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PRECLINICAL STUDY

BRCAL1 transcriptionally regulates genes associated
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Abstract Expression profiling of BRCAIl-deficient
tumours has identified a pattern of gene expression similar
to basal-like breast tumours. In this study, we examine
whether a BRCA1-dependent transcriptional mechanism
may underpin the link between BRCA1 and basal-like
phenotype. In methods section, the mRNA and protein were
harvested from a number of BRCA1 mutant and wild-type
breast cancer cell lines and from matched isogenic controls.
Microarray-based expression profiling was used to identify
potential BRCA 1-regulated transcripts. These gene targets
were then validated (by in silico analysis of tumour sam-
ples) by real-time PCR and Western blot analysis. Chro-
matin immunoprecipitation (ChIP) assays were used to
confirm recruitment of BRCAI to specific promoters. In
results, we demonstrate that functional BRCA1 represses
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the expression of cytokeratins S(KRTS5) and 17(KRT17)
and p-Cadherin (CDH3) in HCC1937 and T47D breast
cancer cell lines at both mRNA and protein level. ChIP
assays demonstrate that BRCAI is recruited to the pro-
moters of KRT5, KRT17 and CDH3, and re-ChIP assays
confirm that BRCAL1 is recruited independently to form
c-Myc and Spl complexes on the CDH3 promoter. We
show that siRNA-mediated inhibition of endogenous c-Myc
(and not Spl) results in a marked increase in CDH3
expression analogous to that observed following the inhi-
bition of endogenous BRCA1. The data provided suggest a
model whereby BRCA1 and c-Myc form a repressor com-
plex on the promoters of specific basal genes and represent a
potential mechanism to explain the observed overexpres-
sion of key basal markers in BRCA1-deficient tumours.

Keywords BRCA1 - Breast cancer -
Basal-like phenotype - Transcription

Introduction

Breast cancer is a heterogeneous disease that can be
stratified on the basis of differential gene expression into
five subtypes that differ in biology and clinical behaviour.
These breast cancer subtypes include Luminal A and
Luminal B, which are ERo positive, the normal-like,
HER?2-positive and basal-like subtypes, which typically are
ERo negative. Luminal breast cancer subtypes are ame-
nable to hormonal therapy, and HER2 tumours can now be
targeted by Herceptin therapy. However, the basal-like
subtype is negative for hormone receptors and HER2 and is
associated with a more aggressive phenotype and poorer
outcome [1-3]. Immunohistochemical studies have dem-
onstrated that basal-like epithelial breast tumours display
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increased expression of KRT5 and KRT17, CDH3, cyclin
E and reduced expression of KRT8, KRT18 and the CDK
inhibitor p275P! [4-6].

BRCA1-linked breast cancers are often of high grade and
triple receptor negative, indicating a high degree of simi-
larity to tumours of the basal-like phenotype [7, 8]. In
addition, several studies have reported that BRCA1-associ-
ated tumours are more likely to express markers consistent
with a basal-like phenotype, and gene expression profiling
reveals that BRCA1-linked tumours tend to segregate with
basal-like tumours during unsupervised hierarchal cluster
analysis [9]. However, the molecular mechanism underlying
these striking similarities remains to be discovered. The
molecular profile of BRCA1-linked breast cancers has come
under increasing scrutiny, and the possible contribution that
co-operating tumour suppressor and oncogenes may make in
promoting the malignant phenotype of these breast tumours
is of increasing interest. The c-Myc oncogene encodes a
transcription factor capable of activating and repressing
target gene expression. Deregulation of this gene can con-
tribute significantly to the progression of lymphomas, lung
cancer and more specifically breast cancers. Indeed,
approximately 50% of BRCA 1-linked inherited breast can-
cer cases exhibit c-Myc amplification. This is in contrast to
sporadic breast cancer where c-Myc amplification occurs in
only 20% of cases [10]. Whether the rate of c-Myc amplifi-
cation is also high in sporadic breast tumours with epigenetic
inactivation of BRCA I requires further clarification although
preliminary data would suggest that this may be the case
[10]. The link between BRCAI1 and c-Myc is further
emphasised by the observation that both proteins interact to
form a transcriptional repressor complex. This ability of
BRCAL to repress c-Myc-dependent transactivation has
been documented for a number of genes including the human
telomerase reverse transcriptase (hTERT) and cdc25 [11,
12]. We have previously reported that BRCA1 can co-
repress the DNA damage inducible gene, psoriasin (S/00A7)
in a c-Myc-dependent manner [13]. This current study
extends these findings and demonstrates a functional role for
the BRCA1/c-Myc co-repressor complex in the regulation of
several well-known basal genes delineating the well-char-
acterised basal-like breast tumour phenotype.

