were observed in the signaling architecture between lysates of estradiol- and 
4-OHT-treated cell cultures. Exceptions were Adducin1 (S662), FADD (S194), and ACC 
(S79), which were more extensively phosphorylated in estradiol-stimulated cultures; 
MTOR (S2481) and NF-kappa-B showed increased activation in 4-OHT-containing 
cultures. The largest changes in levels of signaling molecules caused by the culture 
condition were found in ZR-75-1 cells transduced with the EGFR. In the presence 
of 4-OHT, these cells are dependent on the addition of EGF to the culture medium 
[24]. In the presence of EGF and 4-OHT the cells showed increased activity of the 
PI3K-AKT and MAPK signaling pathways including phosphorylation of AKT, ERK1/2, 
AMPK alpha1, protein kinase alpha (PKA), and SHC (Supporting fig. 1, Supporting 
table 1, 3). Decreased phosphorylation of ACC (S79) and Adducin1 was observed in 
4-OHT plus EGF-treated cultures compared with estradiol-supplemented cultures.

                                                                                       Molecular networks in tamoxifen  resistance
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Fig. 1. Molecular network analysis of ZR-75-1 cells and derived anti-oestrogen-resistant cell lines.  A heat-
map of unsupervised hierarchical clustering analysis of end points, Spotfire log-normalized, average-cen-
tered of all cell lines is presented. The multiple different kinase substrates showing at least 2-fold differ-
ence (n=31) with the vector control, cultured in the presence of estradiol, are outlined on the vertical axis, 
and the cell line samples are located on the horizontal axis. ZR-75-1 cells and the ten derived transgenic 
cell lines were cultured in the presence 1 nM estradiol or 1 µM 4-hydroxytamoxifen (OHT), or OHT and 10 
ng/ml EGF for EGFR-transduced cells. Higher relative levels of a phosphorylated substrate are represented 
in red; lower levels are in green. All lysates of two independent cultures were spotted in triplicate in two 
serial dilutions. All data values above 700, have a CV of less than 2% across the triplicates. The results of 
two independently derived pools of transfected or transduced cells were averaged. The complete list of 
end points is presented in Supporting Information Tables S1 and S3.

Total levels of ER and ERBB4 were more than three and two-fold lower in the cells 
transduced with EGFR. Previously, we have shown that ER mRNA is also down-reg-
ulated in the presence of EGF. This inverse relationship between ER alpha and EGFR 
possibly reflects the growth interference of these signaling pathways in breast cancer 
[24, 26].
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Functional annotation of signaling proteins activated by BCAR genes.
Functional annotation of proteins with altered phosphorylation status was per-
formed using the Kegg pathway database. While no significant contribution was 
found for the estrogen signaling and apoptotic pathways, parts of the ERBB, insulin, 
focal adhesion, and chemokine signaling pathways were implicated (Fig. 2). Different 
BCAR genes modulated various signaling molecules and their downstream effectors. 
The most important pathways involved in anti-estrogen resistance will be discussed 
below. 

                                                                                       Molecular networks in tamoxifen  resistance

Fig. 2. Functional annotation analysis of signaling proteins activated by breast cancer antiestrogen resist-
ance genes using the KEGG database. Open circles depict the seven different BCAR proteins and rectangles 
phospho-proteins. Signaling proteins with at least 2-fold higher activation levels in BCAR-transduced cells 
compared with empty expression vector-containing ZR-75-1 cells were used for KEGG pathway analysis 
(http://www.genome.jp/kegg/).

ER signaling pathway
Response to anti-estrogens largely depends on presence of ER protein. Al-
though, loss of ER expression does occur in acquired tamoxifen resistance, it 
is not the general mechanism of failure of endocrine therapy [27]. ERα vari-
ants have been implicated in response failure [28], but do not appear to account 
for most tamoxifen resistant breast cancers [29]. ZR-75-1 cells are fully depend-
ent on estrogens for proliferation. ERα mainly mediates this growth stimulus be-
cause ER beta is undetectable in these ZR-75-1 cells [16]. Analysis of the reverse-
phase protein array data revealed that total ERα protein levels in the parental 
cells, transduced with the empty vector, and the transgenic cell lines were rela-
tively similar (Fig. 3A). All cell lines showed moderate expression levels of ERα, 
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indicating that the mechanisms of resistance were not accompanied by loss of 
ER. ZR-75-1 cells transduced with EGFR, HRAS or HRASv12 cultured in the pres-
ence of 4-OHT contained over two-fold lower levels of the ERα protein than 
cultured in the presence of estradiol. ERα can be phosphorylated on multiple amino 
acid residues. In this panel of antibodies phospho-Ser 118 residing in the AF-1 do-
main of the ERα was chosen. Little changes in levels of phospho-ERα were observed 
in the cell line panel (Supporting fig. 1, Supporting table 1, 3). The expression of the 
ER-regulated genes progesterone receptor and pS2, now called trefoil factor 1 (TFF1), 
has been shown to predict the presence of a functional ER signaling pathway. ERα 
was still functional in tamoxifen-resistant BCAR cell lines because it activated the 
expression of TFF1, progesterone receptor, and other estrogen regulated genes [21, 
30]. Taken together, our new and published data show that in this model tamoxifen 
resistance does not require loss of ER [16, 21].

Apoptosis pathway
In general few differences were observed in the levels of the different cleaved cas-
pases and the apoptosis promoter BAX. The apoptosis suppressor BCL2 (Thr56) was 
modestly elevated in AKT1-, AKT2-, BCAR4-, EGFR- and HRASv12 -containing cells. 

Cyclins
Cyclins form complexes with and activate specific cyclin-dependent protein kinases and 
drive the passage of cells through the cell cycle. Aberrations in molecules that regulate
the cell cycle have been shown to be involved in cancer [31]. Low levels of Cyclin A 
were detected in vector control, BCAR3- and EGFR-transduced cells. All other cell 
lines contained at least 2-fold higher levels. Increased levels of Cyclin D1 compared 
with the controls were observed in all cell lines except BCAR3-, AKT2- and GRB7-
transduced cell lines. No large differences in expression of Cyclin E were detected, 
although there was a trend towards increased expression in 4-OHT-containing cul-
tures.

ERBB signaling pathways
The ERBB2 and EGFR pathways have been especially implicated as a cause of ta-
moxifen resistance [4, 7]. Expression of EGFR is inversely related to expression of 
ER in breast cancer and is a hallmark of intrinsic resistance. ERBB2 is overexpressed 
in 25-30% of breast cancers either by gene amplification or transcriptional activa-
tion. Overexpression or amplification of ERBB2 in primary breast cancer has been 
found to predict lack of response to tamoxifen therapy [4, 32]. Currently ERBB2 sta-
tus is a prognostic parameter and has become a response predictor for antibody-
based ERBB2 receptor blocking treatment strategies [33]. We measured the total 
and activated levels of EGFR and ERBB2, the activated levels of ERBB3, and the total 
levels of ERBB4 in the cell line panel. High levels of total-EGFR were only detected 
in cells transduced with the EGFR (Fig. 3B). This is in accordance with the fact that
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Fig. 3. Comparison of normalised intensity values of expression of ER, EGFR, and ERBB2. Histograms were 
generated to compare alterations in expression of total ER (A), EGFR (B), and ERBB2 (C) protein between 
parental ZR-75-1 cells (vector) and derived tamoxifen-resistant transgenic cell lines. Y-axis: intensity nor-
malised to total protein. E2: estradiol, 4-OHT: 4-hydroxytamoxifen.

expression of EGFR is not detectable in the parental ZR-75-1 cell line and EGF does 
not stimulate its proliferation [24]. Surprisingly, in cells transduced with BCAR4 we 
detected up to 17-fold signal to noise levels of EGFR phosphorylated on Tyr1173 (not 
shown). The observation is in contradiction with our earlier findings and might be 
explained by cross reaction of the phospho-antibody with other highly active ERBB 
family members, as has been reported by the manufacturer. Total ERBB2 was read-
ily detected at high levels with no large differences between the various cell lines 
(Fig. 3C). Cells expressing HEF1, BCAR1, or BCAR4 showed the lowest levels of total-
ERBB2. A small increase in total ERBB2 levels was observed for all cell lines cultured 
with 4-OHT. In contrast, the levels of phosphorylated ERBB2 (T1248) were increased 
over six-fold in cells which overexpressed BCAR4 compared with empty vector and 
the other transgenic BCAR cell lines (Fig. 1, 2, 4A, Supporting fig. 1 and Supporting 
table1, 3). Phosphorylated ERBB3 (T1289) levels were also increased, over nine-fold, 
in the cells with BCAR4 expression (Fig. 4B). The high levels of phosphorylated ERBB2 
and ERBB3 that were observed confirm our previous observation that activation of 
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ERBB2 and ERBB3 is critically involved in BCAR4-dependent anti-estrogen resistance 
[16]. Therefore, it was expected that components downstream of the ERBB path-
way were also activated. Indeed, phosphorylation of focal adhesion kinase (FAK; also 
known as PTK2) at Tyr576 and Tyr577, maximizing its catalytic activity, was five to 
eight times higher in cells transduced with BCAR4 compared with control- and other 
BCAR-containing cell lines (Fig. 4C). Also, slightly increased levels of phospho-FAK 
were detected in cells expressing EGFR. In addition, activated SHC which couples ac-
tivated growth factor receptors to the RAS pathway was only enhanced in cells trans-
duced with BCAR4 or EGFR. Downstream signaling of ERBB family was also specifi-
cally evaluated, especially the key signaling architecture of the AMPK- AKT pathway.

Fig. 4. Comparison of normalised intensity values of phospho-ERBB2 (A), -ERBB3 (B), -FAK (C), and -AKT 
(D). Histograms were generated to compare alterations in cell signaling between parental ZR-75-1 cells 
(vector) and derived tamoxifen-resistant transgenic cell lines. E2: estradiol, 4-OHT: 4-hydroxytamoxifen. 
Y-axis: intensity normalised to total protein.
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AMPK-AKT signaling pathway
The serine and threonine kinase family AKT positively regulates metabolism, cell cycle 
progression, and cell survival. AKT also promotes anchorage-independent survival, 
cell migration, and angiogenesis. AKT plays a pivotal role in the progression of various 
cancers, including breast cancer [34]. The role of AKT in anti-estrogen resistance and 
tumor progression of breast cancer is controversial. In ZR-75-1 cells, elevated levels 
of AKT1 or AKT2 readily induce tamoxifen resistance [12]; whereas in MCF7 cells 
enforced expression of AKT1 is insufficient to induce anti-estrogen resistance [35], 
and our unpublished observations. The contradictory findings might be explained by 
the high level (over ten-fold) of phosphorylated PTEN, the negative regulator of the 
PI3K-AKT pathway, in MCF7 cells as compared with ZR-75-1 cells (Supporting table 1, 
3). In clinical breast cancer AKT1 mRNA levels do not relate with tamoxifen resistance 
and AKT2 mRNA levels are inversely related with unfavorable clinical prospects for 
the patients [4]. The discordance between the relationship of AKT mRNA expression 
and tamoxifen resistance in vivo and in clinical breast cancer could be explained by 
the fact that AKT requires phosphorylation to exert its function. In previous stud-
ies it has been shown that high levels of activated AKT predict lack of response to 
tamoxifen therapy [36]. It is not known which of the three AKT family members ac-
counts for these findings, because it is not possible to distinguish between the dif-
ferent activated AKT isoforms due to the conservation of the phosphorylation sites. 
Elevated levels of phospho-AKT (S473) were observed in all anti-estrogen-resistant 
transgenic cell lines compared with the vector controls (Figs. 1, 2, 3D, Supporting 
Fig. 1). The highest levels of phosphorylated AKT were detected in cells expressing 
BCAR4, AKT1, AKT2, and BCAR1. Cultures in the presence of 4-hydroxytamoxifen con-
tained higher levels of activated AKT than estrogen-supplemented cultures, indicat-
ing a significant role in BCAR-dependent survival and proliferation in the presence 
of tamoxifen. Some remarkable differences were observed for the phosphorylation 
levels of the energy sensor and regulator AMPK alpha 1, which directly interacts with 
the AKT kinase network. In vector control and in cells with BCAR3 or EGFR expression 
activation of AMPK alpha1 was not observed, whereas in cells expressing BCAR4, 
AKT1 or 2, HRASV12 or BCAR1 phosphorylated AMPK alpha1 was readily detected.

FOXO (Forkhead box O) signaling
FOXO proteins are a subgroup of the Forkhead family of transcription factors. This 
subgroup includes four members: FOXO1, FOXO3, FOXO4 and FOXO6. Transcriptional 
activity of the FOXO proteins is regulated by the PI3K-AKT signaling pathway. Levels 
of phosphorylated FOXO1 or 3 (Thr24/32) were elevated in all cell lines except the 
ones expressing BCAR3 or BCAR4. Addition of 4-OHT to control cells resulted in a 2.5-
fold increase of thephosphorylation level of FOXO1 or 3 as compared with the levels 
in estradiol-containing cultures. 
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Signal transducer and activator of transcription (STAT) pathway 
STAT proteins are a family of seven transcription factors that are activated by cy-
tokines and growth factors. Upon phosphorylation they translocate to the nucleus, 
and activate the transcription of a diverse set of genes [37]. Constitutive activation of 
STAT proteins has been shown in increasing number of human cancers. The levels of 
phospho-STAT1 were below detection level in all samples. However, phospho-STAT2 
(T705) and phospho-STAT3 (S727) were observed both in the presence of estradiol 
and 4-OHT. Active STAT5 was also present in all cell lines, with a remarkable elevated 
activity in the BCAR1- and BCAR4-containing cell lines (six- and five-fold over vec-
tor control levels). In addition, active STAT6 was only detected in BCAR4-transduced 
cells.

