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Abstract
Cross-species comparative genomics is a powerful strategy for identifying functional regulatory elements within noncoding DNA. In this
paper, comparative analysis of human and mouse intronic sequences in the breast cancer susceptibility gene (BRCA1) revealed two
evolutionarily conserved noncoding sequences (CNS) in intron 2, 5 kb downstream of the core BRCA1 promoter. The functionality of these
elements was examined using homologous-recombination-based mutagenesis of reporter gene-tagged cosmids incorporating these regions
and flanking sequences from the BRCA1 locus. This showed that CNS-1 and CNS-2 have differential transcriptional regulatory activity in
epithelial cell lines. Mutation of CNS-1 significantly reduced reporter gene expression to 30% of control levels. Conversely mutation of
CNS-2 increased expression to 200% of control levels. Regulation is at the level of transcription and shows promoter specificity. Both
elements also specifically bind nuclear proteins in vitro. These studies demonstrate that the combination of comparative genomics and
functional analysis is a successful strategy to identify novel regulatory elements and provide the first direct evidence that conserved
noncoding sequences in BRCA1 regulate gene expression.
D 2005 Elsevier Inc. All rights reserved.
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Enhancer and repressor elements housed in noncoding
regions of DNA are known to play an important role in
the regulation of many genes [1,2], including tumor
suppressor genes and proto-oncogenes [3– 6]. Disruption
of such sequences or the factors that bind to them can
contribute to diseases, including cancer [7]. Identification
of critical enhancer and repressor elements has been a
challenge, largely due to the size and uncharted nature of
noncoding sequences housing these elements and the
limitations of available experimental approaches. The
recent completion of several eukaryotic genome sequencing projects now provides an opportunity to use comparative genomics to study homologous genes in multiple
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species. Comparative sequence analysis has been widely
used to identify genes and coding boundaries, but recent
interest has focused on utilizing this strategy to identify
potential regulatory elements in the noncoding fraction of
the genome. Indeed, a number of recent studies describe
multiple highly conserved noncoding sequences (CNS) in
the human genome and suggest that these sequences could
represent functional regulatory elements [8– 10]. A growing body of experimental evidence supports this hypothesis [11 – 14]. In this study we have applied both
comparative genomics and functional analysis to identify
and characterize conserved intronic elements in the human
BRCA1 gene.
BRCA1 is a breast cancer susceptibility gene that is
implicated in both familial and sporadic breast cancers ([15],
reviewed in [16,17]). It encodes a nuclear phosphoprotein
involved in the regulation of DNA repair, transcription, cellcycle control, ubiquitination, and apoptosis. The BRCA1
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gene was originally thought to account for approximately
45% of hereditary breast cancers [18,19]; however, mutations affecting the coding region or the promoter have been
detected in less than 20% of familial cases [20]. In sporadic
breast cancer, somatic mutations of BRCA1 are rarely found;
however, reduced BRCA1 protein levels and mRNA
expression are often observed [21 – 23], suggesting that
BRCA1 repression rather than mutation is involved. Taken
together, these data support the hypothesis that transcriptional and/or posttranscriptional downregulation of BRCA1
may contribute to the genesis of some breast cancers.
The molecular mechanisms controlling BRCA1 expression are only partly understood. The proximal promoter of
BRCA1 is bidirectional, separated by only 218 nucleotides
from an unrelated gene called NBR2 [24]. There is some
evidence to suggest that BRCA1 and NBR2 are reciprocally
regulated [25,26], thus activation of the NBR2 promoter
could lead to decreased BRCA1 expression. Several
sequence elements that can regulate the BRCA1 promoter
have been identified. These include a CREB/ATF-1 site that
appears to be a strong positive transcriptional element
[27,28], a RIBS element that binds the multisubunit ets
protein GA-binding protein-a/h and acts as an activator in
MCF7 cells [29], and an E2F site that may mediate
estrogen-dependent BRCA1 expression [30]. One mechanism of transcriptional repression of BRCA1 is promoter
hypermethylation. Disruption of histone acetylation and
hypermethylation via aberrant methylation of CpG islands
significantly reduces BRCA1 mRNA expression [31 – 34];
however, this appears to be significant in only 10– 20% of
breast tumors.
To understand fully the normal and abnormal expression
of the BRCA1 gene, it is critical to include noncoding
regions in the search for novel regulatory regions. Interestingly, only one regulatory element outside of the BRCA1
promoter region has been described to date. Suen and Goss
used deletion studies to localize a 36-bp repressor element
in intron 1 of BRCA1 [35]. This element is not conserved
between humans and mice. The other noncoding regions
that could potentially regulate BRCA1 expression are large
and poorly characterized. The BRCA1 gene comprises 24
exons and spans over 80 kb of genomic DNA on
chromosome 17q21 [36,37]. BRCA1 intronic sequences
vary in length from 0.4 to 9.2 kb and total 73 kb, equating to
over 90% of the BRCA1 gene [37]. Using a cross-species
comparative sequence analysis, we have identified several
regions of strong evolutionary conservation in the BRCA1
3VUTR. Gene reporter experiments and protein binding
assays further indicate that these regions of the BRCA1
3VUTR are functionally important (J.M. Saunus et al.,
submitted for publication).
In this study we have used a similar bioinformatic
approach to identify conserved regions between human and
mouse BRCA1 intronic sequences. Interestingly, we found
two regions in intron 2 with striking homology to sequences
in mouse Brca1 intron 2. The first conserved noncoding
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sequence (CNS-1) is 105 bp and shows 81% identity, the
second sequence (CNS-2) is 195 bp and has 91% identity to
the mouse sequence. To examine the abilities of the two
candidate regulatory elements to regulate BRCA1 gene
expression, we tagged a cosmid with reporter genes and
then examined the effect of mutating these regions on
reporter gene expression in HeLa and SVCT cell-lines. Our
results show that mutation of CNS-1 significantly reduced
reporter gene expression to 30% of the control, whereas
mutation of CNS-2 increased expression to 200%. Regulation by both regions is at the level of transcription and
shows promoter specificity. Further analysis revealed that
part of CNS-2 is a rarely used alternative splice variant of
the human BRCA1 gene and that it is located in a region
subject to recombination-mediated deletion.