Materials and methods
Microarray analysis

Total RNA (10 pg) was extracted from T47D cells as
detailed below. GeneChip Two-Cycle Target Labeling and
Control reagents (Affymetrix, Santa Clara, CA) were used
to convert total RNA to complementary DNA (cDNA).
cDNA was used as a template to generate biotinylated
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complementary RNA (cRNA). We used a GeneChip
Instrument System (Affymetrix) to fragment the biotinyl-
ated cRNA targets and to hybridise the targets to a Breast
Cancer DSA™ microarray (Almac Diagnostics, Craig-
avon, United Kingdom), which contains 60,856 probe sets
and encodes approximately 60,000 transcripts that have
been shown to be expressed in either breast cancer or
normal tissue. Hybridised cRNA was stained, washed and
scanned using the GeneChip Scanner 7G (Affymetrix)
according to the manufacturer’s instructions. Analysis was
performed as previously described [14].

Bioinformatic analysis

The raw data from an independent cohort of 17 BRCAI-
mutant and 14 matched sporadic breast tumour samples
were accessed through the following link (http://www.ebi.
ac.uk/arrayexpress/experiments/E-TABM-366). For both
cell line and tumour derived gene expression profiles, data
were normalised using the Rosetta Error Model [15]. The
tumour data were filtered using the following criteria: (1)
Student’s unpaired #-test with statistical significance
defined as a P value less than 0.05; (2) at least a 1.5-fold
difference in gene expression between BRCA1-mutant and
sporadic samples. The cell line data were filtered using the
following criteria: (1) Student’s unpaired r-test with sta-
tistical significance defined as a P value less than 0.01; (2)
at least a 1.5-fold difference in gene expression between
wild type and BRCA1 siRNA knockdown samples. Hier-
archical agglomerative clustering heat maps of cell line and
tumour derived gene expression data were generated using
Pearson correlation and average linkage.

Cell lines and siRNA transfection

HCC-EV and HCC-BR cell lines were generated and main-
tained as previously described [16]. T47D, MDAA468,
MDA231, MDA361 and MDAA453 cell lines were maintained
in RPMI supplemented with 10% foetal calf serum, 1 mM
sodium pyruvate and 50 pg/ml penicillin/streptomycin.
MCF7, ZR-75 and BT-474 cell lines were maintained in
DMEM supplemented with 10% foetal calf serum, 1 mM
sodium pyruvate and 50 pg/ml penicillin/streptomycin.
SUM-149 cells were maintained as previously described [17].

siRNA transfection

T47D cells were transfected with BRCA1-specific siRNA;

BRCAL1 #2 5" CAGGAAATGGCTGAACTAGAA 3
BRCAL1 #3 5" ACCATACAGCTTCATAAATAA 3’

or scrambled control oligonucleotides using oligofectamine
(Invitrogen) as previously described. All other siRNA
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oligonucleotides were purchased from Dharmacon and
target sequences are as follows:

BRCAL1 #1 5t(GUGUGCAGCUGAGAGGCA)(ATdT)3,
c-Myc 5'1(CGACAGCAGCUCGCCCAAG)(ATdT)3',
ERo 5'r(UCAUCGCAUUCCUUGCAAA)(ATAT)3,
NFxB 5'1(GCCCUAUCCCUUUACGUCA)(ATAT)3’

and Spl 5'r(GCCAAUAGCUACUCAACUA)(ATdT)3'.

All siRNA transfections were performed using 100 nM
of each oligonucleotide, and cells were harvested 72 h after
transfection.

RNA extraction and reverse transcription

Total RNA was extracted from cell lines using RNA Stat60
(Tel-Test, Inc) according to the manufacturer’s instruc-
tions. RNA (2 pg) was then reverse transcribed using
random primers and MMLTV reverse transcriptase as
described by the manufacturer (Invitrogen).

Quantitative real-time PCR

Primer sequences for KRTS5, KR17, CDH3, were designed
using Primer3 and NetPrimer design software. Quantitative
real-time PCR was performed using SYBR Green (Finn-
zymes) according to the manufacturer’s instructions on the
DNA Engine Opticon® 2 continuous fluorescence detection
system (MJ Research). Relative mRNA expression levels
were quantified for each gene using the Opticon® Monitor
v2.02 software according to the standard curve method
and by normalisation to the endogenous reference gene,
Actin. All results obtained are the mean of triplicate
experiments == SEM.

