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Abstract

BAF57 is a core subunit present in all mammalian SWI/SNF ATP-dependent
chromatin remodeling complexes, which regulate important biological processes
including gene transcription, DNA recombination, DNA repair and DNA replication.
Among other functions, BAF57 mediates the recruitment of SWI/SNF to sequence-
specific transcription factors. Thus, BAF57 plays a crucial role in regulating estrogen-
dependent gene expression and proliferation in human cell lines derived from breast
tumors. Increasing genetic and biochemical evidences suggest that mutations in BAF57
or alterations in its expression could play and oncogenic role in the mammary gland.
Here, we describe two novel mutations in the BAF57 gene found in a breast cancer
patient. Both mutations originate premature stop codons, leading to truncated proteins,
structurally similar to another BAF57 mutant previously found in a human cell line
derived from a breast tumor (BT-549). The expression of these novel BAF57 mutants
has abnormally high estrogen receptor alpha (ERca) coactivating potential, suggesting
that they might be involved in the aberrant estrogen-dependent proliferation that occur
in the majority of breast tumors that retain ERa expression. In addition, the mutations in
BAF57 affect its functional interaction with the androgen receptor and ETS2, two
transcription factors that play an important role in breast cell biology. Therefore,
mutations in BAF57 could impinge on several oncogenic signaling pathways

contributing to the origin and/or development of breast cancer.

Keywords: BAF57, breast cancer, chromatin remodeling, estrogen receptor,
SWI/SNF.



Introduction

BAF57 (also known as SMARCEZ1) is a core subunit present in all SWI/SNF ATP-
dependent chromatin remodeling complexes in higher eukaryotes [1]. SWI/SNF
chromatin remodeling activity is required for the transcriptional regulation of numerous
target genes although SWI/SNF complexes also participate in other key biological
processes, such as DNA recombination, DNA replication, DNA repair and viral
integration [2]. SWI/SNF action requires the proper combinatorial assembly of 10 to 12
subunits. Only one of them (BRG1 or BRM in an exclusive manner) has ATPase
enzymatic activity while the other variable associated subunits contribute to the
enzymatic activity of the complex and facilitate the recruitment to sequence-specific
transcription factors. Perturbations in subunit stoichiometry, or mutations in genes
encoding SWI/SNF subunits may contribute to tumorigenesis (reviewed in [3]).
Previous results from our laboratory showed that BAF57 plays a crucial role in
regulating estrogen-dependent gene expression and proliferation in human cell lines
derived from breast tumors [4,5]. BAF57 is an ER subtype-selective regulator that
specifically targets estrogen receptor alpha (ERca), the isoform responsible for
mediating estrogen mitogenic signals in more than 60% of breast tumors that maintain
ERa expression. Subsequently, it was demonstrated that BAF57 is critical for androgen
receptor (AR) transcriptional activity [6]. The human BAF57 gene maps to chromosome
band 17921, in close proximity to BRCAL a locus associated with frequent loss of
heterozygosity (LOH) in breast and ovarian cancer [7]. In sporadic breast and ovarian
cancers mutations in BRCA1 are rare events in samples with LOH in the region [8],
suggesting that other genes in this region may function as tumor suppressors. Therefore,
in view of the functional interaction between ERo and BAF57, mutations in BAF57 or
alterations in its expression could influence the origin and/or development of breast
tumors. A preliminary study looking for mutations in BAF57 in a panel of the most
commonly used human breast cancer cell lines led us to uncover a mutation in BAF57 in
one of them, BT549, that causes a frame shift leading to a truncated BAF57 protein with
altered functionality that behaves as an abnormally potent ERo transcriptional
coactivator [9]. We have now extended our study sequencing the BAF57 gene from 95
human primary breast tumors and we have found two new BAF57 mutations in one

breast cancer patient that also generate truncated BAF57 proteins, similar to that found



previously in BT549 cells. Here, we describe the functional characterization of the

mutant BAF57 variants and discuss their possible role in breast tumorigenesis.