Results
Intronic sequence conservation between human and mouse
BRCA1 identifies nine potential regulatory regions
As an initial approach to identifying novel sequence
elements involved in regulation of BRCA1 expression, we
performed a comparative analysis of the human and mouse
BRCA1 genomic sequences. Based on the observation that
these elements are usually composed of long sequences
(100 bp in length) and are highly conserved (70%
identity) [14], nine CNS matching these criteria were
identified in six different introns of the BRCA1 gene
(unpublished data). A BLAST search of the conserved
sequences showed that three of these elements were also
present in the human BRCA1 pseudogene 1 (BRCA1P1)
[36], but showed no significant homology to any other
regions in the human genome. To determine whether these
conserved regions contain functional BRCA1 regulatory
elements, we initially focused on two elements located in
intron 2 (Fig. 1, CNS-1, CNS-2), because they were present
on a well-characterized and reporter-tagged cosmid clone
(Fig. 3A), thus enabling immediate analysis. Although the
remaining intronic CNS and sequences flanking the BRCA1
gene are also likely to be important in the regulation of
BRCA1 expression, functional analysis of these sequences
was beyond the scope of the present study.
BRCA1 intron 2 is approximately 8.2 kb in humans and
contains a high density (¨57%) of interspersed repetitive
elements (Fig. 1). CNS-1 and CNS-2 are located in the
middle of the intron, in the longest repeat-free region,
approximately 5 kb downstream of the core BRCA1
promoter (Fig. 1).
Intron 2 of BRCA1 contains evolutionarily conserved
subsequences and putative transcription factor binding sites
Evolutionary conservation of noncoding sequences
between relatively closely related species can be indicative
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Fig. 1. Identification of intron 2 conservation between human and mouse BRCA1. Schematic diagram of the human BRCA1 gene region showing the relative
positions of repetitive elements and two conserved noncoding sequences (CNS-1 and CNS-2) within the BRCA1 intron 2 region. Nucleotide positions
correspond to GenBank Accession No. L78833 [37].

of functional regulatory elements [10]; therefore we
extended our evolutionary sequence comparison using
intron 2 of BRCA1 homologues (Fig. 2). The BRCA1 intron
2 genomic sequences for human, chimpanzee, gorilla,
orangutan, rhesus macaque, dog, mouse, rat, and chicken
were obtained from the NCBI (http://www.ncbi.nlm.nih.
gov) or UCSC (http://genome.ucsc.edu/) sequence databases. Cross-species comparative analysis revealed that
CNS-1 and CNS-2 are highly conserved among the
mammalian species studied (Fig. 2), showing sequence
identities of 65 and 75%, respectively. This degree of
conservation is significantly higher than that of surrounding
sequences, showing a 20– 30% identity, which is likely to be
random and thus insignificant. The alignment also revealed
that there was generally more conservation between the
higher order mammals and that the chicken sequence was
not homologous to any of the mammalian BRCA1 intron 2
sequences (Fig. 2).
Further analysis of the DNA sequence of both regions
using the TRANSFAC [38] and rVISTA [39] transcription
factor databases indicates the presence of many potential
binding sites for known transcription factors (TF). In CNS –
2, these include sites for members of the activator protein
(AP); hepatocyte nuclear factor (HNF); Forkhead boxcontaining protein, O subfamily (FoxO); and nuclear factor
erythroid 2 (NFE-2) families. CNS-1 contained one
potential HNF-1 binding site. Interestingly, putative binding
sites for all four above-mentioned TF were clustered around
nt 8924 – 8950 in CNS-2 (Fig. 2), a region that had a high
evolutionary conservation. Functionally relevant regions,
such as promoters and enhancers, often have clustered and
evolutionarily conserved TF binding sites [40], supporting a
functional role for the sequences identified in the study.
Identification of two cis-acting functional regulatory
elements in intron 2 of the BRCA1 gene
To determine the functional significance of CNS-1 and
CNS-2, we chose to examine the effect of disrupting these