Immunoprecipitation and Western blot assays

Immunoprecipitation and Western blot assays were per-
formed as previously described [16] using BRCA1-AB1
(Oncogene Research Products), KRTS5 (Chemicon),
KRT17 (Abcam), CDH3 (BD Biosciences), c-Myc (C-19),
ERa (A-20), NFkB (C-20), Spl (IC6) and GAPDH anti-
bodies (all from Santa Cruz).

Chromatin immunoprecipitation assays

ChIP and Re-ChIP assays were performed as previously
described [14] using BRCAI1-AB1 (Oncogene Research
Products), c-Myc (N262), ERa (HC-20), NFxB (C-20) and
Spl (IC6) antibodies (all from Santa Cruz). PCR amplifi-
cation was performed over 30 cycles of 95°C for 10 s,
55°C for 20 s, 72°C for 20 s using primers designed to the
specific promoter regions of KRTS5 (forward 5 GTGCTG
CAAGGCAAGGTTAT 3’ and reverse 5% GAATGATTA

AGTGGGCTGGG 3'), KRT17 (forward 5 GGCTCTCG
GTCTCCTCTTTC 3’ and reverse 5 TCTTTCACCCCAC
ACTGCTC 3') and CDH3 (forward 5 ACCCTTTGGCA
CCACTACAG 3' and reverse 5 GACCGCTTCTTCCATT
TCAC 3). PCR was also performed using primers designed
to nonspecific promoter regions 1 kb upstream of the tran-
scription start site of each of the genes. Two sets of primers
were designed per gene, KRT5 (forward A, 5 AGCCC
TCTGGTGAGAAGTCA, forward B 5" TGGGTCTGGTC
CTGTTCTTC and reverse A 5 GAAGAACAGGACCA
GACCCA, reverse B 5 CCTGAGTCCCTGTCACCTGT),
KRTI7 (forward A, 5 CCTGAGTCCCTGTCACCTGT, for-
ward B 5’ TGGCATTGATGAGTGAGAGG and reverse A
5" CCTCTCACTCATCAATGCCA, reverse B 5 AGCCG
AGAGACATTCCTCAA) and CDH3 (forward A, 5 CAT
GCTAGGCCTGAGAGAGC, forward B 5 CCATGCT
AGGCCTGAGAGAG and reverse A 5 ATTCTTTGACC
TTCCAGGGC, reverse B 5 AATCTATCCGTCCTCC
TCCC). All PCR amplification reactions were then elec-
trophoresed on 2% agarose gels.

Results

Modulation of BRCALI results in altered expression
of basal genes

We utilised a breast cancer disease specific microarray,
encoding approximately 60,000 transcripts to identify
genes that were regulated by BRCA1 (14). Triplicate
independent siRNA experiments were performed. Inhibi-
tion of endogenous BRCA1 was confirmed by Western blot
analysis prior to array-based expression profiling
(Fig. la(i)). siRNA-mediated inhibition of endogenous
BRCA1 in T47D cells identified 422 transcripts that were
upregulated and 453 transcripts that were downregulated
(>1.5-fold) relative to T47D cells transfected with a
scrambled control siRNA (P = 1.0e-5) (Fig. la(ii)). Fur-
ther analysis of the data revealed that KRT17 and CDH3,
both well-characterised basal markers, were upregulated
approximately 6-fold and 1.5-fold, respectively, in the
BRCAL1 knockout cells (Fig. la(ii) and supplementary
data). This was particularly interesting since it had previ-
ously been reported that both KRT17 and CDH3 protein
levels are upregulated in primary BRCA1 mutant breast
tumours consistent with the reported link between BRCA1
mutation and basal-like breast cancer phenotype. We
extended this analysis to evaluate KRT17 and CDH3
expression in a panel of BRCAI mutant compared to
matched sporadic breast tumours [14]. Reanalysis of this
data confirmed the increase in the expression of both
CDH3 and KRT17 in BRCA1 mutant tumours relative to
sporadic controls (Fig. 1b).
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Real-time-PCR (RT-PCR) following siRNA-mediated confirmed the microarray data (Fig. 2a(i)) (KRT 17
abrogation of endogenous BRCA1 expressionin T47D cells P = 0.011, CDH3 P = 0.024). We extended the RT-PCR
using three independent BRCA1 siRNA oligonucleotides  analysis to include KRTS, an additional basal marker