Molecular signaling changes in estrogen-independent MCF7 breast cancer cells
Previously estrogen-responsive MCF7 cells have been transduced with BCAR3, EGFR, 
and BCAR4, and each gene induced anti-estrogen resistance [16, 21, 23]. These MCF-
7-derived cell lines were used to compare the levels of total and activated signaling 
proteins with the levels in ZR-75-1-derived cell lines. Most endpoints showed com-
parable levels between parental, empty vector transduced ZR-75-1 and MCF7 cells. 
However, levels of ERα and PTEN were higher in MCF7 cells (Supporting fig. 1). The 
differences in total and modified protein levels were less pronounced in the MCF7-
derived cell lines compared with the ZR-75-1-derived cell lines. However, increased 
levels of phospho-AKT (S473), -ERBB2, -ERBB3, -SHC, -FAK, -FOXO 1, 3 and -STAT5 
were also observed in BCAR4-transduced MCF7 cells. EGFR-transduced cells showed, 
as expected, high levels of EGFR and activated ERK and SHC were increased as well, 
similar as in the ZR-75-1 transgenic cells. The BCAR3-transduced cells showed few 
differences in signaling molecule activation levels compared with the empty vector 
controls.

BCAR genes in breast cancer and tamoxifen resistance 

BCAR1
BCAR1 is the human homologue of the rat CRK-associated substrate (p130CAS) 
gene. BCAR1 has been identified as a gene responsible for resistance to the anti-
proliferative effects of tamoxifen [10, 22]. In general, patients with primary can-
cers containing high levels of BCAR1 protein relapse earlier, and have a shorter 
overall survival. In addition, a reduced response to tamoxifen treatment in these 
patients has been observed after recurrence of the disease [13]. Aberrant BCAR1 
expression did not appear to occur in acquired resistance, but high expression of 
BCAR1 is rather a hallmark for intrinsic resistance to tamoxifen [38]. In independ-
ent studies of human breast cancers, BCAR1 levels in association with ERBB2
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expression positively correlate with enhanced proliferation [39]. The Cas family of 
scaffolding proteins are formed by BCAR1, HEF1/NEDD9, AFS/SIN, and the recently 
identified member CASS4 [40]. CAS proteins mediate integrin-dependent signaling 
at focal adhesions, thus regulating cell invasion, survival and mitosis. HEF1 shows a 
similar domain structure as BCAR1. However, HEF1 does not support long-term anti-
estrogen resistance in our cell model. Chimeras have been constructed from BCAR1 
and HEF1, to identify structural domains in BCAR1 responsible for the induction of 
anti-estrogen resistance. The difference in growth support is suggested to reside in 
the central part, the substrate domain of BCAR1 [25]. With respect to the phospho-
rylation status of the different signaling proteins little differences were observed in 
this study between BCAR1 and HEF1 transgenic cells. Only Cyclin D1, phosphorylated 
GSK3A/B, C-RAF/RAF1, and STAT5 were present at higher levels in cells transfected 
with BCAR1 than cells transfected with HEF1.

BCAR3
BCAR3-dependent anti-estrogen resistance may be caused by binding and regu-
lation of BCAR1 activity [41]. The complex regulates BCAR1 phosphorylation at 
key adhesion-dependent serine residues [42]. BCAR3 emerged from the same 
screening for genes involved in tamoxifen resistance that identified BCAR1 
[23]. BCAR3 is a member of a family of three related proteins: NSP1, BCAR3/
NSP2/AND-34, and CHAT/SHEP1/NSP3 [23, 43-47]. These proteins have a com-
mon domain structure consisting of an amino-terminal SH2 domain, a proline/
serine-rich domain and a carboxy-terminal domain homologous to the Cdc25 Ras 
subfamily of GDP-exchange factors. However, tissue distribution and function 
of the genes is diverse. BCAR3 is the only member that induces tamoxifen resis-
tance [47] and shows an inverse relationship with expression of ER in cell lines [23]. 
BCAR3 interacts with BCAR1 through the carboxy-terminal domain of BCAR3 [48]. The 
highest levels of the BCAR3/BCAR1 complex were found in ER-negative, mesenchy-
mal cells [47]. It was shown that in clinical breast cancer higher levels of BCAR3 mRNA 
were associated with a longer progression free survival and clinical benefit of tamox-
ifen therapy [4]. In clinical breast cancer the mRNA levels of BCAR1 and BCAR3 are in-
versely related. This is in agreement with the fact that BCAR3 can signal independent-
ly of BCAR1 and other CAS family members [49]. In this study BCAR3-overexpressing 
cells showed similar signaling patterns as BCAR1, AKT, or HEF1 overexpressing cells. 

BCAR4
The most striking changes in signaling networks were found in the cells that were 
transduced with BCAR4. The gene was cloned by using a functional screening meth-
od with a retroviral placental cDNA library to identify genes involved in tamoxifen 
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resistance [11]. Ectopic expression of BCAR4 has been found to induce tamoxifen-
resistant proliferation, anchorage-independence, and tumor formation in a nude 
mouse xenograft model [11, 30]. BCAR4 mRNA has been detected in approximately 
22-29% of primary breast cancers. We have shown that high levels of BCAR4 mRNA 
in primary breast cancers predict tamoxifen resistance, tumor aggressiveness, and 
shorter overall survival [16]. Forced expression of BCAR4 in ZR-75-1 breast cancer 
cells has been demonstrated to induce phosphorylation of ERBB2, ERBB3, and the 
downstream mediators ERK1, ERK2 and AKT [16]. Knockdown of ERBB2 or ERBB3 
with specific small interfering RNA’s has been shown to reduce cell proliferation, 
confirming the pivotal role of the receptors in BCAR4-induced tamoxifen resistance 
[16, 30]. In this study, we have confirmed the high levels of activated ERBB2, ERBB3, 
AKT, as well as the presence of high levels of the activated downstream effectors 
FAK, SHC, STAT5, and STAT6 in BCAR4-expressing cells. We did find modestly elevated 
levels of phospho-ERK1/2 as in our former study, but much weaker than in RAS- or 
EGFR-transduced cell lines. BCAR4 may serve a normal function in placenta and the 
developing oocyte, but could also exert oncogenic effects in certain malignancies 
[16]. Future studies should address whether overexpression occurs over a wider 
range of ERBB-dependent cancers. BCAR4 could potentially play a role as a lineage 
survival oncogene, however its normal function currently remains enigmatic.

Conclusion
In conclusion, the BCAR cell lines used represent several different mechanisms of 
tamoxifen resistance relevant to the clinical situation, highlighting the complex na-
ture of tamoxifen resistance [4, 15-17]. Validation of our observations is needed to 
sort out whether these signaling networks are also activated in clinical tamoxifen 
resistant breast cancer and may be exploited for treatment. Although hampered by 
high costs and sometimes severe adverse effects, targeted therapies may ultimately 
lead to increased quality of life and overall survival (reviewed in [50]). In this study, 
increased activation of AKT and its direct substrates FOXO1, 3 were found in all anti-
estrogen-resistant transgenic cell lines compared with the estrogen-dependent pa-
rental cells. Furthermore, AKT was shown to be highly activated in 58% of breast can-
cer cases [51]. Several drugs targeting the PI3K/ AKT/ mTOR network are being tested 
in preclinical models and in clinical trials of breast cancer (reviewed in [52]) and may 
also be applied for endocrine-resistant breast cancer. Many of these trials are using 
mTOR inhibitors in combination with conventional therapies or other targeted thera-
pies, such as herceptin. A number of key linked biochemical signaling networks such 
as ERBB2 and ERBB3, FAK, SHC and STAT5, were differentially phosphorylated in our 
anti-estrogen-resistant cell lines. One of the more successful targeted therapies, her-
ceptin is restricted to breast cancer patients with overexpression of ERBB2. BCAR4-
expressing cells have a hyper activated ERBB2 pathway without overexpression

Chapter 4
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or amplification of the gene and are extremely sensitive to ERBB2-directed therapy 
(submitted for publication). This might indicate that patients with BCAR4-positive 
breast cancers (27%) could also be eligible for ERBB2-targeted therapy. 
The differences found between the mRNA expression studies [15, 21] and this di-
rect biochemical signal activation mapping analysis might be explained by the fact 
that mRNA levels do not always correlate significantly with protein levels [53]. In 
addition, signal transduction has been found to be regulated by protein localization, 
post-translational modifications, and protein-protein interactions [54, 55]. Phospho-
rylation is one of the most common protein modifications occurring as a mechanism 
to regulate the biological activity of a protein. Functional protein pathway activa-
tion mapping, underpinned by protein phosphorylation, may therefore give better 
insight into changes occurring during the transition from an estrogen-dependent to 
an estrogen-independent phenotype than transcript profiling. While the mapping 
analysis performed here profiled a limited number of signaling proteins, the selected 
analytes were chosen based on their key roles in tumorigenesis and cancer progres-
sion. Further validation of the activated signaling circuitry that appear to correlate 
with tamoxifen resistance identified here is warranted, and if verified, may serve as 
the basis for new clinical approaches to mitigate the resistant phenotype.
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Abstract

Purpose:
High BCAR4 and ERBB2 mRNA levels in primary breast cancer associate with tamox-
ifen resistance and poor patient outcome. BCAR4 activates ERBB2 signaling. We de-
termined whether BCAR4 expression sensitizes breast cancer cells to lapatinib, and 
identifies a subgroup of patients who possibly may benefit from ERBB2-targeted 
therapies despite having tumors with low ERBB2 expression. 

Experimental design:
Proliferation assays were applied to determine the effect of BCAR4 expression on la-
patinib treatment. Changes in cell signaling were quantified with reverse-phase pro-
tein microarrays. Quantitative reverse-transcriptase polymerase chain reaction (RT-
PCR) of ERBB2 and BCAR4 was performed in 1,418 primary breast cancers. Combined 
BCAR4 and ERBB2 mRNA levels were evaluated for association with progression-free 
survival (PFS) in 293 estrogen receptor (ER)-positive patients receiving tamoxifen as 
first-line monotherapy for recurrent disease.

Results:
BCAR4 expression strongly sensitized ZR-75-1 and MCF7 breast cancer cells to the 
combination of lapatinib and antiestrogens. Lapatinib interfered with phosphoryla-
tion of ERBB2 and its downstream mediators AKT, FAK, SHC, STAT5, and STAT6. RT-
PCR analysis showed that 27.6% of the breast cancers were positive for BCAR4 and 
22% expressed also low levels of ERBB2. The clinical significance of combining BCAR4 
and ERBB2 mRNA status was underscored by the finding that the group of patients 
having BCAR4-positive / ERBB2-low expressing cancers had a shorter PFS on tamox-
ifen treatment than the BCAR4-negative group. 

Conclusions:
This study shows that BCAR4 expression identifies a subgroup of ER-positive breast 
cancer patients without overexpression of ERBB2 who have a poor outcome and 
might benefit from combined ERBB2-targeted and antiestrogen therapy.



87

                                                                                  BCAR4 sensitizes breast cancer cells to lapatinib

Introduction

Tamoxifen has an important role in the treatment of patients with estrogen receptor 
alpha (ER)-positive primary breast cancer, both in the adjuvant and metastatic setting 
[1]. Its efficacy is limited by primary (intrinsic) or secondary (acquired) resistance. A 
better understanding of the mechanisms involved is required to overcome resistance 
and for developing more effective therapies. Several genes and mechanism causing 
antiestrogen resistance were identified [2-9], including the novel breast cancer an-
tiestrogen resistance 4 (BCAR4) gene [10]. Ectopic expression of BCAR4 causes anti-
estrogen resistance, anchorage independence, and tumor growth in nude mice [10, 
11]. BCAR4 mRNA is detected in 22-29% of primary breast cancers. High levels are 
associated with shorter PFS in patients treated with tamoxifen for recurrent disease, 
and associate with poor metastasis-free survival (MFS) and overall survival (OS), re-
flecting tumor aggressiveness [12]. 
BCAR4-induced tamoxifen resistance depends on the presence of ERBB2 (HER2) 
and ERBB3 receptors [12]. We hypothesized that BCAR4-expression may sensitize 
breast cancer cells to the small molecule tyrosine kinase activity inhibitor of EGFR 
and ERBB2. In this study, BCAR4-expressing cells were assessed for their sensitiv-
ity to lapatinib, given alone and in combination with antiestrogens. In addition, the 
effects of treatment on ERBB2 and ERBB3 downstream signaling were measured. 
As increased ERBB2 activity has been associated with resistance to cytotoxic agents 
in breast cancer, the impact of BCAR4 expression on sensitivity to several cytotoxic 
drugs was assessed. The results of our cell line studies showed that ectopic expres-
sion of BCAR4 results in activation of the ERBB2 signaling pathway without overex-
pression of ERBB2. Therefore, we determined the incidence of breast cancers ex-
pressing BCAR4 and low ERBB2 levels, and how this group of patients fares when 
treated with tamoxifen for advanced disease.