regions in the context of the BRCA1 promoter and
surrounding sequences. Such a genetic approach has
proved to be a very powerful and sensitive means of
identifying critical noncoding regulatory elements in
several other genes, the activity of which is not always
detectable by cloning them next to heterologous promoters
and away from their normal genomic environment
(reviewed in [1]). A homologous recombination approach
[41] was used first to tag BRCA1 genomic clones with the
reporter gene luciferase or Venus (modified yellow fluorescent protein YFP [42]), followed by targeted replacement of the conserved regions with a tetracycline resistance
cassette (TetR; Fig. 3A). Insertion of the luciferase or
Venus coding sequence into exon 2 of cosA11100 places
reporter gene expression under the normal transcriptional
regulatory elements of the BRCA1 locus (Fig. 3A). This
was confirmed by transient transfection of HeLa cells with
the parental constructs followed by RT-PCR with vectorspecific primers. The results showed that two transcripts,
which contained either the BRCA1 1A or the BRCA1 1B
5VUTR, as previously described [43], BRCA1 exon 2, and
the reporter cDNA in frame, were produced (unpublished
data). 3VRACE was also used to confirm that the 3Vend of
each mRNA ended after the polyadenylation signal of the
reporter gene (unpublished data). Together these results
confirm that the cosA11100 parental constructs contain all
the elements necessary to initiate synthesis of BRCA1
mRNA.
Constructs were transiently transfected into HeLa and
SVCT cells and reporter gene expression was analyzed. In
the case of luciferase-tagged constructs, luciferase activity
was measured relative to a cotransfected Renilla control
(Fig. 3B). For comparison of BRCA1 expression between
parental and mutated constructs, it was essential to include
appropriate control constructs. In the positive control
construct, designated Da-promoter, the BRCA1 proximal
and major promoter was replaced with TetR. This resulted
in decreased luciferase activity to 30% of parental levels in
both cell lines (Fig. 3B). These results indicate that the a
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Fig. 2. Two CNS in intron 2 of the BRCA1 gene are conserved in multiple species. VISTA multiple sequence alignment comparing nt 8604 – 9080 of the human
BRCA1 intron 2 with homologous sequences from the human BRCA1 pseudogene 1 (BRCA1P1), chimpanzee, gorilla, orangutan, rhesus macaque, dog, mouse,
rat, and chicken. Conserved nucleotides between five of the six species are shaded. CNS-1 (nt 8674 – 8778) and CNS-2 (nt 8804 – 8998) are boxed. Arrowheads
denote the splice donor site and arrows show genomic breakpoints.

promoter is stronger than the h promoter in this system,
contributing to 70% of the assayed luciferase activity,
consistent with previous findings [43]. Two negative

controls, the 5VTet and 3VTet, had the TetR gene inserted
into nonconserved regions at the 5V and 3V ends of the
reporter constructs, respectively. As shown in Fig. 3B,
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Fig. 3. Disruption of CNS-1 and/or CNS-2 in BRCA1 intron 2 alters reporter gene activity. (A) Schematic representation of the luciferase and Venus cosmid
reporter vectors constructed using two-stage GET recombination (refer to Materials and methods). Exons are indicated by white boxes and numbered, a and h
symbols denote BRCA1 alternative promoters. Gray boxes indicate the insertion of the luciferase (Luc/H) or Venus (Venus/H) reporter gene in-frame into
BRCA1 exon 2, striped boxes indicate insertion points of the TetR gene. (B) Luciferase reporter activities relative to the Renilla internal control T the standard
error of the mean (SEM) are shown as percentages of the parental vector control. Data were generated from at least three independent experiments. **p < 0.001
and ***p < 0.0001. (C) Right: Representative FACS analysis of transiently transfected cells sorted for YFP expression (FL1, x axis) and orange
autofluorescence (FL2, y axis), cells in R1 represent Venus YFP-expressing cells. Left: Venus YFP intensity T SEM is shown as a percentage of the parental
vector control. Data were generated from three independent transfections.

these constructs did not significantly change luciferase
expression, indicating that sequence length or conformational changes due to insertion of the TetR gene do not
contribute to BRCA1 transcriptional regulation in this
system.
Mutation of CNS-1 resulted in a significant decrease in
luciferase activity compared to the parental construct (twoto threefold), raising the possibility that positive regulatory

elements map to this region (Fig. 3B). This decrease is
comparable to mutation of the a promoter alone, suggesting
that this region is critical. Interestingly, mutation of CNS-2
resulted in a twofold increase in luciferase activity,
suggesting that negative regulatory elements exist in this
region of intron 2 (Fig. 3B). Finally, mutation of the entire
325-bp region (CNS-1 and CNS-2 together) decreased
luciferase activity (Fig. 3B), but not quite to the same
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extent as mutating CNS-1 alone. These results indicate a
possible interaction between elements, with the positive
regulatory activity of CNS-1 being dominant in the context
of this reporter assay.
To complement the luciferase assays, the same constructs
were analyzed using a Venus reporter instead of a luciferase
reporter. Transiently transfected cells were subjected to flow
cytometry analysis (Fig. 3C). Venus intensity levels were
determined in individual cells (20,000 cells/construct) and
untransfected cells were discarded from calculations, thus
removing any bias attributable to transfection efficiencies.
Transient transfection of cell lines with the 5V Tet control
construct showed no significant change in Venus intensity
levels compared to the parental control; however, the DInt2
325-bp (CNS-1 + 2) construct decreased intensity to levels
equivalent to relative luciferase activities (Figs. 3B and 3C).
These results confirm that the change in the reporter
activities observed between constructs is not attributable
to the reporter system used.
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CNS-1 and CNS-2 function as transcriptional regulators of
the BRCA1 promoter in vitro
In the context of the BRCA1 reporter constructs, CNS1 and CNS-2 are located outside of the transcribed
mRNA, suggesting that the observed changes in luciferase activity are most likely due to changes in transcription, rather than mRNA stability or translational
efficiency. To investigate the proposed transcriptional
activity of regions CNS-1, CNS-2, and combined 325bp fragment (Fig. 4A), these sequences were cloned
downstream of the luciferase reporter gene in pGL3-B
and pGL3-C vectors, the former containing the BRCA1 a
promoter and the latter the SV40 promoter. The human
BRCA1 a promoter was used to determine the abilities of
the intron elements to regulate the transcriptional activity
of their own promoter. The SV40 promoter was used to
address the ability of these fragments to regulate a
heterologous promoter. Luciferase activity and mRNA