Fig. 1 Microarray-based
expression profiling. a(i)
Western blot analysis
confirming siRNA inhibition of . .
BRCAL protein expression a (') a (")
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and 14 sporadic breast cancers
(W_01-W_14) that were
matched to each other by stage
and grade. The 875 probe sets
identified from the cell line data
analysis (Fig. 1b) were mapped
to the tumour data and further
filtered using the following
criteria: (i) at least a 1.5-fold
difference between BRCAL1-
mutant and sporadic samples
(ii) P value for difference in
expression less than 0.01
(unpaired #-test) . The
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previously shown to be overexpressed in BRCAI1-linked

breast cancers [9, 18]. Consistent with that observed for

CDH3 and KRT17, inhibition of endogenous BRCAI in
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Fig. 2 Validation of target genes in a panel of Breast Cancer cell
lines. a(i) Quantitative real-time PCR (qRT-PCR) analysis demon-
strating increase mRNA expression levels of the basal genes (KRT17,
KRT5 and CDH3) in T47D cells transfected with BRCA1 siRNA.
Results were obtained from three independent experiments from three
independent siRNA oligonucleotides. All values shown for gqRT-PCR
were normalised to actin levels and expressed as fold change in
expression compared to scrambled oligonucleotide control. Statisti-
cally, significant differences were determined using Student’s r-test;
* P <0.05 **P<0.01; *** P <0.00l. (if) qRT-PCR analysis
demonstrating a reduction in mRNA expression levels of the basal
genes (KRT17, KRT5 and CDH3) in BRCAL reconstituted HCC1937
cells. Results were obtained from three independent experiments. All
values shown for qRT-PCR were normalised to actin levels and
expressed as fold change in expression compared to scrambled
oligonucleotide control. Statistically, significant differences were
determined using Student’s t-test; * P <0.05; ** P <0.01;
*#% P < 0.001. b(i) Western blot analysis confirming knockdown
of BRCAI protein expression after siRNA (lane 2) when compared to

T47D cells also resulted in upregulation of KRT5 mRNA
levels (Fig. 2a(i) (P = 0.038) see also supplementary data).
We also carried out RT-PCR in the BRCA1 reconstituted
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scrambled oligonucleotide control (lane I) in T47D cells. Protein
expression of basal genes CDH3, KRT5 and KRT17 was also
analysed from the same protein lysates. GAPDH loading controls are
included in each western panel and confirm equal loading. (ii)
Western blot analysis confirming reconstitution of wild-type BRCA1
expression (lane 2) in BRCA1-mutated HCC1937 breast cancer cells
when compared to vector-transfected control (lane 1). Protein
expression of basal genes CDH3, KRT5 and KRT17 was also
analysed from the same protein lysates. GAPDH loading controls are
included in each western panel and confirm equal loading. ¢(i) qRT-
PCR analysis demonstrating the endogenous levels of expressed
BRCA1 mRNA in a panel of breast cancer cell lines. All values
shown for qRT-PCR were normalised to actin levels. (ii) Western blot
analysis confirming stable overexpression of BRCAL in the basal-like
breast cancer cell line MDA468 (lane 2) when compared to vector
only control cells (lane I). Protein expression of basal genes CDH3,
KRTS5 and KRT17 was also analysed from the same protein lysates. A
GAPDH loading control confirming equal loading is included
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HCC1937 cell line (HCC-BR) relative to controls (HCC-
EV) and observed a marked reduction in expression of all
three genes; CDH3 (P = 8.0 E -4), KRTS5 (P = 0.055) and
KRT17 (P = 0.029) in the BRCAI1 reconstituted cells rel-
ative to vector-transfected controls (Fig. 2a(ii)). In addition,
we examined the protein expression levels for all three basal
markers in both theT47D and HCC1937 cell line models
(Fig. 2 b(i) and (ii)). Analysis of CDH3, KRT 5 and KRT17
protein expression showed an inverse relationship with
BRCAL expression consistent with that observed by RT-
PCR.