Materials and methods

Patients

Tumor samples from 95 patients who had an operation for early-stage invasive breast
carcinoma were snap-frozen in liquid nitrogen and kept at -70°. Median age was 57
years (range 27-80). Frozen sections were stained with haematoxylin and eosin and
analyzed by an experienced breast pathologist. Eligible samples had to include at least
70% of tumor cells. Institutional approval from our ethical committee was obtained for

the conduct of the study.

Sample processing

Total RNA was isolated from frozen sections with TRIzol Reagent (Invitrogen) and
cleaned-up with use of the Qiagen RNeasy spin columns. Total RNA isolated was
quantified and qualitatively assessed using spectrophotometer OD 25, measurements and
capillary electrophoresis (Agilent 2100 Bioanalyzer, Agilent). cDNA synthesis was
performed using Transcriptor First Strand cDNA Synthesis Kit (Roche) using

oligo(dT)1s primers following the manufacturer’s instructions.

DNA sequencing

The complete open reading frames of the full-length BAF57 present in the tumor
samples were amplified by PCR using pfu DNA Polymerase (Stratagene) with the
primers hBAF57e-F  ATGTCAAAAAGACCATCTTATGC and hBAF57e-R
TTATTCTTTTTTCTCATCTTCTGG. PCR products were fully sequenced by capillary
electrophoresis using dye-labeled terminators (3130 Genetic Analyzer, Applied
Biosystems). Sequencing primers included the hBAF57e-F and hBAF57e-R described
above and the internal primers hBAF57-int-F GCTGAGCGCAGTCAGAGCAGCATC
and hBAF57-int-R GCCACATGCCACCAATAATCTTGC.



Plasmids

The mutated BAF57 open reading frames found in the breast tumor were amplified
by PCR and subcloned into pSG5-FLAG (BAF57 BCMUT-A and BAF57 BCMUT-B)
or pGEX-6P-1 (GE healthcare, GST-BAF57 BCMUT-A and GST-BAF57 BCMUT -B).
The complete open reading frame of the full-length human ETS2 was amplified by PCR
using cDNA from MCF-7 breast cancer cells and subcloned into pSG5-FLAG (FLAG-
ETS2) The following plasmids have been previously described: pSG5-hERa, pSG5-
hERB, pGL3-2ERE-PS2-LUC, pSG5-SRCle, pSG5-SRC1-bHLH-PAS [5], pSV-AR,
TAT-GRE-E1B-LUC [10],

Cell culture and transient transfections

COS-1 cells and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Twenty-four hours before transfection,
cells were plated in 24-well plates in phenol red-free medium with 10% dextran
charcoal-stripped serum. Cells were transfected using Lipofectamine 2000 (Invitrogen).
Transfected plasmids are detailed in the figure legends. The amounts of plasmid DNA
used were; pGL3-2ERE-PS2-LUC (100 ng/well), TAT-GRE-E1B-LUC (100 ng/well),
pSG5-hERa (100 ng/well), pSG5-hERP (100 ng/well), pSV-AR (100 ng/well), pSG5-
BAF57 (wild-type or mutants) (200 ng/well). pRL-TK (5 ng/well) (Promega) was used
as internal control for transfection efficiency. All transfection mixtures contained 100
ng/well of pSG5-SRCl1e. Cell extracts were assayed for luciferase activity as described

previously [10].

GST pull downs assays

Protein-protein interaction assays were performed as previously described [4].

Antibodies

Anti-ERa D12 (Santa Cruz Biotecnology), anti-AR 441 (Abcam), Anti-Flag M2
(Sigma Aldrich).



Fluorescence analysis

COS-1 cells grown on coverslips were transfected with 100 ng of the plasmids
indicated in Fig. 2. After 36 h, cells were fixed with 4% paraformaldehyde in PBS for
15 min and permeabilized in 0.1% Triton X-100 in PBS for 5 min. To perform indirect
immunofluorescence cells were incubated in 3% BSA in PBS for 30 min. Primary
immunostaining with mouse anti-Flag antibody (1:500) was carried out at RT for 1 h.
Secondary immunostaining with Alexa Fluor 488 goat anti-mouse antibody (Invitrogen-
A11029) was performed at RT for 1 h. DNA was counterstained with DAPI.