Materials and methods

Cell lines and culture conditions
ZR-75-1 and MCF7 cell lines were kind gifts of R.J.B. King (ICRF, London) and R.B. 
Dickson (NCI, Bethesda) respectively. Cell lines were initially authenticated by karyo-
typing, and in November 2011 using the AmpFlSTR Identifiler Direct PCR Amplifica-
tion Kit (Applied Biosystems International, Nieuwerkerk a/d Ijssel, the Netherlands). 
Cell lines derived from the breast cancer cell line ZR-75-1 containing empty vec-
tor, or expression constructs with BCAR4 [10], BCAR1 [3], BCAR3 [2], or EGFR [13], 

and MCF-7 breast cancer cells with a construct containing BCAR4 were cultured as 
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previously described [2]. 

Drug sensitivity assays
Cells were seeded in 96-well plates at a density of 5000 cells/well in 100 µl RPMI 1640 
medium (Invitrogen, Breda, the Netherlands). After 24 hours, serial dilutions of lapa-
tinib (GlaxoSmithKline, Stevenage, UK), doxorubicin (Pharmachemie B.V., Haarlem, 
the Netherlands), 5-fluorouracil (EBEWE Pharma, Unterach, Austria), methotrexate 
(Emthexate PF, Pharmachemie B.V.), ifosfamide (Holoxan, Baxter B.V., Utrecht, the 
Netherlands) or paclitaxel (Paclitaxel, EBEWE Pharma) were added. All drugs tested 
in combination with 17 β-estradiol or 4-hydroxytamoxifen (Sigma-Aldrich Chemie) or 
ICI182,780 (Zeneca, Pharmaceuticals, Macclesfield, UK). To assay the effects of estro-
gen, cells were seeded at a density of 5000 cells/well in 100 µl RPMI 1640 without 
phenol red, supplemented with 6 % heat-inactivated bovine calf serum (Hyclone, 
Logan, UT, USA). Twenty-four hours after seeding, 100 µl of medium containing 0.01, 
0.1 or 1 μM lapatinib and increasing concentrations of estradiol were added. WST-1 
proliferation assays (Roche Diagnostics, Almere, the Netherlands) were performed 
on ZR-75-1- or MCF7-derived cell lines after 5 or 6 days, respectively. IC50 values 
were estimated by sigmoid inhibitory effect models 107 and 108 as implemented in 
the software program Phoenix WinNonLin 6.1 (Pharsight, Mountain View, CA).

Inhibition of gene expression by small interfering (si)RNAs
Transfections with HiPerfect (Qiagen, Venlo, the Netherlands) performed according 
to the manufacturer’s instructions. siRNAs were On TARGETplus-SMARTpools, each 
consisting of three different oligonucleotides: EGFR (L-003114-00-0005), ERBB2 (L-
003126-00-005), ERBB3 (L-003127-00-0005) and ERBB4 (L003128-00-0005) (Dhar-
macon, Perbio-Science). Final concentration of siRNA was 5 nM. WST-1 assays per-
formed after 6 days.
 
Reverse-phase Protein Microarrays
Cells cultured in estradiol- or 4-hydroxytamoxifen-containing medium were treated 
without or with 0.01 or 0.1 μM lapatinib for 17 hours. Cells were rinsed with ice 
cold DPBS (GIBCO, Invitrogen), and lysed with pre-heated (75 C) extraction buffer 
consisting of equal parts of T-PER (Pierce, Thermo Scientific, Etten-Leur, the Nether-
lands) and Tris-Glycine-SDS Sample Buffer (Invitrogen) containing PhosSTOP Phos-
phatase Inhibitors, Complete Mini Protease Inhibitors (Roche Diagnostics), and 4% of 
β-mercaptoethanol (Merck, Schiphol-Rijk, the Netherlands). Lysates were boiled for 
8 minutes and stored at -80 C. Reverse-phase protein microarray analysis performed 
as described [14]. A list of antibodies used is presented in Supplementary Table 1. 

o

o
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Patient samples 
ERBB2 and BCAR4 mRNA levels were measured in 1,418 ER-positive and negative 
primary breast cancers as described in [12, 15]. Here, we assessed the prognostic and 
predictive values of a combined BCAR4 and ERBB2 status. BCAR4 and ERBB2 were 
determined according to the definitions/cut points in the aforementioned studies. 
To determine the association of the combination of BCAR4 and ERBB2 mRNA levels 
and PFS, 293 samples from patients with ER-positive cancers who received tamoxifen 
treatment as first line therapy for metastatic disease were analyzed. The associations 
of the combined BCAR4 and ERBB2 levels with tumor aggressiveness in terms of MFS 
and OS were determined on 497 ER-positive cancers from patients with lymph node-
negative disease. None received systemic adjuvant therapy. Statistical analyses were 
performed as previously detailed [12].

Quantification of gene expression
RNA isolation of cell lines, complementary DNA synthesis, normalization to refer-
ence genes and quantification were performed as described [12, 15, 16]. TaqMan 
gene expression assays for EGFR-Hs01076091_m1, ERBB2-Hs00170433_m1, ERBB3-
Hs00176538_m1, ERBB4-Hs00171783_m1, and BCAR4-Hs00415922_m1 were used 
according the recommendations of the supplier Applied Biosystems.

Results

Inhibition of ERBB2/3 expression abrogates BCAR4-induced antiestrogen-resistant 
proliferation. 
Previously we have shown that BCAR4-induced tamoxifen-resistant proliferation of 
ZR-75-1 cells depends on the presence of ERBB2 and ERBB3 [12], while ERBB2 is 
not overexpressed or amplified in this cell line [17]. In MCF7 cells, we investigated 
whether BCAR4 expression also induces ERBB2/3-mediated prolferation. The four 
ERBB receptors were inhibited with siRNAs, in the absence or presence of the pure 
antiestrogen ICI182,780. Inhibition of mRNA transcripts was verified by quantitative 
real-time reverse transcriptase PCR (RT-PCR), and was more than 70% for EGFR, 88% 
for ERBB2, 66% for ERBB3, and 75% for ERBB4. 
In fetal bovine serum-containing medium, the proliferation capacity of MCF7 cells 
expressing BCAR4 (MCF7/BCAR4) and MCF7 vector-containing cells was not affected 
by the inhibition of the ERBB receptors (Fig. 1A, B). Similarly to BCAR4 expression 
in ZR-75-1 cells, MCF7/BCAR4 cells were antiestrogen resistant and able to grow in 
the presence of ICI182,780 (Fig. 1A). Under this culture condition the inhibition of 
ERBB2, ERBB3, and ERBB4 resulted in decreased cell proliferation, indicating that 

                                                                                  BCAR4 sensitizes breast cancer cells to lapatinib
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Fig. 1. Knockdown of ERBB receptors reduces proliferation of antiestrogen-resistant MCF7/BCAR4 cells. 
MCF7/BCAR4 (A) and MCF7/vector (B) cells were cultured in the absence (open bars) or presence (closed 
bars) of the antiestrogen ICI182,780. The inhibition of ERBB receptors by specific siRNAs was measured 
with a proliferation assay. Average of 5 replicates and SDs are shown. Significance was determined by the 
Mann-Whitney U test. *P<0.05, compared with cells cultured without siRNAs. AU = arbitrary units. 

also in MCF7/BCAR4 cells, ERBB signaling is involved in antiestrogen-resistance. 
Growth of MCF7/vector cells was fully inhibited by ICI182,780 and inhibition of the 
ERBB receptors had no further effect (Fig. 1B). 
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BCAR4 expression increases the sensitivity of cells to lapatinib 
We speculated that BCAR4 expression may increase the sensitivity to the EGFR/ERBB2 
tyrosine kinase inhibitor lapatinib. Sensitivity to lapatinib was determined in ZR-75-1 
cells containing empty expression vector (ZR/vector) or BCAR4 (ZR/BCAR4). Cells ex-
pressing BCAR1 (ZR/BCAR1), BCAR3 (ZR/BCAR3) or EGFR (ZR/EGFR) were used for com-
parison. These latter genes were shown to induce tamoxifen resistance by mechanisms 
independent of ERBB2 and ERBB3 [2,3, 10, 13]. Titration experiments showed ZR/BCAR4 
to be the most sensitive cell line to lapatinib in the presence of estradiol (Fig. 2A). The 
IC50 values for ZR/BCAR4 cells were 10- to 20-times lower than the IC50 determined 
for thethe other cell lines. In the presence of estradiol, expression of BCAR1, BCAR3, 
or EGFR had no impact on lapatinib sensitivity, which was similar to the empty vec-
tor-containing cells.
Lapatinib sensitivity was also determined in MCF7 cells. In the presence of fetal bo-
vine serum alone, the determined IC50 values for MCF7/BCAR4 cells were similar to 
the IC50 values determined for MCF/vector cells (7-9 µM and 8-12 µM respectively). 
This is in agreement with the inhibition of the ERBB receptors having no effect on 
proliferation of MCF7/BCAR4 under this culture condition (Fig. 1).

Antiestrogens enhance the sensitivity of BCAR4-expressing cells to lapatinib. 
We tested whether antiestrogens could enhance the sensitivity to lapatinib. ZR/
BCAR4 was also the most sensitive cell line to the combination of lapatinib and 4-hy-
droxytamoxifen compared with ZR/BCAR1, ZR/BCAR3, or ZR/EGFR cells (Fig. 2B). Ta-
moxifen further increased the sensitivity of ZR/BCAR4 cells to lapatinib by approxi-
mately 3-fold. A very similar lapatinib dose response curve was obtained with in the 
presence of ICI182,780. Compared with estradiol-stimulated cultures, ZR/EGFR cells 
were 6-fold more sensitive to the combination of lapatinib, 4-hydroxytamoxifen, and 
EGF. ZR/BCAR1 and ZR/BCAR3 cells showed similar lapatinib dose response curves 
in estradiol and 4-hydroxytamoxifen-containing medium, approximately 35-fold less 
sensitive than ZR/BCAR4 cells. Growth of ZR/vector cells was fully inhibited by 4-hy-
droxytamoxifen, therefore the sensitivity to lapatinib under this culture condition is 
not informative (not shown). ICI182,780 increased the sensitivity of MCF7/BCAR4 
cells to lapatinib by approximately 10-fold.

                                                                                  BCAR4 sensitizes breast cancer cells to lapatinib
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Fig. 2. BCAR4 sensitizes ZR-75-1 cells to lapatinib. ZR/vector control (p), ZR/BCAR4 (m), ZR/BCAR1 ( ), ZR/
BCAR3 (∆) or ZR/EGFR cells (o) were plated in estradiol-containing medium (A), or 4-hydroxytamoxifen-
containing medium (B) with increasing doses of lapatinib as indicated. Concentrations of lapatinib (X-axis) 
are presented on a logarithmic scale. Results are expressed as a percentage of maximal growth as meas-
ured with a WST-1 proliferation assay. Average of five replicates and SDs are presented. 

Lapatinib inhibits ERBB2 signaling in BCAR4-expressing cells. 
Reverse-phase protein microarray (RPMA) analysis was used to determine the ef-
fects of lapatinib treatment on the levels of 68 total or phosphorylated proteins 
(Supplementary Table 2) playing a role in survival, motility, death, growth, me-
tabolism, and inflammation. To circumvent the problem that changes in phos-
phorylation were solely due to toxicity, cells were cultured in medium without 
lapatinib or with low doses of 0.01 or 0.1 μM lapatinib for 17 hours. These con-
centrations resulted in limited growth inhibition after 5 days in culture (Figs. 2A, B).
Lapatinib treatment had no prominent effects on protein phosphorylation in ZR/
vector, ZR/BCAR1, ZR/BCAR3, or ZR/EGFR cells, while clear changes were observed 
for ZR/BCAR4 cells (Fig. 3A). We quantified the effects on the phosphorylation
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of its target, the ERBB2 receptor, the ERBB3 receptor and several downstream me-
diators. ZR/BCAR4 cells do not express EGFR (13), therefore changes caused by addi-
tion of lapatinib cannot be attributed to its inhibition. 
In estradiol-containing medium, phosphorylation of ERBB2 (Tyr1248) was 12-fold 
higher in ZR/BCAR4 cells compared with the phosphorylation levels in control cells 
(Fig. 3B). Under this culture condition 0.01 μM lapatinib completely inhibited ERBB2 
phosphorylation. The combination of 4-hydroxytamoxifen and 0.1 μM lapatinib re-
sulted in a 2-fold decrease in ERBB2 phosphorylation (Fig. 3B). Lapatinib exerted no 
effect on ERBB2 phosphorylation in the other cell lines. 
ZR/BCAR4 cells showed the highest levels of phosphorylated ERBB3 (Tyr1289) (Fig. 
3C). Lapatinib treatment in estradiol-containing cultures resulted in moderately de-
creased ERBB3 phosphorylation, but had no effect in the presence of 4-hydroxyta-
moxifen. In the other cell lines, lapatinib did not modulate ERBB3 phosphorylation 
(Fig. 3C). Phosphorylation of several downstream mediators such as AKT (Ser473), 
FAK (Tyr576-577), SHC (Tyr317), STAT5 (Tyr694), and STAT6 (Tyr349) was higher in 
ZR/BCAR4 cells compared with control cell lines (Fig. 3D-H). Similar to the effect on 
ERBB2 phosphorylation, in estradiol-containing medium, 0.01 µM lapatinib inhibited 
phosphorylation of these downstream mediators. In medium containing 4-hydroxy-
tamoxifen, a higher dose of lapatinib was needed to reduce phosphorylation levels. 
In the remaining cell lines, lapatinib treatment had little or no effect on the phospho-
rylation of these signaling molecules. 