We also generated a third isogenic cell line model system
utilising the MDA468 breast cancer cell line. MDA468 cells
have been previously described as triple negative for ERa,
PR and HER2/Neu expression and were characterised as a
basal-like breast cancer cell line [19]. Interestingly, this cell
line has also previously been characterised as BRCA1 wild
type by sequence analysis [17]. We evaluated the expres-
sion level of endogenous BRCAL in these cells by RT-PCR
relative to a panel of other breast cancer cell lines and
confirmed relatively low levels of BRCA1 mRNA expres-
sion (Fig. 2¢(i)). We stably expressed exogenous wild-type

a Input Pol Il
-+ -+

BRCA1 IgG
+ -+

CDH3 Immediate Promoter

o

o

1 2 3 4 5 6 7 8

(o)

—
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h — Upstream Promoter regions

T orrreee
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Fig. 3 BRCAI recruitment to the promoters of CDH3, KRT17 and
KRT5. a Chromatin Immunoprecipitation (ChIP) in HCC-EV (—) and
HCC-BR (4) cells, and (b) in T47D cells treated with either
scrambled control (+) or BRCAI1 specific siRNA oligonucleotide
(—). Recruitment of RNA Polymerase II (Pol II) (lanes 3 and 4) and
BRCALI (lanes 5 and 6) to basal gene promoters was assessed using
primers specific to the CDH3, KRT17 and KRT5 promoters. One
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BRCAI1 in these cells and generated corresponding isogenic
control cells by transfecting with an empty vector. Con-
sistent with a basal-like phenotype, the vector-transfected
MDA468 cells (MDA-468-EV) expressed high levels of
KRTS5, KRT17 and CDH3. In contrast, overexpression of
exogenous BRCAI in the MDA-468-BR cells resulted in a
marked reduction in expression of all three of these basal
markers (Fig. 2c(ii)).

Taken together, these results demonstrate that modula-
tion of BRCAI expression alters the expression of three
genes associated with the basal-like breast cancer pheno-
type at both the mRNA and protein levels. This would
suggest that BRCAL is involved in transcriptional regula-
tion of these genes.

BRCAL and c-Myc form a complex on the promoter of
CDH3

In order to investigate the transcriptional role played by
BRCAL, we carried out chromatin immunoprecipitation
(ChIP) assays to evaluate whether BRCA is associated with
the promoters of CDH3, KRT17 and KRT5. We initially used

Pol ll

b Input BRCA1 IgG

+ - 4+ -+ - 4 -

a CDHS3 Immediate Promoter

- ..
Upstream Promoter regions
e ——

-
Upstream Promoter regions

== — — -
Upstream Promoter regions

1 2 3 4 5 6 7 8

percent of total input DNA was used as a loading control (lanes I and
2), and isotype-matched IgG was used as an internal control for the
immunoprecipitation (lanes 7 and 8). Panels a, d and g represent the
immediate promoter regions, all other panels represent upstream
promoter sequences. Panel j is an internal control to show efficient
immunoprecipitation of BRCA1 on the ERo. promoter
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the BRCA1 mutant HCC-EV (—) and BRCA1 reconstituted
HCC-BR (+) cells (Fig. 3a) and immunoprecipitated for
RNA polymerase IT (Pol IT) using an antibody that recognises
both the transcriptionally active and inactive forms (lanes 3
and 4); BRCAL, using an antibody that recognises truncated
BRCAL (lanes 5 and 6); and matched IgG as a negative
control (lanes 7 and 8). The immunoprecipitated DNA was
analysed following PCR amplification using primers specific
to the immediate promoter regions of CDH3, KRT17 and
KRTS5 (panels a, d and g, respectively) and to two regions
1 kb or more upstream of the transcription start site (panels b,
c, e, f, h and i, respectively). Enrichment of BRCA1 on the
immediate promoter region but not at the upstream promoter
regions demonstrates specific protein-DNA affinity. The
assays therefore confirm recruitment of functional BRCA1
to the promoters of CDH3, KRT17 and KRTS5 in the BRCA1
reconstituted HCC-BR cells but not in the BRCAL1 trans-
criptionally inactive HCC-EV cells. Similarly, we confirmed
recruitment of BRCA1 to the immediate promoter of all three
basal genes in T47D breast cancer cells treated with a
scrambled control oligonucleotides (+4) but not in cells
treated with a BRCA1 specific siRNA (—) (Fig. 3b). As a
positive control, we also confirmed enrichment for BRCA1
on the ERo promoter from both cell lines (Fig. 3a, b, panel f).

To date, there is significant evidence demonstrating that
BRCAI1 can function as either a transcriptional co-activator
or a co-repressor by interacting with a number of sequence-
specific DNA binding transcription factors [20]. We
therefore examined the promoters of CDH3, KRT17 and
KRTS5 for consensus-binding sites of transcription factors
previously known to associate with BRCA1. Promoter
analysis using Alibaba and Ensembl genome browsers
revealed the presence of common binding sites for c-Myc,
Spl, NFxB and ERa.