Fig. 4. CNS-1 and CNS-2 demonstrate differential transcriptional regulation of the BRCA1 promoter. (A) Schematic representation of the human BRCA1 intron
2 CNS-1 (105 bp) and CNS-2 (195 bp) and the combined 325-bp fragment used in pGL3 reporter gene experiments. Nucleotide positions correspond to
GenBank Accession No. L78833 [37]. (B) Luciferase reporter activities relative to the Renilla internal control T SEM are shown as percentages of the pGL3-B
or pGL3-C vector controls, respectively. Data were generated from three independent transfections. **p < 0.001 and ***p < 0.0001. (C) Top and middle:
Representative blots of luciferase (Luc) and Renilla (Ren) mRNA levels as determined by RNase protection assays. Bottom: Luciferase mRNA levels relative
to the Renilla internal controls are shown as percentages of the levels in cells transfected with the pGL3-B vector control. These data are typical of two
independent experiments performed. (D) Representative EMSA with CNS-1 and CNS-2 fragments. Radiolabeled DNA probes were incubated with either no
protein ( ) or 10 Ag of HeLa nuclear protein (+). Shifted DNA – protein complexes show a slower migration compared to the probe alone. A 100-fold excess of
unlabeled self-fragment (s) or nonspecific DNA (ns) was added as competitor to determine the specificity of the DNA – protein complexes. Arrowheads
indicate specific complexes.
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levels, relative to a cotransfected Renilla control, were
then determined in HeLa cells. Results from transient
transfections of the pGL3-B constructs demonstrated that
insertion of CNS-1 increased luciferase activity and
mRNA levels by 1.6-fold compared to the vector control
(Figs. 4B and 4C). Conversely, addition of CNS-2
decreased luciferase activity, with a concomitant decrease
in luciferase mRNA level (Figs. 4B and 4C). Insertion of
the 325-bp fragment increased luciferase activity and
mRNA levels by 2.4-fold, suggesting that CNS-1 is the
dominant activator. Interestingly, addition of the intronic
fragments to the pGL3-C vector (SV40 promoter) had no
significant effect on luciferase activity (Fig. 4B), demonstrating that transcriptional regulation has some promoter
specificity.
Conserved enhancer or repressor elements situated in
noncoding regions often interact with DNA binding proteins
[11,44]. To determine whether this was true for CNS-1 and
CNS-2, electrophoretic mobility shift assays (EMSAs) were
performed using radiolabeled double-stranded DNA probes
and HeLa nuclear extracts. As shown in Fig. 4D, several
slowly migrating bands representing DNA –protein complexes were observed with both probes in the presence of
HeLa nuclear extract. Two specific complexes were
identified using either CNS-1 or CNS-2 DNA probe (Fig.
4D, arrowheads). These complexes were competed by the
addition of a 100-fold excess of unlabeled self-competitor
(s) but not by a nonspecific competitor (ns).
In summary, these data indicate that intron 2 of the
BRCA1 gene contains two evolutionarily conserved noncoding elements that can differentially regulate BRCA1
mRNA in vitro. CNS-1 appears to be essential for promoter

activation, while CNS-2 is a potential repressor element.
Regulation by both regions is at the level of transcription
and shows specificity for the BRCA1 promoter. Both
regions also contain a number of potential TF binding
motifs and specifically bind nuclear proteins in vitro,
although the identity of the proteins is yet to be determined.
BRCA1 intron 2 mutation analysis
Given that intronic variants in several genes have been
associated with cancer [7,45,46] we sought to determine
whether there was any sequence variation in CNS-1 or CNS2 in the normal population or in familial breast cancer cases.
The NCBI single nucleotide polymorphisms (SNPs) database was initially searched to locate any previously identified
SNPs in BRCA1 intron 2. A number of putative SNPs have
been characterized in intron 2 but none were located in CNS1 or CNS-2. Indeed this region of intron 2 is uncharacteristically lacking in any variation (see www.ncbi.nlm.nih.gov/
mapview/maps.cgi?TAXID=9606&QSTR=brca1&QUERY=
uid(7811760)&CHR=17&MAPS=ugHs,genes,morbid,snp,
pheno[38516465.26%3A38524540.63]-r&CMD=DN).
To determine whether BRCA1 intron 2 mutations are
present in familial breast cancer, 79 patients with a strong
family history of breast cancer but no detectable BRCA1 or
BRCA2 mutation were screened using DHPLC. Both CNS-1
and CNS-2 were analyzed; however, no sequence variations
were observed (data not shown). This suggests that if
mutations exist in this region of BRCA1 intron 2 they are
rare. This result also suggests that disease-associated
disruption of intron 2-mediated regulation of BRCA1
expression is more likely to involve altered expression

Fig. 5. CNS-2 is a novel BRCA1 alternative splice variant and located in a genomic nonhomologous recombination hot spot. (A) Schematic representation of
the two BRCA1 transcripts generated by the use of alternative first exons [49] and the novel (*) BRCA1 alternative splice variant identified in this study. White
boxes represent untranslated mRNA sequences and black boxes indicate open reading frames. Arrows represent the direction of the primers used in nested RTPCR (B) Genomic organization of the human BRCA1 gene, human BRCA1 pseudogene 1 (BRCA1P1), and its neighboring gene, NBR2. BRCA1 and
BRCA1P1 exons and NBR2 exons are indicated by white and gray boxes, respectively. The dotted line is representative of the 37-kb deletions previously
identified in two separate studies [63,64].