BCAR4-expressing cells alternate between signaling pathways to survive. 
Proliferation of ZR/BCAR4 cells was more sensitive to the combination of lapa-
tinib and 4-hydroxytamoxifen than to the combination of lapatinib and estra-
diol (Fig. 2). Moreover, phosphorylation of ERBB2 and downstream targets is 
inhibited in the presence of estradiol and lapatinib. The addition of 4-hydroxy-
tamoxifen increased ERBB2 levels and downstream signaling. Therefore we hy-
pothesized that if the ERBB2 signaling pathway is inhibited by lapatinib, BCAR4-ex-
pressing cells may switch to the ER pathway to sustain survival and proliferation. 
To test this, we analyzed the effects of lapatinib treatment on estradiol depend-
ence in short term cultures. While ZR/BCAR4 cells showed maximal proliferation 
capacity in the absence of estradiol (Fig. 4A), ZR/vector cells required supple-
mentation of 10-100 pM of estradiol (Fig. 4B). In the presence of 0.01 or 0.1 μM 
lapatinib, estrogen dependence of ZR/vector cells remained unchanged (Fig. 4B).
In contrast, proliferation of ZR/BCAR4 cells was less inhibited by lapatinib in the pres-
ence of more than 10 pM of estradiol (Fig. 4A). These results show that ZR/BCAR4 
cells can evade the growth inhibitory effects of lapatinib in part through ER signaling.
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Fig. 3. Lapatinib treatment inhibits ERBB2 and ERBB3 signaling in ZR/BCAR4 cells. (A) Molecular network 
analysis of ZR-75-1-derived antiestrogen-resistant cell lines (horizontal axis) treated with lapatinib. Lysates 
were analyzed with reverse-phase protein microarrays. The heatmap presents the different total and 
phosphorylated proteins (n=31) (vertical axis) that showed at least 2-fold difference with the vector con-
trol cultured in the presence of estradiol. Higher relative levels are represented in white; lower levels in 
black. Cells were cultured with estradiol (E) or 4-hydroxytamoxifen (T), or T and EGF (T+) and treated for 17 
hours, without, or with 0.01 or 0.1 µM lapatinib (triangles represent increasing lapatinib concentrations, 
from left to right). (B - H) Effects of lapatinib treatment on ERBB2 and ERBB3 signaling. Phosphorylation 
intensity (Y-axis) of ERBB2 (B), ERBB3 (C), AKT (D), FAK (E), SHC (F), STAT5 (G) and STAT6 (H) in the different 
cell lines (horizontal axis) is presented. Results of two independently derived pools of transduced cells 
were averaged. Phosphorylation intensity values for antibody staining were negative control subtracted 
and normalised for total protein concentration. An average of 3 measurements is presented. SDs < 2% 
across the replicates. 
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Fig. 4. Lapatinib–treated cells utilize ER signaling for survival. ZR/BCAR4 (A) and ZR/vector (B) cells were 
plated in the absence (l), 0.01 µM lapatinib (m), 0.1 (n) or 1 µM (o) of lapatinib and different concentra-
tions of estradiol as indicated. Results are expressed as a percentage of maximal growth (cultures with 
1 nM estradiol but without lapatinib), as measured with a WST-1 proliferation assay. Average of 3 repli-
cates and SDs are presented. 

 BCAR4 and chemotherapy
 As several studies indicate an association between ERBB2 overexpression and resist-
ance to chemotherapy (reviewed in [18]), and BCAR4 expression enhances ERBB2 
signaling, we determined the sensitivity of BCAR4-expressing cells to drugs currently 
included in common breast cancer treatment regimens. To investigate alterations 
in drug sensitivity, cells were cultured in estradiol- or 4-hydroxytamoxifen-contain-
ing medium and increasing concentrations of the different chemotherapeutics. 
As a typical example, a dose response curve of ZR/vector, ZR/BCAR4, ZR/BCAR1, ZR/
BCAR3 and ZR/EGFR cells, to methotrexate is shown in Supplementary Fig. S1. No 
major differences in sensitivity to the drug between the different cell lines, either in
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the presence of estradiol (Supplementary Fig. S2A) or 4-hydroxytamoxifen (Sup-
plementary Fig. S2B), were observed. Similar results were obtained for ifosfamide, 
5-fluorouracil, doxorubicin, and paclitaxel, indicating no changes in sensitivity of con-
ventional drugs due to the expression of BCAR4. Moreover, no major differences 
were found between the IC50 values determined for all the BCAR cell lines and for 
the control cells (Supplementary table 3), with exception of ZR/BCAR1 cells being 
less sensitive to doxorubicin, and ZR/EGFR cells being less sensitive to doxorubicin 
and 5-fluorouracil. 

BCAR4 mRNA levels may define a subgroup of patients who are eligible for treat-
ment with established ERBB2 inhibitors.
At present, only patients with breast cancers over-expressing ERBB2 or with gene 
amplification, are eligible for ERBB2-targeted therapies. Our functional in vitro stud-
ies show that BCAR4 activates the ERBB2 pathway yielding resistance against anties-
trogens in cell lines not overexpressing ERBB2. This could imply that BCAR4 expres-
sion identifies an additional subgroup of patients with activated ERBB2 but lacking 
ERBB2 overexpression. To investigate the prevalence of this group, both BCAR4 and 
ERBB2 mRNA status were determined in a large cohort of primary breast cancers 
previously measured by RT-PCR [12, 15]. BCAR4 was detected in 392 out of 1418 
(27.6%) samples (Fig. 5A). High expression of ERBB2 was detected in 233 specimens 
(16.4%). Among the BCAR4-positive samples, 80 had high and 312 had low expres-
sion of ERBB2, indicating the existence of a group of patients (22%) with BCAR4-
positive cancers and low expression of ERBB2. 

Clinical relevance of combined BCAR4 and ERBB2 status. 
BCAR4 and ERBB2 have been found to be independently predictive for tamoxifen re-
sistance in recurrent breast cancer. While ERBB2 was not associated with the natural 
course of the disease in untreated lymph node-negative ER-positive patients with 
primary breast cancer, patients with BCAR4-positive tumors had a shorter MFS and 
OS compared with BCAR4-negative tumors [12, 15].
Here, we assessed the associations of combined BCAR4 and ERBB2 status and 
clinical tamoxifen resistance in recurrent breast cancer. mRNA levels of 293 ER-
positive primary cancers of patients treated with tamoxifen as first line therapy 
for metastatic disease were analyzed for association with the length of PFS. The 
individual clinical associations of BCAR4 and ERBB2 mRNA levels for PFS (Table 
1) were in agreement with our previous data [12, 15]. Univariate Cox regression 
analysis of the combined mRNA status showed that patients with BCAR4-positive-
tumors with low levels of ERBB2 had a shorter PFS than patients with BCAR4-neg-
ative tumors with low ERBB2 levels (HR = 1.64, P = 0.001; Table 1). Patients with 
high ERBB2 levels had the shortest PFS, regardless of BCAR4 status (Table 1).

Chapter 5
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Fig. 5. Clinical relevance of combined BCAR4 and ERBB2 status. Expression of BCAR4 and ERBB2 mRNA 
levels was measured in a cohort of primary breast carcinomas. Patients were stratified according to the 
combined BCAR4 and ERBB2 status as indicated. (A) Prevalence of breast tumors expressing BCAR4 and 
low levels of ERBB2. Number of tumors and percentages are shown for each group. (B) Progression-free 
survival of patients with ER-positive breast cancer who received first-line tamoxifen monotherapy for re-
current breast cancer. Patients with ERBB2-high tumors were grouped irrespective of their BCAR4 status. 
The patients at risk at 12 months intervals are indicated. Neg = negative, pos = positive.
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Table 1 – Associations of combined mRNA levels of BCAR4 and ERBB2 in primary breast tumors with 
progression-free survival. 

To study a possible independent relationship of the genes studied with PFS, Cox multivariate regression 
analyses were performed, including the base model comprising the traditional predictive factors: age, 
menopausal status, disease-free interval, dominant site of relapse, and ESR1 and PGR mRNA levels. Ab-
breviations: PFS = progression-free survival, HR = hazard ratio, CI = confidence interval, pos = positive, neg 
= negative.