In order to explore the requirement of these transcription
factors for the regulation of CDH3, we carried out siRNA-
based experiments targeted against c-Myc, Spl, NFxB and
ERa in T47D cells and evaluated the effect on CDH3
expression by Western blot analysis (Fig. 4a). SiRNA-
mediated inhibition of endogenous c-Myc in T47D cells
resulted in a marked induction of CDH3 (Fig. 4a (i)), this is
consistent with the concept that BRCA1 and c-Myc can
form a transcriptional co-repressor complex. In contrast,
inhibition of endogenous Spl, NFxB or ER« resulted in no
iv, respectively)).

To investigate the possibility of direct interactions
between the transcription factors and BRCAI1, we per-
formed a re-ChIP assay (Fig. 4b). This assay involves
consecutive immunoprecipitations and therefore allows the
identification of protein complexes associated with specific
promoters. By using the T47D cell line model, we immu-
noprecipitated for Pol II (as a positive control), BRCA1

and isotype-matched IgG (as a negative control). The
immunoprecipitated complexes were then subjected to a
second immunoprecipitation for Pol II (P), BRCAL1 (B), c-
Myc (C), ERa (E), NFxB (N) and Sp1 (S). The precipitated
protein and DNA complexes were eluted and the DNA
purified. This DNA was then analysed by PCR for CDH3
promoter amplification. The re-ChIP patterns demonstrate
an interaction between Pol II and BRCAI1 as expected
(Fig. 4b, lanes 3 and 8), they also demonstrate an inter-
action between BRCA1 and c-Myc (lane 10) and between
BRCAI and Spl (lane 13).

In order to analyse whether BRCA1 is part of a large
multi-protein transcriptional complex with both c-Myc and
SP1 or whether it is forming two independent complexes
involving each factor, we performed an additional re-ChIP
experiment. We initially immunoprecipitated for Pol II,
BRCA1, c-Myc, Spl and control IgG from T47D cells,
which had been treated with either a scrambled control(+)
or a BRCAT-specific siRNA oligonucleotides (—). We then
performed a second round of immunoprecipitations with
each immunoprecipitated complex. The precipitated pro-
tein and DNA complexes were eluted and the DNA puri-
fied. The DNA was then analysed by PCR for CDH3
promoter amplification (Fig. 4c). The data confirm that
BRCAL is interacting with Pol II, c-Myc and Spl on the
promoter of CDH3 (lane 3, panels; 1, 3 and 4, respec-
tively). It also demonstrates that BRCA1 expression does
not affect Pol II, c-Myc or Spl recruitment as loss of
BRCAL by siRNA does not affect c-Myc or Sp1 binding to
the promoter of CDH3 (lane 2 panel 1, lane 6 panel 3 and
lane 8 panel 4, respectively). The data would also propose
that BRCAL1 is forming two distinct transcriptional com-
plexes as c-Myc does not directly complex with Sp1 (lane 5
panel 4 and lane 7 panel 3).

To evaluate this, further we carried out co-immunopre-
cipitation assays from T47D cells (Fig. 4d). We found that
BRCAL1 co-immunoprecipitated with both c-Myc and Spl
(lane 2); however, there was no observed direct interaction
between c-Myc and Spl (lanes 3 and 4). This data is in
agreement with our re-ChIP and would suggest that
BRCAL is present in two separate complexes on the CDH3
promoter.

The data also suggest that it is the c-Myc/ BRCA1
complex, which is repressing CDH3 expression and not the
BRCA1/Spl complex (See Fig. 4a). We therefore wanted
to ascertain whether c-Myc is required for BRCAL
recruitment to the CDH3 promoter. We performed a further
ChIP experiment with T47D cells treated with either a
scrambled control (+) or a c-Myc specific siRNA (—)
oligonucleotides and immunoprecipitated for Pol II,
BRCAL, c-Myc and control IgG (Fig. 4e). The data show
that endogenous c-Myc is essential for BRCA1 recruitment
to the CDH3 promoter (lane 4 compared to lane 3).
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In order to confirm the requirement for BRCA1 and c-
Myc in the transcriptional regulation of CDH3, we inhib-
ited BRCA1, c-Myc and Spl expression by siRNA and
performed RT-PCR analysis in T47D cells (Fig. 5a).
Abrogation of both BRCA1 and c-Myc lead to increased
mRNA expression of CDH3 (P =0.02, P =0.04,
respectively), Spl knockdown had little effect. We further
confirmed the requirement for BRCAl and c-Myc by
performing additional siRNA experiments either as single
or as double siRNA transfections and examining CDH3
protein expression in T47D cells by Western blot (Fig. 5b).
Reduced expression of either BRCA1 or c-Myc resulted in
the re-expression of CDH3 (lanes 2 and 3). We extended
these studies to reanalyse the effect of BRCA1 and c-Myc
knockdown on the expression of KRT17 and KRTS.
Consistent with that observed for CDH3 abrogation of
either BRCA1 or c-Myc resulted in re-expression of both
KRT 17 and KRTS. This data suggests that both proteins
must be present and functional on the promoters of CDH3,
KRTI17 and KRTS5 in order for repression to occur. We
therefore propose that it is the BRCA1-c-Myc complex that
is functioning to repress expression of these three basal
markers.