Results

Identification of mutations in the human BAF57 gene in patients with breast cancer

In order to investigate the possibility that mutations in BAF57 occur in primary
tumors from breast cancer patients we sequenced the complete open reading frames
present in BAF57 directly from cDNA generated using RNA extracted from frozen
tumor sections. 95 patients were included in the study (61 ER positive tumors and 31
ER negative tumors). No mutations were found affecting BAF57 in 94 out of 95
patients, however one of the patients with ER positive breast cancer presented three
different BAF57 sequences, one wild type copy and two other heavily mutated copies of
the gene that we have named BAF57 Breast Cancer Mutation-A (BAF57-BCMUT-A)
and BAF57 Breast Cancer Mutation-B (BAF57-BCMUT-B) (supplementary Fig. 1).
Both mutated BAF57 gene copies have many nucleotide changes and they also present a
few small deletions. As a result of the sequence variations premature stop codons are
introduced at nucleotide 115 (BCMUT-A) or nucleotide 187 (BCMUT-B) giving rise to
truncated peptides 38 or 62 amino acids length respectively, considerably shorter than
wild-type BAF57 which is 411 amino acids length (Fig. 1a). In addition, the truncated
BAF57-BCMUT-A and BAF57-BCMUT-B have three and seven amino acid changes

respectively compared to the wild-type protein sequence (Fig. 1b).

Functional characterization of the novel BAF57 breast cancer mutants



We have previously identified another BAF57 mutation in the BT-549 human cell
line, derived from a patient with breast ductal carcinoma [9]. Interestingly, that mutation
(BT549-BAF57) generates a truncated peptide lacking most of the C-terminal protein
sequence, similar to both novel BAF57 mutants found in the breast tumor (Fig. 1). As
expected from such drastic mutation, BT549-BAF57 shows altered functionality. It has
lost the capacity to interact directly with ERo but, surprisingly, BT549-BAF57
mutation increased its ability to stimulate transcriptional activation by ERa in transient
transfection experiments [9]. Therefore, we tested the effect of BAF57-BCMUT-A/B
expression on the ability of ERa to stimulate transcription from an estrogen-responsive
luciferase reporter gene in transfected cells. Expression of both mutants greatly
enhanced the activity of ERa while wild-type BAF57 expression had negligible effect
and a previously characterized dominant-negative BAF57 deletion mutant (AC-BAF57)
[5] inhibits ERa activity (Fig. 2a, left panel). In keeping with previous results indicating
that BAF57 is an ER subtype-selective regulator that specifically targets estrogen ER«
[5] we observed that expression of wild-type BAF57 or the mutant variants did not have
significant effects on ER[ activity in a parallel assay (Fig. 2a, right panel). The
enhancing effect of both BAF57 mutants on ERa transcriptional activity was also
observed in a similar experiment performed using the breast cancer cell line MCF-7
(Fig 2b). Next, we performed indirect immunofluoresce to check the expression of both
BAF57-BCMUT in transfected cells. Despite their small size both mutants accumulate
to similar levels to those observed for wild-type BAF57 (Fig. 2c). Of note, BAF57-
BCMUT-A, like wild-type BAF57, shows mostly nuclear localization but BAF57MUT -
B is also detected in the cytoplasm.

BAF57 interacts with another steroid receptor, the AR, and this functional interaction
is required for androgen-mediated transcription [6]. AR is commonly expressed both in
normal mammary tissue and breast cancer cell lines and it is a potential biomarker in
breast cancer (reviewed in [11,12]). Hence we tested possible effects of BAF57-
BCMUTA/B expression on the transcriptional activity of AR in transfected cells.
Again, as observed for ERa, expression of both BAF57-BCMUT mutants enhanced
transcriptional activity of AR on an androgen-responsive luciferase reporter in
abnormally high manner compared to the effect obtained with wild-type BAF57
expression (Fig. 2d).