PFS No. HR 95% CI P HR 95% CI P

ERBB2

High vs Low 37/256 1.86 1.31-2.65 0.001 1.90 1.28-2.80 0.001

BCAR4

Pos vs Neg 78/215 1.57 1.20-2.05 0.001 1.46 1.10-1.93 0.009

Combined addition

BCAR4 neg / ERBB2 low 191 1 1

BCAR4 pos / ERBB2 low 65 1.64 1.23-2.20 1.50 1.10-2.04 0.011

BCAR4 neg / ERBB2 high 24 2.17 1.40-3.36 2.09 1.32-3.29 0.002

BCAR4 pos / ERBB2 high 13 2.03 1.15-3.58 2.02 1.09-3.73 0.026

Univariate analysis Multivariate analysis

The Kaplan-Meier analysis visualizes the different outcomes of the patients strati-
fied according to the combined BCAR4 and ERBB2 status (Fig. 5B). In the multivari-
ate analysis, the power of the combination of BCAR4 expression and low levels of 
ERBB2 was independent of the traditional predictive factors for PFS (BCAR4-nega-
tive/ERBB2-low versus BCAR4-positive/ERBB2-low, HR = 1.50, P = 0.011; Table 1). 
To assess the associations of combined BCAR4 and ERBB2 levels and tumor aggres-
siveness, we analyzed mRNA status in 497 primary breast cancers. All patients had 
ER-positive, lymph-node negative cancer and did not receive adjuvant systemic 
therapy, allowing the analysis of the natural course of the disease. The mRNA levels 
were analyzed for association with the end points MFS and OS. MFS in patients with 
BCAR4-positive/ERBB2-low tumors was not significantly different from patients with 
BCAR4-negative/ERBB2-low tumors. Patients with BCAR4-positive/ERBB2-high tu-
mors had the shortest MFS (multivariate HR 1.95, P = 0.026; Supplementary Table 4). 
Analysis for OS indicated that patients with BCAR4-positive/ERBB2-low tumors had a 
significantly shorter OS than patients with BCAR4-negative/ERBB2-low tumors. This 
difference was independent of the traditional prognostic factors (multivariate HR = 
1.54, P = 0.021). Patients with BCAR4-positive/ERBB2-high tumors had the short-
est OS from all groups (multivariate HR = 2.25, P = 0.004) (Supplementary Table 4). 
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Discussion
In this study we show that BCAR4 expression sensitizes breast cancer cells to lapa-
tinib. As BCAR4 expression in cell lines did not change the sensitivity to different 
chemotherapeutic agents, the increased sensitivity to lapatinib is not due to a gener-
al mechanism of drug resistance. The combination of lapatinib and tamoxifen treat-
ment is more effective at inhibiting breast cancer cell growth than lapatinib alone 
[19, 20]. Also in our BCAR4-expressing cell models, the combination of lapatinib and 
antiestrogens was more potent in inhibiting cell growth than lapatinib alone; indicat-
ing that blocking the ERBB2 pathway with lapatinib re-sensitizes BCAR4-expressing 
cells to antiestrogens.  
Breast tumors have been shown to alternate between ER and ERBB2 signaling, and 
inhibition of one of the pathways reactivated the other [21-25]. It has also has been 
reported that increased ER signaling occurs in lapatinib-treated breast cancer cell 
lines [19, 26]. In the presence of lapatinib and increasing levels of estradiol, ZR/
BCAR4 cells exhibited comparable cell growth kinetics as estrogen-dependent paren-
tal cells (Fig. 5A). In culture medium containing lapatinib without estradiol growth of 
ZR/BCAR4 cells was strongly inhibited. This suggests that BCAR4 cells use the ER sign-
aling pathway to survive in the presence of low concentrations of lapatinib. Likewise, 
MCF-7/BCAR4 cells cultured in medium without antiestrogens use the ER pathway 
to proliferate. These cells are antiestrogen-resistant, but similar to ZR/BCAR4 cells, 
proliferation is reduced when ERBB2 or ERBB3 are knocked-down. This indicates that 
MCF-7/BCAR4 cells are also dependent on the ERBB2 and ERBB3 pathway to over-
come the inhibitory effects of antiestrogens. Apparently, BCAR4 expression enables 
cells to alternate between signaling pathways to escape the inhibition of one of them. 
Lapatinib treatment has been shown to prevent ubiquitination and degradation of 
ERBB2, resulting in the accumulation of inactive receptors at the plasma membrane 
[27]. Exposure of ZR/BCAR4 cells to lapatinib resulted in modestly increased ERBB2 
protein levels. Addition of 4-hydroxytamoxifen to ZR/BCAR4 cells further increased 
ERBB2 levels, in agreement with earlier observations [28, 29]. In different other stud-
ies lapatinib was shown to inhibit phosphorylation of ERBB2 downstream kinases 
in ERBB2-overexpressing breast cancer [20, 30-33]. In our model, activity of ERBB2, 
ERBB3, and the downstream mediators studied are efficiently inhibited in medium 
containing estradiol and a low dose of lapatinib. However, cell proliferation was only 
partially inhibited, again suggesting an escape route via the ER-signaling pathway.
EGFR and ERBB2 overexpression is well documented as being involved in tamoxifen 
resistance [6, 7, 15]. EGFR is not involved in our cell models of endocrine resistance 
because estrogen-dependant ZR-75-1 and MCF7 cells are devoid of detectable EGFR 
expression [13], and ERBB2 is present but not overexpressed nor amplified [17].
Introduction of BCAR4 activates ERBB2 signaling and induces resistance against an-
tiestrogens [14]. This suggests that not only ERBB2 overexpression or amplification
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is associated with tamoxifen resistance, but that the mere activation of the receptor 
may play a role in the process. This is in agreement with earlier findings that other 
models of endocrine resistance, LTED and LTAM cells, showed increased activation 
of ERBB2 and down-stream signaling [19]. In addition, it has been hypothesized that 
moderate, as well as low ERBB2 levels, may generate a strong mitogenic signal when 
the receptor is activated by dimerization with EGFR or ERBB3 [34]. 
In ZR/BCAR4 cells cultured with 4-hydroxytamoxifen the IC50 for lapatinib was ap-
proximately 1 μM. This concentration is achieved in the plasma of patients treated 
with the recommended daily dose of 1.5 mg [35], emphasizing the potential feasibil-
ity of lapatinib as treatment for anti-estrogen resistant breast cancer due to BCAR4 
expression. Activated ERBB2 has been found in ER-positive tumors classified as nega-
tive for ERBB2 expression according to the standard criteria [34]. Moreover, emerg-
ing evidence shows that some tumors scoring negative for ERBB2 expression benefit 
from trastuzumab therapy [36, 37]. Currently, treatment with ERBB2-targeted thera-
pies is restricted to patients with breast cancers overexpressing ERBB2. Until now, 
there are no biomarkers to select patients with ER-positive/ERBB2-negative tumors 
which are dependent on ERBB2 signaling [38], and may benefit from ERBB2-targeted 
therapies. We have shown that co-expression of BCAR4 and low level of ERBB2 oc-
curs frequently, and that these patients have less benefit from tamoxifen treatment. 
Although our observations do not prove that the ERBB2 signaling pathway is acti-
vated in these tumors, our experimental data suggests that this group might benefit 
from the combination of lapatinib and antiestrogens. The focus of our future studies 
will be to determine the phosphorylation status of ERBB2 and down-stream media-
tors on micro tissue arrays of a large cohort of breast cancers with known follow-up. 
Patients with primary tumors with high levels of ERBB2 had the shortest PFS, irre-
spective of their BCAR4 levels. Based on our results it will now be highly relevant 
to establish whether these BCAR4-positive/ERBB2-low cancers have indeed an acti-
vated ERBB2 signaling pathway.
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Appendix Table 1. Top list of BCAR4-specific genes.

Gene Symbol Process  Fold-change Description
ADK   1.72  Adenosine kinase (EC 2.7.1.20) (AK) (Adenosine  
     5'-phosphotransferase)
AFF2  R 1.41  AF4/FMR2 family member 2 
APPBP1  P 1.89  NEDD8-activating enzyme E1 regulatory subunit 
ARL6IP1   1.79  ARL-6-interacting protein 1 (ADP-ribosylation-like  
     factor 6- interacting protein 1) (Aip-1)
ATP5F1  M 1.75  ATP synthase B chain, mitochondrial precursor (EC  
     3.6.3.14) 
ATP5O  M 1.47  ATP synthase O subunit, mitochondrial precursor  
     (EC3.6.3.14) 
ATPBD1C   2.08  ATP binding domain 1 family, member C
BTBD2   0.74  BTB (POZ) domain containing 2
BUB1B  P 2.33  Mitotic checkpoint serine/threonine-protein kinase 
BUB1      beta (EC2.7.11.1)
BXDC2   2.56  Brix domain-containing protein 2 
C2orf25   1.89  Uncharacterized protein C2orf25, mitochondrial  
     precursor
C3orf14   2.08  Uncharacterized protein C3orf14
C7orf24   2.22  Uncharacterized protein C7orf24
C7orf24   2.63  Uncharacterized protein C7orf24
CACYBP   1.89  Calcyclin-binding protein (CacyBP)
CACYBP   1.75  Calcyclin-binding protein (CacyBP)
CAPZA1   2.44  F-actin capping protein subunit alpha-1 (CapZ  
     alpha-1)
CBX3   1.85  Chromobox protein homolog 3 
CBX3   2.44  Chromobox protein homolog 3 
CEPT1   1.72  choline/ethanolaminephosphotransferase
COX7B  M 1.61  Cytochrome c oxidase polypeptide VIIb, mitochon 
     drial precursor (EC 1.9.3.1)
CSE1L   2.78  Exportin-2
CYCSL1   2.00  cytochrome c, somatic-like 1
DENR   2.13  density-regulated protein
DHX15  R 2.33  Putative pre-mRNA-splicing factor ATP-dependent  
     RNA helicase DHX15 (EC 3.6.1.-)
DHX15  R 2.63  Putative pre-mRNA-splicing factor ATP-dependent  
     RNA helicase DHX15 (EC 3.6.1.-) 
DLD  M 3.45  Dihydrolipoyl dehydrogenase, mitochondrial precur 
     sor (EC 1.8.1.4)
DPM1   2.27  Dolichol-phosphate mannosyltransferase 
     (EC2.4.1.83) 
EEF1E1   2.56  Eukaryotic translation elongation factor 1 epsilon-1
ENY2   2.00  enhancer of yellow 2 homolog
EPN1   0.78  Epsin-1 (EPS-15-interacting protein 1)
FAM33B   2.38  Spindle and kinetochore-associated protein 2   
     (Protein FAM33A)
FAM96A   1.85  Protein FAM96A
FH   2.13  Fumarate hydratase, mitochondrial precursor 
     (EC 4.2.1.2) 
GCSH   1.96  Glycine cleavage system H protein, mitochondrial 
     precursor
GGH   2.86  Gamma-glutamyl hydrolase precursor 
     (EC3.4.19.9)
GNPNAT1   2.08  Glucosamine 6-phosphate N-acetyltransferase 
     (EC 2.3.1.4)
HMGB1   3.33  High mobility group protein B1 (High mobility group  
     protein 1) (HMG-1)
HMGCR   2.50  3-hydroxy-3-methylglutaryl-coenzyme A reductase
     (EC 1.1.1.34) 
HNRPA2B1 R 2.38  Heterogeneous nuclear ribonucleoproteins A2/B1  
     (hn RNP A2 / hnRNP B1)
HNRPDL  R 1.82  heterogeneous nuclear ribonucleoprotein D-like 
HNRPH1  R 1.96  Heterogeneous nuclear ribonucleoprotein H (hn 
     RNP H) 
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HNRPK   1.56  Heterogeneous nuclear ribonucleoprotein K (hn 
     RNP K)
HSP90AA1   3.03  Heat shock protein HSP 90-alpha (HSP 86) 
HSPA9   1.85  Stress-70 protein, mitochondrial precursor (75 kDa  
     glucose-regulated protein) (GRP 75)
HSPA9   1.96  Stress-70 protein, mitochondrial precursor
IARS   1.92  Isoleucyl-tRNA synthetase, cytoplasmic 
     (EC6.1.1.5) 
IARS2   2.22  Isoleucyl-tRNA synthetase, mitochondrial precursor 
     (EC 6.1.1.5) 
IDI1   2.56  Isopentenyl-diphosphate Delta-isomerase 1 
     (EC5.3.3.2) 
ISG20L2   1.37  Interferon-stimulated 20 kDa exonuclease-like 2 
     (EC 3.1.-.-)
KIAA0101   1.56  PCNA-associated factor (p15PAF)
KRT222P   1.75  keratin 222
LACTB2   2.22  lactamase, beta 2
LBR   2.63  Lamin-B receptor (Integral nuclear envelope inner 
     membrane protein) (LMN2R)
LOC440587  1.61  similar to 60S ribosomal protein L6
MDH1   1.75  Malate dehydrogenase, cytoplasmic (EC 1.1.1.37) 
METTL5   2.04  Methyltransferase-like protein 5 (EC 2.1.1.-)
MKKS   2.00  McKusick-Kaufman/Bardet-Biedl syndromes puta 
     tive chaperonin (Bardet- Biedl syndrome 6 protein)
MRFAP1   1.52  Mof4 family associated protein 1
MRPL42   2.04  Mitochondrial 28S ribosomal protein S32
NCAPG2   2.13  Condensin-II complex subunit G2 
NGFRAP1   1.69  Protein BEX3 (Brain-expressed X-linked protein 3)
NUCKS1   2.63  Nuclear ubiquitous casein and cyclin-dependent  
     kinases substrate (P1)
NUP205   2.00  Nuclear pore complex protein Nup205
NUSAP1   2.38  nucleolar and spindle associated protein 1 
     isoform 2
OAT   1.96  Ornithine aminotransferase, mitochondrial 
     precursor (EC 2.6.1.13)
PBK   2.56  T-lymphokine-activated killer cell-originated protein  
     kinase (EC 2.7.12.2) 
PCMT1   2.00  Protein-L-isoaspartate(D-aspartate) O-methyltrans 
     ferase (EC 2.1.1.77) 
PDCD5   1.79  Programmed cell death protein 5 (Protein TFAR19)
PFDN4   2.27  Prefoldin subunit 4 (Protein C-1)
PKIA   2.04  cAMP-dependent protein kinase inhibitor alpha 
     (PKI-alpha) 
PON2   2.08  Serum paraoxonase/arylesterase 2 (EC 3.1.1.2) 
     (EC 3.1.8.1)
PPA2  M 1.69  Inorganic pyrophosphatase 2, mitochondrial 
     precursor (EC 3.6.1.1) 
PPA2  M 1.96  Inorganic pyrophosphatase 2, mitochondrial 
     precursor (EC 3.6.1.1)
PPP1CC   2.08  Serine/threonine-protein phosphatase PP1-gamma  
     catalytic subunit (EC 3.1.3.16)
PPP2R5C   2.13  Serine/threonine-protein phosphatase 2A 56 kDa 
     regulatory subunit gamma isoform 
PRDX3   2.00  Thioredoxin-dependent peroxide reductase, 
     mitochondrial precursor (EC 1.11.1.15) 
                                                                           (Peroxiredoxin-3)

Chapter 6
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Gene Symbol Process  Fold-change Description
PSMA4   1.89  Proteasome subunit alpha type 4 (EC 3.4.25.1)
PSMA4   2.08  Proteasome subunit alpha type 4 (EC 3.4.25.1) 
PSMC2  P 1.64  26S protease regulatory subunit 7 (Proteasome  
     26S subunit ATPase 2) (Protein MSS1)
PSMC5  P 1.39  26S protease regulatory subunit 8 
PTEN   3.57  Phosphatidylinositol-3,4,5-trisphosphate 3-phos 
     phatase and dual-specificity protein phosphatase  
     PTEN
RAN   1.85  GTP-binding nuclear protein Ran (GTPase Ran) 
RBBP7   1.61  Histone-binding protein RBBP7 
RBM13   2.44  MAK16-like protein RBM13 (RNA-binding motif
     protein 13)
RPL15   2.13  60S ribosomal protein L15
SBDS   2.78  Shwachman-Bodian-Diamond syndrome protein
SEC61G   1.89  Protein transport protein SEC61 subunit gamma
SEPT7   2.70  Septin-7 (CDC10 protein homolog)
SERBP1   2.78  Plasminogen activator inhibitor 1 RNA-binding  
     protein 
SF3A2  R 0.54  Splicing factor 3A subunit 2 
SFRS10  R 1.92  Arginine/serine-rich-splicing factor 10 (Transformer- 
     2-beta)
SHFM1  P 1.64  26 proteasome complex subunit DSS1 
SHOC2   3.85  Leucine-rich repeat protein SHOC-2 (Ras-binding  
     protein Sur-8)
SHOC2   2.38  Leucine-rich repeat protein SHOC-2 (Ras-binding  
     protein Sur-8)
SLC26A1   0.62  Sulfate anion transporter 1 (SAT-1)
SMYD2   1.85  SET and MYND domain-containing protein 2   
     (HSKM-B)
SNRPE  R 1.96  Small nuclear ribonucleoprotein E (snRNP-E) 
SSBP1   1.59  Single-stranded DNA-binding protein, mitochondrial  
     precursor
TAF9  P 2.08  Adenylate kinase isoenzyme 6 (EC 2.7.4.3)
TAF9  P 1.96  Adenylate kinase isoenzyme 6 (EC 2.7.4.3) 
TAPBP   0.57  Tapasin precursor (TPSN) 
TFRC   2.94  Transferrin receptor protein 1
TMEM126A  1.72  Transmembrane protein 126A
TMEM14A   1.64  Transmembrane protein 14A
TPTE2   2.56  Phosphatidylinositol-3,4,5-trisphosphate 3-phos 
     phatase TPTE2 (EC 3.1.3.67) 
TWISTNB   3.23  TWIST neighbor
UQCRH  M 1.45  Ubiquinol-cytochrome c reductase complex 11 kDa  
     protein, mitochondrial precursor (EC 1.10.2.2) 
USMG5   1.82  Up-regulated during skeletal muscle growth 
     protein 5
VPS29   1.61  Vacuolar protein sorting-associated protein 29
WAPAL   2.50  Wings apart-like protein homolog (Friend of EBNA2  
     protein)
WDSOF1   2.50  WD repeats and SOF1 domain containing 
ZNF207   1.75  Zinc finger protein 207
ZNF330   2.13  Zinc finger protein 330
ZNF688   0.68  zinc finger protein 688 isoform a