Discussion

This study when viewed with other published data leads us
to hypothesise that loss of BRCA1 expression may con-
tribute to the development of basal-like epithelial breast
tumours. We have shown in vitro that reconstitution of
BRCAL in the mutant HCC1937 breast cell line results in
reduced expression of three genes associated with the
basal-like phenotype; CDH3, KRT17 and KRT5. We have
also shown that expression of these genes in the luminal
breast cancer cell line, T47D, can be abrogated by siRNA
knockdown of endogenous BRCAI. These data are con-
sistent with several immunohistochemical studies that have
shown that BRCA1-associated tumours are more likely to
express genes consistent with a basal-like epithelial phe-
notype [4-6, 21]. For example, 88% of BRCAI-mutated
tumours were shown to express KRT 5, and tumours
staining positive for CDH3 were reported to be seven times
more likely to arise from BRCA1 mutant patients when
compared to sporadic breast cancer patients [18]. Inter-
estingly, BRCA1 mRNA expression levels have also been
reported to be twofold lower in sporadic basal-like epi-
thelial breast cancers relative to matched controls [22]. The
mechanism through which BRCA1 is epigenetically inac-
tivated in breast cancer is still unclear although promoter
methylation and repression by ID4 may play a role [22].
These observations support the concept that breast tumours
may acquire a BRCA1-like phenotype either by mutation

@ Springer

Fig. 4 BRCALI is forming two independent transcriptional complexes»
on the promoter of CDH3. a Western blot analysing effect of
abrogation of transcription factors on CDH3 expression. T47D cells
were transfected with either scrambled control oligonucleotides (lane
1) or siRNA oligonucleotides to (i) c-Myc, (ii) Sp1 (iii) NFxB and (iv)
ER o (lane 2 in each panel, respectively). Seventy-two hours
following transfection cells were harvested, and CDH3 expression
was analysed by Western blot. GAPDH loading controls are included
in each western panel and confirm equal loading. b ChIP-re-ChIP
screening for interactions between factors recruited to the CDH3
promoter. DNA-protein complexes prepared from T47D cells were
subjected to ChIP using antibodies for Pol II (lanes 2—7) and BRCA1
(lanes 8—13). The immunoprecipitated complexes (protein and DNA)
were eluted from the beads and then subjected to a further
immunoprecipitation with either Pol II (lanes 2 and §), BRCAIl
(lanes 3 and 9), c-Myc (lanes 4 and 10), ERa (lanes 5 and 11), NFxB
(lanes 6 and 12) and Sp-1 (lanes 7 and 13) specific antibodies. One
percent of total input DNA was used as a loading control (lane I), and
isotype-matched IgG was used as an internal control for the
immunoprecipitation (lanes 14-19). ¢ ChIP-re-ChIP screening for
interactions between Pol II, BRCAI1, c-Myc and Spl transcription
factors on the CDH3 promoter. DNA-protein complexes were
prepared as previously described and subjected to ChIP using
antibodies for Pol II (lanes I and 2), BRCAl (lanes 3 and 4) c-
Myc (lanes 5 and 6), Spl (lanes 7 and 8) and HA as an internal
control (lanes 9 and 10). The immunoprecipitated complexes were
eluted from the beads, divided equally and subjected to a further
round of immunoprecipitation for Pol II (pane 1), BRCA1 (panel 2),
c-Myc (panel 3) or Spl (panel 4). The immunoprecipitated complexes
were eluted from the beads, DNA was purified, and PCR specific for
CDH3 promoter was performed. d Co-Immunoprecipitation Western
blot analysis demonstrating the association of endogenous BRCAI
with c-Myc and Sp-1 in T47D cells. About 1 mg of protein lysate was
immunoprecipitated with BRCA1 (lane 2), c-Myc (lane 3) or Sp-1
(lane 4) or IgG (lane 5) specific antibodies and immunoblotted for
either BRCAI, c-Myc or Sp-1. About 10% of the input lysate was
loaded as a positive control (lane 1). e ChIP from T47D cells treated
with either scrambled control (+) or c-Myc-specific siRNA oligonu-
cleotide (—). Recruitment of RNA Polymerase II (Pol II) (lanes 2 and
3), BRCAI (lanes 4 and 5) and c-Myc (lanes 7 and 8) to the promoter
of CDH3 was analysed. One percent of total input DNA was used as a
loading control and isotype-matched IgG was used as an internal
control for the immunoprecipitation (lanes 9 and 10)