S.L. Wardrop et al. / Genomics 86 (2005) 316 – 328

and/or activity of trans-acting factors that associate with and
act on this region of the genome.
Identification of a novel BRCA1 splice variant located in a
region subject to recombination-mediated deletion
Because of the unusually high evolutionary conservation
between human and mouse CNS-2 sequences (91%, Fig.
1), we hypothesized that this region may be an alternatively
spliced exon of BRCA1. To test this hypothesis we
performed nested RT-PCR using a BRCA1 exon 2 primer
and specific CNS-2 primers (see Materials and methods).
Sequencing of the resulting PCR products revealed that the
first 138 nt of CNS-2 are included as an alternative exon
(designated exon 2A, Figs. 2 and 5A). It was of interest to
note that the consensus splicing acceptor site was not
conserved between humans and rodents, suggesting this
variant may be present only in higher order mammals
(Fig. 2). Numerous BRCA1 splice variants have been
reported in the literature (reviewed in [47]); however, their
regulation and function are poorly understood. It was
beyond the scope of this study to investigate a role for
this variant; however, it is unlikely to produce a functional
protein as inclusion of the new exon (exon 2a) introduces
a premature termination codon (unpublished data). Also of
interest is the mapping of several disease-associated gene
deletion events to this region (e.g., Figs. 2 and 5B and
see Discussion), suggesting that this region of the
genome is also subject to recombination-mediated gene
deletion.

Discussion
Comparative genomics offers a potential strategy for
identifying important regulatory elements on the basis that
evolutionary conservation implies functional constraints. In
this study, we utilized human – mouse genomic comparisons
to identify potential noncoding regulatory elements in the
BRCA1 gene. The evolutionary distance been humans and
mice is reported to be sufficient for identification of
functionally important elements [48]. This premise is
supported by studies identifying functional sequences
exclusively through the use of human –mouse comparisons
[12,13,49].
In this paper we report the identification of two
evolutionarily conserved regions (CNS-1 and CNS-2) in
intron 2 of the breast cancer susceptibility gene, BRCA1.
BRCA1 expression is regulated during the cell cycle [50],
in response to DNA-damaging agents [51] and by hormones that regulate proliferation and differentiation of the
mammary gland, including progesterone [52] and prolactin
[53]. The cis-elements that mediate regulation by these
biological events are currently unknown and could include
the new elements CNS-1 and CNS-2 described in this
paper.
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Analysis of CNS-1 and CNS-2 revealed that both regions
are also conserved in other mammalian species (Fig. 2).
Consistent with this, recent studies have demonstrated that
noncoding sequences conserved between mammals are
frequently functional [11,54,55]. Together, these findings
suggest a functional role for CNS-1 and CNS-2 in regulating
BRCA1 gene expression. It was of interest to note that the
chicken sequence was not homologous to any of the
mammalian BRCA1 intron 2 sequences. This was not
unexpected, considering that human and chicken BRCA1
cDNA sequences show relatively low identity (¨30% [56]).
Overall, chicken BRCA1 intron lengths are much shorter
than human introns (e.g., intron 2, 1.7 kb vs 8.2 kb), which
could reflect differences in the regulatory mechanisms
controlling this gene in different species.
To determine the functional significance of CNS-1 and
CNS-2, we mutated reporter constructs generated using
BRCA1-derived genomic clones. This approach allowed
potential functional noncoding sequences to be analyzed in
the context of the BRCA1 genomic region and, in
particular, in the context of BRCA1_s own promoter.
Mutation of either CNS-1 or CNS-2 or the entire region
resulted in significant changes in reporter gene activity
(Figs. 3B and 3C). Such changes in reporter activity (30 –
200%) are considered to be biologically significant. Functional noncoding elements identified for the human APOE
and TNF-a genes, for example, confer changes in reporter
activity in the range of 40– 140%, relative to controls
[57,58]. Our results indicate the presence of significant
regulatory elements that mediate both activation and
repression of the BRCA1 gene. This is the first direct
demonstration that BRCA1 is regulated by evolutionarily
conserved intronic elements.
Although CNS-1 and CNS-2 are over 5 kb downstream
of the human BRCA1 proximal promoter, our data indicate
that these elements regulate BRCA1 expression at the
transcriptional level. Transcriptional control elements
located in introns have been reported for various genes.
For example, two AP-1 sites located in intron 1 of the
breast cancer-specific gene 1 (BGSG1) are essential for
transcriptional activation in breast carcinomas [59]. A
conserved enhancer located in intron 3 of the BCL3
proto-oncogene is also critical for transcriptional upregulation in T cells [4].
As transcription can be regulated by proteins that bind to
sequence-specific transcription factor-binding sites (TFBS),
a combination of TFBS predictions, sequence conservation,
and cluster analysis was used to identify potential TFBS in
CNS-1 and CNS-2. Significantly, a number of these putative
sites (e.g., AP-1, NFE-2, and HNF-1) were clustered
together in regions of high evolutionary conservation,
supporting their functional importance. As mentioned
previously, AP-1 has recently been implicated in transcriptional regulation of the BGSG1 gene [59]. Furthermore, AP1 and NFE-2 binding sites can both contribute to long-range
a-globin gene activation [60]. Consistent with these
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bioinformatic data, EMSAs show that both elements do
specifically bind proteins in vitro; however, whether the
candidate proteins involved are known TF or novel BRCA1
regulatory proteins has yet to be determined. Candidate
proteins include members of the AP, HNF, FoxO, and NFE2 families, binding sites for which were identified in these
regions of BRCA1 intron 2. A protein that exclusively
regulates BRCA1 has not yet been identified, but would be
an obvious therapeutic target.
Two recent studies have detected the presence of distinct
homologous recombination events that have occurred in
three different families between intron 2 of BRCA1 and
intron 2 of BRCA1P1, leading to 37-kb deletions [61,62].
Puget et al. mapped two breakpoint junctions to intron 2 and
interestingly these junctions are located within CNS-1 and
CNS-2 identified in this study (Fig. 2). Brown et al. also
described a third patient with a similar germ-line deletion;
however, the exact breakpoint junction was not mapped at
the time. Interestingly, the breakpoint in this patient occurs
in CNS-2 (nt 34221 – 34232 in BRCA1 and nt 71156– 71167
in BRCA1P1, referring to GenBank Accession No.
AC060780), close to but at a distinct site from the
previously identified breakpoints (S. Mayozer, personal
communication, and Fig. 5B). Three separate patients
demonstrating germ-line deletions within a 220-bp region
are consistent with the hypothesis that this conserved
noncoding region is a target for recombination-mediated
deletions.
In this paper we show that two evolutionarily conserved
regions in intron 2 of the BRCA1 gene transcriptionally
regulate BRCA1 expression in vitro. Furthermore, we
provide evidence that this regulation shows specificity for
the BRCA1 promoter and predict that disruption of these
elements or the associated trans-acting factors may contribute to BRCA1 repression. A priority now is to assess the
functionality of other conserved regions identified in the
BRCA1 gene and the factors that bind to them and to
determine the contribution of these elements and factors to
BRCA1 regulation. These regions may include the other
seven evolutionarily conserved sequences identified in the
BRCA1 introns noted above, as well as sequences outside of
the BRCA1 gene. The elucidation of regulatory pathways
involving noncoding DNA sequences in the human BRCA1
gene is important not only for understanding the control of
normal gene expression, but also for understanding how
expression may be compromised in some breast cancer
patients.