BCAR4-specific genes with the highest rank (top 150) in the classifier analyses and with annotation are list-
ed here (n=115) Process codes for Energy Metabilsm (M), mRNA Processing (R) and Protein Modification  
(P) are presented (see also Table 1). The relative expression levels of genes in BCAR4 cells in comparison 
to the other cell lines are shown as Fold-change. 
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Chapter 7

Tamoxifen has been used in the treatment of breast cancer for over four dec-
ades, in both the adjuvant and metastatic settings, and was recently approved as 
preventive agent for this disease. Although tamoxifen has been shown to be ef-
fective at treating ERα-positive breast cancer [1], the development of resistance 
presents a major problem. It is clear, that a better understanding of the mecha-
nisms responsible for tamoxifen resistance is needed to reverse the resistant 
phenotype and develop better treatment strategies. The BCAR4 gene has been 
identified in a functional screening aimed at identifying genes inducing tamox-
ifen resistance. The aim of this thesis was to characterize this novel gene, and to 
get insights in its function and mechanism of induced anti-estrogen resistance. 

BCAR4 restricted expression and possible function 
BCAR4 expression has been found in several mammalian species, being highly con-
served in higher primates (chapter 3). In the functional screening for genes causing 
tamoxifen resistance, it was isolated from a human placenta cDNA library only [2]. 
Searches in public expression databases and in the literature showed that high BCAR4 
expression is only found in placenta and the oocyte (chapter 3 and [3]). In other nor-
mal adult tissues, expression of BCAR4 was not found. The species and tissue specific 
expression strongly indicates a role for BCAR4 in mammalian early development and 
pregnancy. Surprisingly, the BCAR4 gene is absent in the mouse and rat (chapter 3). 
The mouse is not a good model of human placentation and pregnancy [5]. Important 
differences exist between human and mouse placental development and function. 
In the mouse, in contrast to the human situation, trophoblast implantation is super-
ficial, the transformation of the uterine arteries depends on maternal factors, and 
mouse placenta produces fewer placental hormones [4, 5]. At this point it is only 
possible to speculate on the function of this gene, but it is likely that differences in 
placental development and function could explain the absence in these organisms. 
BCAR4 may have a function in placenta and early development, therefore it can not 
be excluded that in mouse and rat its function has been taken over by other genes. 

BCAR4 mRNA expression and cancer 
The clinical significance of BCAR4 in breast cancer was determined by measuring 
mRNA levels in a large group of primary cancers. BCAR4 expression was found in 27% 
of the samples (chapter 2). The associations between BCAR4 levels in the primary 
tumor and tamoxifen resistance and tumor aggressiveness were determined in ERα-
positive samples. High BCAR4 levels predict less benefit from tamoxifen treatment, 
and cancers with high BCAR4 levels are more aggressive than cancers that do not 
express BCAR4 (chapter 2). 
Expression of BCAR4 mRNA has also been found in germ cell cancers, ovarian car-
cinomas and in brain metastasis of lung cancer (unpublished observations). In cell 
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lines, BCAR4 mRNA expression was detected in breast (chapter 3) [6], ovarian cancer, 
and choriocarcinoma cells (unpublished results). 
Due to its expression in several human cancers, it is evident that BCAR4 may play a role 
in human carcinogenesis. At the moment, this role is unknown, and insights into the 
normal function of this gene, in its cellular localization and interacting proteins, will help 
to define its role in carcinogenesis. Moreover, expression in metastatic lung cancer 
may indicate that this gene is involved in processes like migration and invasion. 

Signaling pathways activated by BCAR4 and inducing tamoxifen resistance 
The identification of proteins activated by BCAR4 may provide information on the ac-
tive signaling pathways promoting tamoxifen-resistant growth. Knowing these path-
ways may be relevant for the identification of surrogate markers to predict response 
to treatment, and in identifying targets for therapeutic intervention. 

Gene expression profiling of BCAR4-expressing cells
To get insights into the mechanism of BCAR4-induced tamoxifen resistance, the 
expression profiles of cells expressing BCAR genes were generated and compared 
(chapter 6). Differences in the gene expression patterns of these cells may give in-
sights in the mechanisms of resistance. In opposition to the other cell lines tested, 
BCAR4-expressing cells did not cluster according to the culture conditions. Moreover, 
the expression profile from BCAR4-expressing cells was different from the profiles of 
the other cell lines, indicating a different mechanism of resistance and/or gene func-
tion. The BCAR4 specific gene list suggests that some general cellular processes like 
energy metabolism, mRNA splicing, and protein degradation may have been altered 
as a consequence of BCAR4 over-expression. Whether these changes in gene expres-
sion are underlying the biological differences or are merely the spin-off of the BCAR4 
consequences, remains to be proven by specific targeting of the processes. A limited 
number of energy metabolism inhibitors were tested on these cell lines, and no sig-
nificant differences in cell proliferation were found between cells expressing BCAR4 
and the other cell lines. This result means that the targeted aspects of this pathway 
are not underlying resistance to tamoxifen, and argues for the evaluation of the ef-
fects of inhibitors targeting other aspects of these pathways. The consequences of 
inhibiting mRNA splicing and protein degradation are yet unknown. A specific signa-
ture linking to the activated ERBB pathway in BCAR4 cells was not found, indicating 
that protein activation may be more important for the tamoxifen-resistant pheno-
type than large changes in gene expression. 
The analysis of the clinical significance of the BCAR4-specific gene set showed that 
this signature is associated with progression-free survival, but not significantly dif-
ferent from the false discovery rate. However, this analysis did not include associa-
tions between the BCAR4-specific gene set and tumor aggressiveness, which may be 
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interesting in view of the fact that cells expressing BCAR4 (chapter 3) and cancers 
with high BCAR4 levels (chapter 2) have a more aggressive phenotype. 

Reverse-phase protein microarrays as a method to identify activated signaling 
pathways
Cancer can be defined as a disease of abnormal signaling [7] and considered as a prot-
eomic disease [8]. Phosphorylation is one of the most common protein post-transcrip-
tional modifications, and modulates the biological activity of a protein. The phospho-
rylation or activation status of intracellular signaling pathways provides information on 
disease pathogenesis and may identify (new) therapeutic targets [8-12]. Gene arrays 
measure gene expression levels, but transcript levels do not always correlate signifi-
cantly with protein expression or phosphorylation [13-15]. Therefore gene arrays do 
not provide accurate information about the activation status of proteins. 
Reverse phase protein microarrays (RPMAs) allow global and high-throughput quan-
tification of protein phosphorylation, and therefore are suitable to generate profiles 
of signaling pathways in a manner not possible with gene arrays [16]. This method 
has been described in several reviews [7, 16, 17] and is summarized in figure 7.1. 
RPMAs allow for the measurement of changes in protein phosphorylation in sam-
ples from distinct disease stages, before and after therapy, between patients who 
benefit from treatment and the ones who do not, and may help to predict which 
patients will respond to treatment, and to monitor disease progression [16]. RPMA is 
a very sensitive method with detection levels approaching the attogram (1x10-18g) 
and variances of less than 10% [8, 18]. Therefore, this method is suitable to analyze 
signaling pathways in small numbers of cells [19-22], or in small samples, such as 
patient biopsies [7, 11, 22]. RPMAs have been widely used in the analysis of signal-
ing pathways involved in human tumorigenesis [13, 17, 19, 21-27], and may provide 
information useful in therapeutic decision making [16].
Because of its potential, RPMAs were used to profile activated signaling pathways in 
tamoxifen-resistant growth induced by forced expression of BCAR genes. The anti-
bodies used were raised against total and/or phosphorylated key signaling molecules, 
known to have roles in carcinogenesis, tumor progression, and in the development of 
tamoxifen resistance. In previous mRNA expression arrays of several BCAR cell lines, 
no major differences in gene expression were found between the resistant cell lines 
and controls, apart from differences caused by the addition of estradiol, 4-hydroxyta-
moxifen or EGF [28] (chapter 6). RPMA analysis identified several signaling pathways 
activated in the cell lines with over-expression of the BCAR genes, showing the com-
plexity of mechanisms involved in the development of tamoxifen resistance (chapter 
4). In all the tamoxifen-resistant cell lines resulting from forced expression of BCAR 
genes, AKT was found to be activated. Moreover, AKT activation levels were higher 
in cells cultured with tamoxifen than in cells cultured with estrogens, indicating an 

Chapter 7
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important role of AKT in the mechanism of BCAR-induced resistance to tamoxifen. 
High levels of activated AKT were found to predict tamoxifen therapy failure [29].
Because of this and of its role as central mediator of the PI3K pathway, AKT may be 
an important therapeutic target for tamoxifen-resistant breast cancer due to over-ex-
pression of the BCAR genes. Several inhibitors of the three AKT isoforms have already 
entered breast cancer clinical trials [30]. RPMA analyses were more informative for 
identifying signaling pathways involved in or causing tamoxifen resistance than gene 
expression array analysis. In our models of tamoxifen resistance it is apparent that 
kinase activation, and subsequent pathway activation, and not over-expression of 
genes down-stream of the BCAR genes, have a relevant role in the development of 
resistance. These signaling pathways found to be activated in this study await func-
tional validation. If validated, they may provide a starting point for new clinical inter-
ventions.

Figure 7.1. Principle of reverse-phase protein microarrays. RPMAs can be used to measure the total levels 
or phosphorylation status of (signaling) proteins in fresh, frozen or fixed tissue samples. (A) Test samples, 
are spotted on a nitrocellulose membrane in triplicate and in serial dilutions, to ensure that the linear 
detection range of the antibody is achieved. A negative control (extraction buffer only) is also included in 
this dilution curve. Reference standards, consisting of lysates with known amounts of peptides, are printed 
on the array in  dilution curves. It ensures that the direct quantitative measurement of phosphorylation is 
within the dynamic range of the assay, and makes it possible to precisely quantify samples between arrays. 
Each spot contains one individual test sample, and each array is made of hundreds of samples. (B) The 
individual arrays are probed with one antibody (Anti-D is shown). Detection is performed by the use of a 
secondary fluorescent labeled antibody (*), so that amount of protein and/or phosphorylation levels can 
be directly compared between different samples. For each spot, the intensity of the signal is calculated 
proportionaly to the quantity of applied antibody bound to the test sample [8]. Total protein is quantified 
by the use of Sypro Ruby stain. Stained slides are scanned and Intensity values for each antibody are nor-
malized to total protein amounts. 
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BCAR4 and ERBB2 and ERBB3 signaling 
The most striking differences in pathway activation were seen in cells expressing 
BCAR4, where the ERBB2 and ERBB3 signaling pathway was found to be strongly ac-
tivated (chapter 4). This result is in accordance with the previous study where ERBB2, 
ERBB3, and the downstream mediators ERK1/2 and AKT were specifically activated in 
this cell line (chapter 2). The knock down of these receptors confirmed that they are 
critical for BCAR4-induced tamoxifen resistant growth (chapter 2). These findings are 
particularly important since the ERBB2/ERBB3 heterodimer is the most oncogenic of 
all the dimers formed by ERBB receptors [31-33].
The mechanism by which BCAR4 activates the ERBB2 and ERBB3 receptors is still 
unknown, but several hypotheses can be considered. BCAR4 is a very small protein, 
and its predicted anchor signal and two transmembrane domains suggest that the 
protein is located at cell membranes. Because of its possible location and interac-
tion with ERBB receptors, there is a possibility that BCAR4 may be a target for ADAM 
proteins, which cleave ERBB ligands [34]. This way, cleaved BCAR4 would be free to 
bind ERBB3, activating ERBB2 and ERBB3 signaling. BCAR4 may interact with ERBB2 
through the cell membrane, similar to MUC4 [35]. A mechanism similar to nucleolin, 
which interacts intracellularly and activates the ERBB receptors [36]. The hypothesis 
that BCAR4 may be a secreted protein can also not be excluded. Another possibility 
is that the BCAR4 protein interacts with and stabilizes the ERBB2/ERBB3 dimer, or 
interferes with the internalization and /or intracellular transport of the receptors. It 
has been shown that mucins can influence receptor trafficking and localization, and 
because of that, can modulate receptor tyrosine kinase signaling [37]. The further 
development of a specific antibody for BCAR4 and further research will help to an-
swer these questions.
In the RPMA analysis no differences were found in the levels of total or phosphoryl-
ated ER protein between the cell lines. This result, together with the ER knockdown 
studies (chapter 3), indicate that although the receptor is present and functional the 
mechanism of resistance to tamoxifen induced by BCAR4 is independent of ER. 