Wild-type BAF57 interacts directly with ERo in a ligand-dependent way [4] but the
truncated BT549-BAF57 has lost its ability to interact with ERa [9]. To investigate the
interaction between BAF57-BCMUTA/B and ERo we performed GST pull-down
assays. We found that both breast cancer BAF57 mutants did not interact in vitro with
ERa (Fig. 2e) as expected from their structural similarity with BT549-BAF57. BAF57
also binds to AR [6] and, then again, the extensive deletions in BAF57-BCMUT-A and
BAF57-BCMUT-B eliminate the molecular determinants of the direct physical
interaction with AR, as shown in the GST pull-down in Fig. 2e. Despite its small size
the truncated BT549 mutant still retains the ability to interact with the nuclear receptor
coactivator SRC1 [9]. In view of the structural similarity between BT549-BAF57 and
the novel BAF57 mutants we carried out GST pull-down assays to investigate the
ability of BAF57-BCMUT-A and BAF57-BCMUT-B to interact with the bHLH-PAS
domain (amino acids 1-361) of SRC1. These showed that both BAF57 mutations, like
wild-type BAF57, were able to interact with the SRC1 bHLH-PAS domain (Fig 2f).

SWI/SNF, together with the transcription factor ETS2, forms a complex that
regulates BRCA1 promoter activity [13] and recently it has also been demonstrated that
ETS2 participates in a critical signaling pathway that suppresses mammary epithelial
tumors [14]. Those observations prompted us to investigate whether BAF57 could be
involved in the recruitment of SWI/SNF to ETS2 via direct protein-protein interaction
by using in vitro GST binding assays. We found that BAF57 is able to bind ETS2 (Fig.
2g9). Moreover, both breast cancer BAF57 mutations completely abolished this
interaction (Fig. 2g). The lack of interaction in all GST pull-down assays does not
reflect lower expression levels for the mutants because control coomassie-stained gels
shown that GST-BAF57-BCMUT-A and GST-BAF57-BCMUT-B express at even
higher levels than GST-BAF57 wild type (supplementary Fig. 2).

Taken together, these data indicates that the breast cancer BAF57 mutations have

profound effects on its biological functions.

Discussion

Breast cancer is the most frequently diagnosed type of cancer and the second leading

cause of cancer-related death in women in the Western world [15]. The elucidation of

the molecular alterations responsible for the origin and progression of this malignancy



is a critical requirement to discover novel prognostic biomarkers and potential
therapeutic targets. In the present study, we identified and characterized two novel
mutations in BAF57 in an ER-positive breast primary tumor. These mutations could
dysregulate several oncogenic signaling pathways in the mammary gland. First, these
BAF57 mutants have abnormally high ERa coactivating potential, suggesting that they
might contribute to the estrogen-dependent oncogenic proliferation that occur in the
majority of breast tumors that retain ERo expression, like in the case we describe.
Moreover, the mutants do not activate ER 3 isoform, which has an anti-proliferative role
antagonizing the function of ERa in breast cancer cells [16]. The truncated BAF57
mutants also co-activate in abnormally high manner another sex steroid receptor, the
AR. ARs are commonly expressed in normal mammary tissue and approximately 60%
of ER-positive breast tumors also express AR [11,12]. The role of AR during breast
tumorigenesis is still unknown, although it is clear that a cross-talk exists between both
steroid receptors [12]. In addition, a recent report described that AR expression is a
prognostic factor in ER-positive breast cancers, suggesting that AR plays an important
role modulating oncogenic signals in breast cancer cells [17]. Thus, mutations in BAF57
may interfere with steroid hormone signaling within breast cells at different levels with
potential oncogenic consequences. The truncated BAF57 mutants have lost the ability to
interact directly with sex steroid receptors but they are still able to interact with SRC1, a
key nuclear receptor coactivator. Therefore, the observed positive effects on ERa and
AR transcriptional activity may be mediated by this physical interaction, although the
molecular mechanisms for their action are still unknown.