Materials and methods
Cell culture
Cervical adenocarcinoma HeLa cells (ATCC CCL-2) and
SV40 T-antigen-immortalized human mammary epithelial
SVCT cells (ECACC 94122105) were cultured in DMEM

(Invitrogen, Carlsbad, CA, USA) containing 10% fetal calf
serum (Invitrogen). SVCT growth medium was also
supplemented with insulin (Sigma – Aldrich Pty. Ltd.,
Sydney, Australia; 10 Ag/ml) and hydrocortisone (Sigma–
Aldrich; 0.5 Ag/ml). Cells were maintained at 37-C in a 5%
CO2 humidified incubator.
Comparative sequence analysis
BRCA1 genomic DNA from the following species was
analyzed in this study: human (GenBank Accession No.
L78833), human BRCA1 pseudogene 1 BRCA1P1 (GenBank Accession No. AC060780), chimpanzee (GenBank
Accession No. AY365046), gorilla (GenBank Accession
No. AY589042), orangutan (GenBank Accession No.
AY589040), rhesus macaque (GenBank Accession No.
AY589041), dog (http://genome.ucsc.edu), mouse (GenBank Accession No. NT_039521), rat (GenBank Accession
No. NW_047336), and chicken (http://genome.ucsc.edu).
Blocks of high similarity were mapped according to those
considered significant by VISTA [63]. Percentage sequence
identity within each block was calculated as the number of
nucleotides equivalent to the human sequence at each
position as a fraction of the total number of nucleotides in
the block. Putative transcription factor binding sites were
predicted using the TRANSFAC [38] and rVISTA [39]
databases.
Cosmid and plasmid vectors used in GET homologous
recombination (GHR)
Cosmid A11100 (cosA11100) was used as the primary
recombination template [36,64]. This construct contains a
22-kb genomic insert that includes NBR2 exon 1 and
BRCA1 exons 1A, 1B, 2, and 3 and their surrounding
introns (Fig. 3A). Plasmid pGETrec, containing the
arabinose-inducible recombination genes recE, recT, and
gam, was kindly provided by P. Ioannou (The Murdoch
Children’s Research Institute, Melbourne, Australia) [41].
To generate the luciferase (Luc)/hygromycin (Hygro)
plasmid, which was used as a PCR template in GHR, the
Luc gene was first PCR amplified from pGL3 Basic
(Promega, Madison, WI, USA) using XhoHindLuc primers
(Supplementary Table 1) and cloned into the XhoI/HindIII
sites of pGEM-7Zf (Promega). The Hygro gene was then
PCR amplified from pMG-H2 (InvivoGen, San Diego, CA,
USA) using HindNsiHygro primers (Supplementary Table
1) and cloned next to the Luc gene into the HindIII/NsiI
sites. To generate the Venus/Hygro template, the pCS2Venus plasmid [42] (kindly provided by T. Nagai, Brain
Science Institute, RIKEN, Japan) was digested and the
Venus coding sequence cloned into the XhoI/HindIII of
pGEM-7Zf; the Hygro gene was then cloned downstream
as described above. Plasmid pBR322 was used as the
template for PCR amplification of the tetracycline resistance (TetR) cassette.
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Preparation and purification of PCR products for GHR
The Luc/Hygro cassette derived from the pGEM-7zfLuc-Hygro construct was amplified using the primers
GHRLucHygroF and GHRHygroR (Supplementary Table
1). The resultant 3.3-kb PCR product was designated Luc/H
(Fig. 3A). The Venus/Hygro cassette derived from the
pGEM-7zf-Venus-Hygro construct was amplified using the
primers GHRVenusHygroF and GHRHygroR (Supplementary Table 1). The resultant 2.3-kb PCR product was
designated Venus/H (Fig. 3A). Both the Luc/H and the
Venus/H cassettes were inserted by GHR in-frame into exon
2 of the BRCA1 gene directly after the ATG translation start
codon. The TetR cassettes were amplified using various
primers depending on the insertion point into the reporter
cosA11100 constructs (Supplementary Table 1). All PCRs
were performed in 50-Al reactions for 35 cycles (94-C, 30 s;
55-C, 30 s; 72-C, 4 min) with the Expand High Fidelity PCR
system (Roche Diagnostics, Basel, Switzerland). PCR
products were gel purified using the QIAquick gel extraction
kit (Qiagen, Inc., Valencia, CA, USA) and resuspended in 10
mM Tris – HCl, pH 8.5.
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and mutagenesis confirmed by restriction mapping and
nucleotide sequence analysis.
Construction of pGL3 luciferase reporter vectors
The BRCA1 1A promoter was PCR amplified from HeLa
genomic DNA with XhoIBRCA1promF and XhoIBRCA1promR primers (Supplementary Table 1) and then cloned into
the XhoI site of pGL3-Basic (Promega). This construct is
referred to as pGL3-B. Three fragments from BRCA1 intron
2 were PCR amplified from HeLa genomic DNA: CNS-1,
105 bp (primers BamHIInt2 325F and BamHIInt2 105R,
Supplementary Table 1, Fig. 5A); CNS-2, 195 bp (primers
BamHIInt2 195F and BamHIInt2 325R, Supplementary
Table 1, Fig. 5A); and CNS-1 + 2, 325 bp (primers
BamHIInt2 325F and BamHIInt2 325R, Supplementary
Table 1, Fig. 5A). The fragments were cloned separately
into the BamHI site located downstream of the luciferase
gene and SV40 late poly(A) signal of both the pGL3-B and
the pGL3 Control (pGL3-C) vectors. The sequence of all
reporter gene constructs was confirmed by the Australian
Genome Research Facility (AGRF; University of Queensland, St Lucia, QLD, Australia).