BCAR4 expression and in vitro sensitivity to lapatinib
Because ERBB2 and ERBB3 signaling is activated in BCAR4-expressing cells and re-
quired for tamoxifen-resistant growth, it was logical to hypothesize that these cells 
would be sensitive to ERBB2-targetted agents like lapatinib. BCAR4-expressing cells 
are indeed highly sensitive to lapatinib compared with controls or cell lines with ex-
pression of other BCAR genes (chapter 5), which do not depend on ERBB2 or EGFR 
signaling for tamoxifen-resistant growth [2, 38-40]. Moreover, lapatinib restores ta-
moxifen sensitivity in cells expressing BCAR4. This suggests that BCAR4-expressing 
cells use another pathway to escape the inhibitory effects of lapatinib. Because the 
ER pathway is still present and functional in these cells (chapters 3 and 4), it is like-
ly that it plays an important role in cell survival when ERBB2 signaling is inhibited.

Chapter 7
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A model for this mechanism is summarized in figure 7.2. It has been shown that 
targeting one of these pathways, ER or ERBB2, reactivates the other [41-46]. These 
results suggest that the ER pathway may be used as a means of survival in the pres-
ence of lapatinib, but it has to be experimentally proven that the activation of the ER 
pathway is increased.

                                                                                                         Discussion and future perspectives

Figure 7.2. BCAR4-expressing cells may use ER signaling to survive in the presence of lapatinib. (A) Pro-
liferation of BCAR4-expressing cells can either be driven by the ER or the ERBB2 pathway. The ERBB2 
pathway is used by these cells to grow in the presence of anti-estrogens. (B) In the presence of lapatinib, 
which blocks the tyrosine kinase domain of the ERBB2 receptor, ERBB2 and ERBB3 signaling is inhibited. In 
this situation, the cells revert to the use of ER signaling pathway to survive. (C) When lapatinib and anti-
estrogens are added together, both signaling pathways are blocked. In this situation cells do not possess 
an alternative mechanism anymore, resulting in effective inhibition of cell growth.
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Lapatinib treatment inhibits phosphorylation of ERBB2 downstream kinases in 
ERBB2-overexpressing breast cancer cells, xenografts and cancers [47-51]. In our 
model, activity of ERBB2 and the several downstream mediators studied is efficiently 
inhibited by lapatinib, as showed by RPMA analysis. The efficient inhibition of ERBB2 
signaling in medium without anti-estrogens but with a low dose of lapatinib, a cul-
ture condition which only partially inhibits cell proliferation, further supports the use 
of an escaping route to survive in the presence of lapatinib. 

BCAR4 identifies a subgroup of patients which may benefit from tamoxifen treat-
ment combined with ERBB2-targeted therapies
The combination of lapatinib and tamoxifen was more effective at inhibiting growth 
of BCAR4-expressing cells than lapatinib alone, in a cell model that does not over 
express ERBB2 [52]. Other authors have also shown that this combination is more 
effective at inhibiting growth of breast cancer cells without ERBB2 over-expression 
[49, 53]. Taken together, all these studies suggest that targeting both pathways si-
multaneously may be a better strategy to inhibit the growth of ER-positive/BCAR4-
positive tumors with low expression of ERBB2. This is further supported by other 
studies showing that activated ERBB2 can be found in ER-positive tumors scored as 
negative for ERBB2 expression by the standard methods, predicting that such tu-
mors may respond to ERBB2-targeted therapies [54]. Furthermore, recent evidence 
indicates that some tumors without ERBB2 amplification or overexpression benefit 
from treatment with trastuzumab [55, 56]. These findings are especially important 
because currently, only patients with breast cancers over expressing ERBB2 are eligi-
ble for ERBB2-targeted therapies. Tumors which are ER-positive/BCAR4-positive and 
have low ERBB2 expression are found in 22% of all breast cancer patients (chap-
ter 5). Moreover, this group has a shorter progression-free survival than the group 
tested negative for BCAR4 expression. In fact, the progression-free survival of the 
ER-positive/BCAR4-positive/ERBB2-low group is similar to the group of patients hav-
ing ERBB2-positive cancers. This suggests that BCAR4-positive tumors are ERBB2 
dependent, and thus patients with this type of tumors may benefit from the com-
bination of lapatinib and anti-estrogens. It will be of great importance to establish 
whether these BCAR4-positive/ERBB2-low cancers have an activated ERBB2 signal-
ing pathway. Several clinical trials have been performed to evaluate the effect of 
the combination of lapatinib and endocrine therapy in ERBB2-positive metastatic 
breast cancer. In general combination therapy was more effective (reviewed in [57]).  
A clinical study evaluating the effects of lapatinib treatment combined with an aro-
matase inhibitor in metastatic breast cancer indicated that the group of patients with 
ER-positive ERBB2-negative breast cancers had a non-significant trend toward longer 
progression-free survival [58]. This may be due to inability to select patients with 
ER-positive cancers which do not overexpress ERBB2 but are dependent on ERBB2 
signaling. So far, such a biomarker for ERBB2 dependence has not been found [59]. 
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The proof that ERBB2 signaling is activated in BCAR4-positive tumors with ERBB2 ex-
pression combined with the results presented in this thesis argue for BCAR4 expres-
sion to be taken into consideration as such an additional biomarker. 

Future perspectives

From the results described in this thesis, it is evident that BCAR4 plays a relevant role 
in tamoxifen resistance, but important questions regarding its biological function and 
its applicability in the clinical setting still remain. 
All the available BCAR4 expression data are from gene expression arrays. Because 
proteins, and not transcripts, are the signaling effectors, the expression data require 
confirmation at the protein levels. This confirmation requires further development 
of a specific antibody against BCAR4, which is presently not suitable for immunohis-
tochemistry. Moreover, such an antibody could reveal the subcellular localization of 
BCAR4, an important insight into the function of the gene. 
The involvement of ERBB2 and ERBB3 in BCAR4-induced tamoxifen resistance was 
studied, but the mechanism by which BCAR4 activates these receptors remains un-
known, and future research is clearly needed to dissect this interaction. The EGFR 
and ERBB4 receptors also play roles in breast cancer (reviewed in [60, 61]), and the 
effects, if any, of BCAR4 expression on the activation of these receptors are unknown. 
The role of EGFR in human cancers is well established. The in vitro studies described 
in this thesis were performed in cell lines without detectable expression of this re-
ceptor [40], not allowing the evaluation of the effects of BCAR4 expression on EGFR 
signaling. The absence of specific ERBB4 phosphorylation in BCAR4-expressing cells 
(chapter 2) suggests that this receptor is not involved in BCAR4-induced tamoxifen 
resistance. 
BCAR4 expression identifies a new group of patients that may benefit from already 
existing and approved therapies. In patients with ER-positive tumors with low levels 
of ERBB2, BCAR4 expression may be a biomarker for response to endocrine therapy 
combined with ERBB2-targeted agents. To further establish the value of this gene as 
a possible biomarker, it has to be proven that these tumors have activated ERBB2 
signaling. This could be accomplished by means of a tissue microarray, or in alterna-
tive, with RPMAs. The proof that these tumors have activated ERBB2 signaling will 
provide the rationale to start clinical studies, which can then establish the value of 
BCAR4 as a biomarker, and evaluate the effects of combined treatment in PFS or 
overall patient survival.
BCAR4 expression was found in other human cancers as well, but its clinical signifi-
cance in these malignancies has yet to be investigated. Because it sensitizes breast 
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cancer cells to lapatinib, it would be of value to determine if in other tumors the 
expression of BCAR4 is able to sensitize cells to ERBB-targeting agents. There is also 
the suggestion that BCAR4 may be important in the development of metastasis. The 
measurement of BCAR4 levels in primary cancer and metastasis from the same pa-
tient would help to understand the role of BCAR4 in this process. 

Concluding remarks

The work described in this thesis started to reveal the possible function of BCAR4, 
and has unraveled part of the mechanisms of tamoxifen resistance induced by this 
gene. 
The restricted expression of BCAR4 suggests a function for this gene in placenta and 
early development. However, the function of BCAR4 is still unknown. The importance 
of this gene is highlighted by the finding that high expression of BCAR4 mRNA in 
primary breast tumors predicts reduced benefit from tamoxifen treatment. These 
cancers are also more aggressive than cancers without BCAR4 expression. The mech-
anism of resistance to tamoxifen induced by BCAR4 expression, requires the activa-
tion of ERBB2 and ERBB3 signaling, and is estrogen receptor-independent. Moreover, 
BCAR4 expression identified a subgroup of patients with low levels of ERBB2 expres-
sion, which have a poor disease outcome, suggesting that they may benefit from 
anti-estrogen therapy combined with ERBB2-targeted agents. 
The results presented in this thesis support clinical studies to evaluate the effects 
of combining tamoxifen and ERBB2-targeted therapies in this subgroup of patients. 
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Summary

The anti-estrogen tamoxifen has been successfully used for over four decades to 
treat patients with estrogen receptor alpha-positive breast cancer. However, resist-
ance to this anti-estrogen presents a major problem in the treatment of these pa-
tients. The novel BCAR4 gene was identified earlier as being capable of inducing ta-
moxifen resistance and to promote anchorage-independent proliferation. The goals 
of this research as described in this thesis were: to functionally characterize BCAR4, 
to establish its clinical relevance, and to unravel the mechanisms of tamoxifen resist-
ance induced by BCAR4. 

Chapter 1, the general introduction, describes the role of estrogens and estrogen 
receptors in the development of breast cancer. The current available treatment op-
tions for breast cancer patients are briefly reviewed. Several mechanisms involved 
in tamoxifen resistance are known and the ones relevant for the context of this the-
sis are summarized. Particular emphasis is placed on aberrant ERBB receptor family 
signaling involved in tamoxifen resistance. 

In chapter 2 the clinical relevance of BCAR4 and progress in unraveling the mecha-
nism of BCAR4-induced tamoxifen-resistance is described. Quantitative real time PCR 
was used to measure BCAR4 mRNA levels in a cohort of primary breast cancers. The 
associations of BCAR4 mRNA levels and tamoxifen resistance and tumor aggressive-
ness were determined. High BCAR4 levels in primary breast cancers are associated 
with tamoxifen resistance and unfavorable disease outcome. The ERBB2 and ERBB3 
receptors were found to be specifically activated in cells expressing BCAR4. The 
knockdown of these receptors with specific short interfering RNAs (siRNAs) showed 
that in this disease model, they are required for tamoxifen-resistant growth induced 
by BCAR4. 

Chapter 3 presents initial insights in the function of this novel gene. Literature and 
public gene expression database searches revealed that BCAR4 is expressed in the 
oocyte and the placenta, and is absent in other normal adult tissues. Highly con-
served homologues were identified in higher primates and less conserved homo-
logues were found in other mammalian species, however the BCAR4 gene is absent 
in mouse and rat. Together, these findings suggest an important function for BCAR4 
in the placenta and early development. Our breast cancer cell models expressing 
BCAR4 were able to proliferate in the presence of several anti-estrogens, confirm-
ing that BCAR4 confers an anti-estrogen-resistant phenotype to these cells. BCAR4-
expressing cells were also able to support tumor formation in nude mice. Tamoxifen 
resistance induced by BCAR4 expression was shown to be independent of estrogen 
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receptor alpha, but the receptor remains present and functional in these cells. This 
indicates that the mechanism of resistance induced by BCAR4 does not require loss 
of the estrogen receptor alpha.

Knowledge of the signaling pathways activated in tamoxifen-resistant cell models 
provides insights in the mechanisms involved in resistance and may reveal new tar-
gets for therapy. Chapter 4 describes the results of reverse-phase protein microarray 
analysis applied to lysates of tamoxifen-resistant cell lines due to the overexpression 
of BCAR4 or other BCAR genes. The analysis included specific antibodies for impor-
tant signaling proteins and their phosphorylated forms. Several signaling molecules 
were activated in the resistant cell lines, showing the complexity of mechanisms un-
derlying tamoxifen resistance. In all the analyzed cell lines, AKT signaling proteins 
were activated. This suggests that AKT could be a therapeutic target in tamoxifen-re-
sistant breast cancer. The most striking result from this analysis was found in BCAR4 
cells, where the ERBB2 and ERBB3 signaling network was specifically activated. This 
result is particularly important, since the ERBB2/ERBB3 heterodimer is the most on-
cogenic dimer formed by ERBB receptors.