Perturbations in ETS transcription regulatory networks also contribute to breast
cancer progression (reviewed in [18]). ETS transcription factors mediate interactions
between stromal and epithelial tumor cells and influence the cancer phenotype. ETS2
and SWI/SNF form a repressor complex that negatively regulates the BRCAL promoter
in the breast cancer cell line MCF-7 [13]. Also, inactivation of Ets2 in stromal
fibroblasts of mouse mammary gland reversed the increased malignancy caused by Pten
deficiency [14]. Moreover, expression of ETS2 associate with reduced disease-free
survival in breast cancer patients [19]. It was previously described that ETS2 interacts
directly with BRG1, the ATPase subunit of the SWI/SNF complex. We have identified
a previously unknown interaction between BAF57 and ETS2 that is disrupted by the



breast cancer mutations in BAF57. Therefore, it is conceivable that the mutations could
affect ETS signaling in breast cells.

The tumor expressing BAF57-BCMUTA/B has at least three copies of BAF57,
correlating with the frequent chromosomal abnormalities found in the region 17921 in
breast cancer. The common structure between the previously described BT549-BAF57
and these novel BAF57 mutants suggests that these truncated variants might confer a
selective advantage to the breast cancer cells although the molecular events responsible
for this advantage have still not been established. More research with breast cancer cell
lines expressing the BAF57 mutants is needed to identify the affected signaling
pathways. Ultimately, introduction of the BAF57 mutations by Knock-in methods into
mouse mammary cancer models, or xenograft experiments in nude mice with
genetically modified human breast cancer cell lines will be required to demonstrate their
possible oncogenic role in vivo.

Our small-scale screening revealed that only 1 out 95 patients had mutations in
BAF57. However, more that one million women are diagnosed with breast cancer
annually worldwide and BAF57 mutations could exists in a significant number of
patients. Furthermore, to date we have only searched for mutations altering BAF57
sequence. It has been described that changes in the levels of BAF57 alter the proper
subunit composition of SWI/SNF [20,21]. Thus, alterations in the copy number of
BAF57, not infrequent in the region 17921, changing the total protein amount in the cell
might also affect BAF57 and/or SWI/SNF functions. Of note, data mining of microarray
gene expression using Oncomine™ (Compendia Bioscience, Ann Arbor, MI) revealed
that BAF57 expression was greatly down-regulated in invasive breast carcinoma stroma
in a study performed with isolated tumor stroma from clinical breast cancer samples
(supplementary fig. 3)[22]. If the inhibition of BAF57 mRNA expression causes a
decrease in BAF57 protein levels in those breast tumors, there could be potential
oncogenic consequences impinging on ERa-, AR- or ETS-signaling or altering other
SWI/SNF functions. Further evidence of a link between alterations in BAF57 and breast
cancer come from an independent study that has recently shown that there is an
association between risk of distant recurrence in breast carcinoma and BAF57 gene
copy number [23].

In conclusion, the data here discussed suggests that mutations in BAF57, or aberrant
BAF57 expression levels might contribute to the origin and/or progression of a

significant number of breast tumors. Due to the low incidence of BAF57 mutations
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found to date in breast cancer patients further analysis of primary tumor biopsies
looking for alterations in BAF57 protein expression and sequencing of BAF57 genes for
novel mutations will be required to address how clinically relevant are BAF57
alterations in human breast cancer. These studies might also help to understand the
molecular events driving breast cell oncogenic proliferation. Therefore, BAF57 may

serve as a novel biomarker in breast cancer.
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Figure legends

Fig. 1 Two novel BAF57 mutations present in one breast cancer patient. a Schematic
representation of wild type BAF57 protein, BAF57 truncated proteins encoded by
BAF57 mutated genes (BAF57-BCMUT-A and BAF57-BCMUT-B), the artificial
dominant-negative deletion mutant ACBAF57 and the truncated BAF57 present in the
human BT549 breast cancer cell line (BT549-BAF57). b Multiple alignment of wild
type BAF57, BAF57-BCMUT-A and BAF57-BCMUT-B. Protein sequences were
aligned by ClustalWw2 and formatted with BOXSHADE.