Construction of cosmid reporter vectors using GHR
Transient transfections and luciferase assays
To generate the reporter cosmids, GHR was performed
as previously described [41]. Five hundred nanograms of
purified Luc/H or Venus/H PCR product was electroporated (Gene-Pulser II; Bio-Rad, Hercules, CA, USA)
into 40 Al of electrocompetent Escherichia coli DH10B
cells carrying both cosA11100 and pGETrec. Electrocompetent cells were prepared by inoculating 250 ml of
LB containing kanamycin (30 Ag/ml; Sigma –Aldrich) and
ampicillin (100 Ag/ml; Amresco, Solon, OH, USA) to an
OD600 of 0.4. Expression of the pGETrec plasmid was
induced by the addition of l-arabinose to a final
concentration of 0.2% for 40 min. The cells were then
harvested and made electrocompetent by standard procedures. Following electroporation with Luc/H or Venus/H
PCR products, cells were incubated in LB medium for 1 h
at 37-C and then spread onto LB-agar plates containing
Hygro (100 Ag/ml; Invitrogen). Single colonies were
randomly picked, grown in 1 ml LB containing Hygro,
and 1-Al aliquots of culture were used for PCR screening
of recombinant clones. For the second round of TetR GET
recombination, 500 ng of the TetR PCR product was
electroporated into electrocompetent E. coli DH10B cells
carrying the parental cosA11100 + Luc/H or Venus/H and
pGETrec. Electrocompetent cells were prepared and
harvested as described above, except modified clones were
selected using LB-agar plates containing Tet (100 Ag/ml;
Sigma – Aldrich). To rescue cosmid clones from the
pGETrec plasmid, cells were grown on plates in the
absence of Amp, and positive clones were identified by
replica plating on antibiotic plates T Amp. DNA was then
extracted using a Qiagen DNA extraction kit (Qiagen, Inc.)