In chapter 5, a study about the sensitivity of BCAR4-expressing cells to the ERBB2 
inhibitor lapatinib is described. These cells were highly sensitive to this specific in-
hibitor. Importantly, lapatinib was able to reverse tamoxifen-resistance induced by 
BCAR4. These findings led to the hypothesis that BCAR4 may identify a subgroup of 
patients that might benefit from tamoxifen treatment combined with lapatinib. The 
clinical significance of the combined ERBB2 and BCAR4 levels was assessed by meas-
uring mRNA levels in a cohort of primary breast cancers. Associations of the com-
bined BCAR4 and ERBB2 levels and clinical tamoxifen resistance were determined. 
The subgroup of patients having BCAR4-positive tumors and low ERBB2 expression 
had a shorter progression-free survival on tamoxifen treatment compared with the 
group of patients tested negative for BCAR4 expression. This result, in agreement 
with our hypothesis, suggests the existence of a subgroup of patients with BCAR4-
positive tumors and activated ERBB2 signaling, who may benefit from treatment 
with ERBB2-targeted agents. 

The aim of chapter 6 was to get more insights on the cellular pathways involved in 
BCAR4-induced tamoxifen resistance. Expression profiles of several tamoxifen-resist-
ant cell lines due to the expression of a BCAR gene were generated and compared. 
The analysis indicated that BCAR4-expressing cell lines showed a specific gene ex-
pression profile. The BCAR4 profile was enriched for genes involved in energy me-
tabolism, mRNA processing and protein modification. Subsequent analysis of the en-
ergy metabolism pathway, inhibitors of oxidative phosphorylation or glycolysis were 
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tested, but these showed equal inhibition of proliferation of BCAR4-, BCAR1- and 
empty vector-expressing cells. This indicates that in these cell lines, the targeted as-
pects of this pathway are probably not underlying the resistance. Compounds inhib-
iting the spliceosome or the proteasome, two other possible pathways identified in 
the analysis, remain to be investigated. The BCAR4-specific gene set was also tested 
for its capacity of classifying breast cancer patients, but was found to have no clinical 
significance in predicting progression-free survival. This finding emphasizes the dif-
ference between breast cancer cell models and clinical breast cancer.

The significance of the results described in this thesis and future perspectives are 
discussed in chapter 7. The species and tissue specific expression of BCAR4 strongly 
suggest a role for the gene in mammalian early development and pregnancy, but its 
physiological function remains yet unknown. In human breast cancer, high BCAR4 
mRNA levels in primary tumors predict tamoxifen resistance, and associate with can-
cer aggressiveness. BCAR4 expression in several other human cancers and metasta-
ses indicates a role for this gene in tumorigenesis and in cellular processes such as 
migration and invasion. BCAR4-induced tamoxifen resistance requires activation of 
ERBB2 and ERBB3 signaling, but the mechanisms by which BCAR4 activates these 
receptors are currently not known. Gene expression analyses revealed a specific 
profile for BCAR4 cells compared to other BCAR cell lines, but this profile does not 
yet offer greater comprehension of the mechanism of resistance. Tamoxifen resist-
ance in breast cancer cells expressing BCAR4 can be reverted by treating them with 
lapatinib. This implies that this combination of anticancer agents is more effective 
at inhibiting proliferation of these cells. BCAR4 expression in primary breast cancer 
identifies a subgroup of patients that could benefit from ERBB2-targeted therapies 
combined with tamoxifen treatment. This argues for clinical studies evaluating the 
value of BCAR4 as a biomarker and the possible benefits of the combined treatments 
for this patient subgroup. 

Summary
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                                                                                                                                              Samenvatting

Samenvatting

Het anti-oestrogeen tamoxifen wordt al meer dan vier decennia gebruikt bij de be-
handeling van patiënten met oestrogeenreceptor alfa-positieve borstkanker. On-
gevoeligheid voor dit anti-oestrogeen vormt echter een groot probleem bij de be-
handeling van deze patiënten. BCAR4 was eerder geïdentificeerd als een gen dat in 
staat is ongevoeligheid voor tamoxifen en kolonievorming in soft-agar te induceren. 
De doelstellingen van het onderzoek, zoals beschreven in dit proefschrift zijn: de 
functie van BCAR4 ontrafelen, de klinische relevantie vaststellen en de mechanismen 
achter de door BCAR4 geïnduceerde tamoxifen ongevoeligheid op te helderen.

In hoofdstuk 1, de algemene inleiding, worden de rol van oestrogenen en de oestro-
geenreceptor bij het ontstaan van borstkanker beschreven. De momenteel beschik-
bare behandelingsmogelijkheden voor borstkanker worden kort samengevat. Ver-
schillende mechanismen die betrokken zijn bij tamoxifen resistentie en die relevant 
zijn voor de context van dit proefschrift zijn samengevat. Bijzondere nadruk wordt 
gelegd op afwijkingen in de signaaltransductie van de ERBB receptor eiwitfamilie, 
welke betrokken is bij tamoxifen ongevoeligheid.

In hoofdstuk 2 is de klinische relevantie van BCAR4 en de vooruitgang van het on-
trafelen van het mechanisme achter BCAR4 geïnduceerde tamoxifen resistentie be-
schreven. Kwantitatieve polymerase kettingreactie is gebruikt om de hoeveelheid 
boodschapper RNA (mRNA) te meten in een verzameling van primaire borstkankers. 
De associaties tussen de hoeveelheid gemeten BCAR4 en tamoxifen resistentie en 
tumor agressiviteit zijn bepaald. Een hoge concentratie BCAR4 is gerelateerd aan het 
optreden van tamoxifen resistentie en ongunstig ziekteverloop. De ERBB2 en ERBB3 
receptoren bleken specifiek te zijn geactiveerd in cellen die BCAR4 tot expressie 
brengen. De specifieke remming van deze receptoren toont aan dat ze benodigd zijn 
voor BCAR4 geïnduceerde groei in aanwezigheid van tamoxifen.

In hoofdstuk 3 worden de eerste inzichten beschreven in de mogelijke functie van 
BCAR4. Uit literatuurstudies en zoekopdrachten in openbare databestanden van 
genexpressieprofielen bleek dat BCAR4 aanwezig is in de oöcyt en de placenta en 
niet aantoonbaar is in andere normale weefsels van volwassenen. Sterk gecon-
serveerde homologe eiwitten zijn geïdentificeerd in hogere primaten en minder 
geconserveerde homologen zijn gevonden in enkele andere zoogdieren, echter het 
BCAR4 gen is afwezig in de muis en de rat. Samen suggereren deze bevindingen een 
belangrijke rol voor BCAR4 in de placenta en de vroege ontwikkeling. Onze borst-
kanker celmodellen met overexpressie van BCAR4 zijn ongevoelig voor verscheidene 
antioestrogenen. Cellen met BCAR4 expressie zijn ook in staat tumoren in naakte
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muizen te vormen. Het mechanisme van BCAR4-geïnduceerde tamoxifen resistentie 
blijkt onafhankelijk van de oestrogeenreceptor alfa te zijn, maar de receptor blijft wel 
aanwezig en is functioneel in deze cellen. Hieruit blijkt dat de resisten tie die geïndu-
ceerd wordt door BCAR4 niet noodzakelijkerwijs hoeft samen te gaan met verlies van 
de oestrogeenreceptor.

Signaalpaden die geactiveerd zijn in tamoxifen resistente celmodellen geven inzicht 
in de mechanismen die betrokken zijn bij de resistentie en kunnen mogelijk nieuwe 
targets voor therapie onthullen. In hoofdstuk 4 zijn de restanten beschreven van 
“reverse phase protein microarray” analyse, welke is toegepast op lysaten van door 
BCAR4 en andere BCAR-genen-geïnduceerde tamoxifen resistente cellen. Voor deze 
analyse zijn specifieke antilichamen gebruikt die belangrijke signaaleiwitten en hun 
gefosforyleerde vormen herkennen. Verscheidene signaalmoleculen blijken geac-
tiveerd in de diverse tamoxifen resistente celmodellen. Dit benadrukt de complex-
iteit van de mechanismen die betrokken zijn bij de ontwikkeling van tamoxifen resist-
entie. In alle geanalyseerde celmodellen zijn de AKT signaal eiwitten geactiveerd. Dit 
suggereert dat AKT mogelijk een target voor therapie zou kunnen zijn in patiënten 
met tamoxifen-ongevoelige borstkanker. Het meest opvallende resultaat is dat in cel-
len met BCAR4 expressie het ERBB2/ERBB3 signaalnetwerk is geactiveerd. Dit resul-
taat is vooral belangrijk omdat de ERBB2/ERBB3 heterodimeer de meest oncogene 
receptor combinatie is van de ERBB familie. 

In hoofdstuk 5 wordt de studie beschreven over de gevoeligheid van BCAR4 cellen 
voor de ERBB2 remmer lapatinib. Deze cellen blijken uiterst gevoelig voor deze speci-
fieke remmer. Een belangrijke vinding is dat lapatinib deze cellen ook weer gevoelig 
maakt voor tamoxifen. Deze resultaten leiden tot de hypothese dat de aanwezig-
heid van BCAR4 in primaire tumoren een groep patiënten kan identificeren die baat 
zou kunnen hebben bij een gecombineerde behandeling van tamoxifen en lapatinib. 
De klinische significantie van de gecombineerde ERBB2 en BCAR4 aanwezigheid is 
bepaald door het meten van mRNA niveaus in een verzameling van primaire borst-
kankers en deze niveaus te associeren met tamoxifen gevoeligheid. De subgroep van 
patiënten met BCAR4-positieve tumoren en lage ERBB2 expressie had een kortere 
progressievrije overleving dan de groep patiënten die negatief scoort voor BCAR4. 
Dit resultaat is in overeenstemming met onze hypothese die het bestaan suggereert 
van een subgroep van patiënten met BCAR4-positieve tumoren en een geactiveerd 
ERBB2 signaalnetwerk en die baat kunnen hebben bij een behandeling met agentia 
gericht tegen ERBB2.

Het doel van hoofdstuk 6 was meer inzicht verkrijgen in de cellulaire mechanismen 
welke betrokken zijn bij BCAR4-geïnduceerde tamoxifen resistentie. Genexpressie 
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profielen van verschillende tamoxifen resistente BCAR cellijnen werden onderling 
vergeleken. De analyse toonde aan dat BCAR4 tot expressie brengende cellijnen een 
specifiek genexpressie profiel hebben. Het BCAR4 profiel liet een verrijking zien voor 
genen die betrokken zijn bij energiemetabolisme, mRNA-processing en eiwitmodi-
ficatie. Remmers van oxidatieve fosforylatie en glycolyse toonden geen verschil in 
remming van celdeling van BCAR4, BCAR1 en cellen met daarin de lege vector. Dit 
geeft aan dat in deze cellen dit pad waarschijnlijk niet ten grondslag ligt aan de resist-
entie. Remmers van het spliceosoom en proteasoom, twee andere mogelijke routes, 
moeten nog onderzocht worden. De BCAR4-specifieke genset werd ook getest op de 
mogelijkheid hiermee borstkankerpatiënten te
classificeren, maar deze genset bleek geen klinische significantie te hebben in het 
voorspellen van progressie vrije overleving. Deze bevinding benadrukt het verschil 
tussen celmodellen en klinische borstkanker.

In hoofdstuk 7 worden de betekenis van de verkregen resultaten en de toekomst-
perspectieven besproken. De soort- en weefsel specifieke expressie suggereert een 
rol voor BCAR4 in de vroege ontwikkeling en zwangerschap van zoogdieren, maar de 
fysiologische rol blijft vooralsnog onbekend. Hoge BCAR4 mRNA niveaus in primaire 
borsttumoren voorspellen ongevoeligheid voor behandeling met tamoxifen en zijn 
geassocierd met agressievere vormen van de kanker. BCAR4 komt tot expressie in 
verscheidene andere vormen van kanker en uitzaaiingen bij de mens en wijzen op 
een mogelijke rol in tumorvorming en in processen zoals migratie en invasie. BCAR4 
geïnduceerde ongevoeligheid voor tamoxifen vereist de activering van ERBB2 en 
ERBB3, maar het precieze mechanisme hierachter blijft vooralsnog onbekend. Ana-
lyse van genexpressie toonde aan dat BCAR4 cellen een ander profiel hebben dan 
andere BCAR cellijnen, maar dit leidt nog niet tot begrip van het resistentie mecha-
nisme. Tamoxifen resistentie in BCAR4-positieve borstkankercellen is omkeerbaar 
door behandeling met lapatinib. Dit impliceert dat deze combinatie van antikanker 
middelen efficiënter is bij de remming van de groei van deze kankercellen. BCAR4-ex-
pressie in primaire borstkanker identificeert een subgroep van patiënten die mogelijk 
baat zouden kunnen hebben bij een behandeling met een combinatie van tamoxifen 
en tegen ERBB2 gerichte therapieën. Dit pleit voor klinische studies ter evaluatie van 
de waarde van BCAR4 als diagnostische marker en de mogelijke voordelen van een 
gecombineerde behandeling voor deze subgroep patiënten.

                                                                                                                                              Samenvatting
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