or by epigenetic inactivation of BRCAI. Consistent with
these studies, the MDA468 cell line utilised in this study
has previously been described as a basal-like breast cancer
cell line expressing low levels of endogenous wild-type
BRCA1 [17]. We demonstrated that overexpression of
exogenous BRCAL in these cells resulted in the repression
of CDH3, KRT17 and KRTS5 suggesting that in addition to
BRCAI1 mutational status, the overall expression levels of
wild-type BRCA1 may also be important in the regulation
of defined basal markers.

We have presented data to indicate that BRCAL is a
component of two distinct transcriptional complexes on the
CDH3 promoter. The complex involving BRCA1 and Spl
does not appear to play a crucial role in the repression of
CDH3. Previous reports in the literature have shown that
BRCAL is capable of repressing the transcriptional poten-
tial of Spl on the insulin-like growth factor 1 receptor
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(IGF-IR) promoter, by preventing Spl recruitment to the
promoter [13, 23, 24]. In the current study, it appears that
the BRCA1/Spl complex is not involved in active repres-
sion of CDH3 under the conditions studied. It is possible,
however, that the BRCA1/Sp1 complex may be involved in
regulation of CDH3 following activation of as yet unknown
signalling cascades.

In contrast, the data presented here does suggest that the
BRCAL is part of a transcriptional complex that includes
c-Myc and Pol II, which mediates repression of defined
basal markers such as CDH3. This finding is consistent
with previous observations from our laboratory where we

P\ Q\OV:\
N QO QO @‘\
+ -

have reported that BRCA1 and c-Myc form a complex that
inhibits expression of the DNA damage inducible gene,
psoriasin [13]. Previous studies have reported that the
ability of BRCAL to interact with c-Myc requires the helix-
loop-helix (HLH) region of c-Myc, the motif known to be
responsible for Myc—Max dimerisation [24]. BRCA1 does
not, however, interact with Max, so it is possible that
BRCA1 may compete with Max for binding to the c-Myc
HLH region [24]. Alternatively, BRCA1 has also been
shown to reside in a trimeric complex with c-Myc and an
adaptor molecule, N-Myc-Interacting protein (Nmi) [11].
The ability of BRCAL to repress c-Myc-dependent h"TERT
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Fig. 5 BRCAI and c-Myc are necessary to mediate repression of
CDH3, KRT17 and KRTS5. a qRT-PCR analysis demonstrating
upregulation of mRNA expression levels of CDH3 in T47D cells
treated with siRNA specific to BRCA1, c-Myc or Spl. All values
shown for qRT-PCR were normalised to actin levels and expressed as
fold change in expression compared to scrambled oligonucleotide
control. Statistically, significant differences were determined using
Student’s t-test; * P < 0.05; ** P < 0.01; *** P < 0.001. b Western
blot analysis confirming siRNA knockdown of BRCAL (lane 2),
siRNA knockdown of c-Myc (lane 3) and double siRNA knockdown
of both BRCA1 and c-Myc (lane 4) protein expression levels in T47D
breast cancer cells (lane 2) when compared to scrambled oligonu-
cleotide control (lane I). Abrogation of both c-Myc and BRCAI1
expression in T47D cells results in re-expression of CDH3, KRT17
and KRTS5. GAPDH loading controls are included in each western
panel and confirm equal loading

promoter activity was dependent on its association with
Nmi [11].

The observation that c-Myc may be preferentially
amplified in BRCA1-deficient tumours is intriguing and
suggests that amplification of ¢-Myc in a BRCA1-mutated
background may confer a selective advantage to the
tumour. This is in direct contrast to the correlation between
BRCA1 mutations and Her2 amplification, which is a very
rare event in breast cancer [25]. It may be that amplifica-
tion of c-Myc in this background represents a particularly
efficient means of driving proliferation, which is normally
held in check by functional BRCAL. It will therefore be
important in the future to more fully understand the dif-
ferences in the transcriptional programme regulated by
c-Myc in a BRCA1 wild type compared to a BRCAI-
deficient background.
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