HeLa and/or SVCT cells were transiently transfected with
1 Ag of cosA11100 + Luc/H recombinant clones or pGL3
constructs and 20 ng pRL-TK in a 24-well plate, using
Lipofectamine 2000 (Invitrogen). After 24 h, relative
luciferase activity was determined using a dual luciferase
reporter assay kit (Promega) and a Wallac Microbeta Trilux
Luminometer counter (EG&G Wallac, MD, USA) according
to the manufacturer_s instructions. To correct for any differences in transfection efficiency or cell lysate preparation,
firefly luciferase activity was normalized to that of Renilla
luciferase. Statistical analysis was performed using unpaired,
two-tailed t tests, with p values <0.01 considered significant.
Fluorescence-activated cell sorting (FACS)
Cells transiently transfected with cosA11100 + Venus/H
recombinant clones were trypsinized 24 h after transfection,
washed with phosphate-buffered saline, and resuspended in
Cell Dissociation Buffer (Invitrogen). The intensity of Venus
fluorescence was analyzed by flow cytometry (MoFlo;
Cytomation, Fort Collins, CO, USA) with Summit software
(v3.1; Cytomation).
RT-PCR
To determine if cosA11100 parental mRNA was
expressed, 5 Ag of total RNA was extracted from HeLa
cells using TRIzol (Invitrogen) and DNase I treated, and
cDNA was synthesized using an oligo(dT) primer and
Superscript III reverse transcriptase according to the
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manufacturer_s instructions (Invitrogen). PCR was then
performed using BRCA1 exon 1A- or 1B-specific primers
(Supplementary Table 1, BRCA1Exon1A or 1BFor) with a
luciferase- or Venus-specific reverse primer (Supplementary
Table 1). This cDNA was also used to determine if CNS-2
was an alternative BRCA1 splice variant. Nested PCR was
performed using the BRCA1Exon1AF primer (Supplementary Table 1) with CNS-2-specific downstream (Supplementary Table 1, Int2aRev) and internal (second round
PCR, Supplementary Table 1, Int2aRevInt) primers. All
PCR products were sequenced by AGRF.
3VRACE
The 3V end of the cosA11100 parental mRNA was
determined using 3VRACE. Five micrograms of total RNA
was extracted from transiently transfected HeLa cells using
TRIzol (Invitrogen) and DNase I. cDNA was synthesized
using 500 ng RACE-1 primer [65] and Superscript III reverse
transcriptase (Invitrogen). Nested PCR was performed using
RACE-2 primer [65] and luciferase-specific upstream
(Supplementary Table 1, 3VRACE Luc For) and internal
(second round PCR, Supplementary Table 1, 3VRACE Luc
Int) primers. PCR products were sequenced by AGRF.
RNase protection assays
All experiments were performed using the Ribonuclease
Protection Assay kit (RPA III; Ambion, Inc., Austin, TX,
USA) as specified by the manufacturer. Briefly, 32P-labeled
RNA probes were synthesized complementary to the target
RNA. The luciferase (400 bp) and Renilla (200 bp) probes
used were amplified by PCR from pGL3-Basic and pRL-TK,
respectively, using specific primers (Supplementary Table 1)
and Expand High Fidelity Taq (Roche). The fragments were
then cloned into the pGEM-T Easy vector system (Promega)
and linearized with SalI. T7 polymerase was used to
generate antisense RNA transcripts using an in vitro transcription kit (Promega). Total RNA (30 Ag) and excess
labeled probes (¨2  105 cpm) were incubated at 42-C
overnight to hybridize the probe to its complement in each
sample RNA. After hybridization, the mixtures were treated
with a 1:100 dilution of a ribonuclease A/T1 mix at 37-C for
30 min to degrade unhybridized probe. The protected
fragments were run on 8 M urea 5% polyacrylamide gels
at 250 V for 2 h, imaged with a phosphoimager (Typhoon
9400; Molecular Dynamics, CA, USA) and quantified using
ImageQuant software (v5.0; Molecular Dynamics).
Electrophoretic mobility shift assays (EMSA)
EMSAs were performed as previously described [66].
Nuclear extracts were prepared from HeLa cells according
to the method of Dignam et al. [67]. DNA fragments were
obtained by digesting pGEM-T plasmids containing either
CNS-1 (105 bp) or CNS-2 (195 bp) inserts with BamHI and

end-labeling with [g-32P]ATP using T4 polynucleotide
kinase (MBI Fermentas, Hanover, MD, USA). For binding
reactions, 20,000 cpm of labeled probe was incubated with
10 Ag of nuclear protein in a 30-Al reaction mixture
containing 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM
DTT, 0.1 mM EDTA, 1 mM MgCl2, 5% glycerol, and 3 Ag
poly(dI –dC). For competition experiments, 100-fold excess
unlabeled self-fragment or nonspecific DNA was added to
the binding reaction before the addition of labeled probe.
Reaction mixtures were incubated at room temperature for
25 min and then separated on 6% native polyacrylamide
gels. DNA – protein complexes were visualized by exposure
of dried gels to Kodak XAR film at 80-C.
Mutation analysis
DNA samples were obtained from the Kathleen Cuningham Consortium for Research into Familial Breast Cancer
(kConFab). Seventy-nine samples were from index cases
(defined as the youngest affected from whom a blood
sample was available) of families meeting the kConFab
criteria for high-risk familial breast cancer (www.kconfab.
org), but who had previously tested negative for mutations
in the coding regions of BRCA1 and BRCA2. Mutational
screening for BRCA1 intron 2 mutations was carried out by
prescreening with DHPLC analysis [68]. Briefly, the 325-bp
fragment from intron 2 of the BRCA1 gene was PCR
amplified from 20 ng of genomic DNA using primers
BamHIInt2 325F and BamHIInt2 325R (Supplementary
Table 1). PCR amplification was carried out using a
touchdown program: 94-C (30 s), 65-C (30 s), and 72-C
(1 min) with the annealing temperature being lowered by
0.5-C each cycle for 20 cycles, followed by 20 cycles at
94-C (30 s), 55-C (30 s), and 72-C (1 min). PCR products
were then subjected to a slow annealing step from 95 to
60-C over 40 min (1-C/min) to promote heteroduplex
formation prior to analysis on the Varian Helix System
(Varian, Walnut Creek, CA, USA). DHPLC was carried out
at the recommended melt temperatures for all amplicons as
determined by the Stanford melt algorithm (http://insertion.
stanford.edu/melt.html). Analysis was performed using the
Star Workstation version 5 (Varian).
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