Fig. 2 Functional characterization of naturally occurring breast cancer BAF57
mutants. a BAF57 mutants specifically enhance ERa subtype-mediated transcription.
COS-1 cells were co-transfected with expression vectors for ERa (left) or ERB (right),
the 2xERE-PS2 luciferase vector, SRC1le, wild type BAF57, the dominant negative AC-
BAF57 or breast cancer BAF57 mutants (BCMUT-A or BCMUT-B). The results shown
represent the averages of the results of four independent experiments assayed in
duplicate + s.d. *P<0.001 as compared with values for controls (Student’s t-test). b
MCF-7 cells were co-transfected with expression vectors for ERa, the 2XxERE-PS2
luciferase vector, SRC1e, wild type BAF57, or breast cancer BAF57 mutants (BCMUT -
A or BCMUT-B). The results shown represent the averages of the results of three
independent experiments assayed in duplicate + s.d. *P<0.01 as compared with values
for controls (Student’s t-test). In each case (a and b), after transfection, the cells were
washed and incubated for 24 h in the presence of vehicle (white bars) or 10 nM 17-
estradiol (black bars). Subsequently, cell lysates were assayed using a dual-luciferase
reporter system. The normalized values are expressed relative to the activity of ER
alone in the presence of 17p-estradiol. ¢ Immunofluorescence analysis of the expression
pattern of wild type BAF57 and the breast cancer BAF57 mutants. COS-1 cells were
transfected with expression vectors for Flag-tagged wild type BAF57, BCMUT-A or
BCMUT-B and assayed by indirect immunofluorescence with anti-Flag antibody as
described in Materials and Methods. The first column shows the indirect
immunofluorescence with anti-Flag antibody (green), the second column shows DAPI
staining of DNA (blue), and the third column shows the merge image indicating the

degree of colocalization of green and blue fluorescence. Bars, 20 um. d COS-1 cells
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were co-transfected with expression vectors for androgen receptor (AR), the TAT-GRE-
E1B luciferase vector, wild type BAF57 or breast cancer BAF57 mutants (BCMUT -A
or BCMUT-B). After transfection, the cells were washed and incubated for 24 h in the
presence of vehicle (white bars) or 10 nM dihydrotestosterone (DHT) (black bars).
Subsequently, cell lysates were assayed using a dual luciferase reporter system.
Normalized values are expressed relative to the activity of AR alone in the presence of
DHT. The results shown represent the averages of the results of three independent
experiments assayed in duplicate + s.d. *P<0.001 as compared with values for controls
(Student’s t-test). e In vitro interaction of BAF57wt, BCMUT-A and BCMUT-B with
nuclear receptors. Whole cell extracts from COS-1 cells previously transfected with
expression vectors for ERa or AR were incubated with GST fusion proteins of
BAF57wt, BCMUT-A or BCMUT-B coupled with Sepharose beads in the presence of
vehicle (-) or 100 nM hormone (+) (17pB-estradiol or dihydrotestosterone). The
associated proteins were detected by western blotting using anti-ERa or anti-AR
antibodies. f In vitro interaction of BAF57wt, BCMUT-A and BCMUT-B with SRC1
bHLH-PAS domain (amino acids 1-361). Whole cell extracts from COS-1 cells
previously transfected with expression vectors for flag-tagged SRC1 bHLH-PAS
domain were incubated with GST fusion proteins of BAF57wt, BCMUT -A or BCMUT -
B coupled with Sepharose beads. The associated proteins were detected by western
blotting using anti-Flag antibody. g In vitro interaction of BAF57wt, BCMUT-A and
BCMUT-B with ETS2. Whole cell extracts from COS-1 cells previously transfected
with expression vectors for flag-tagged ETS2 were incubated with GST fusion proteins
of BAF57wt, BCMUT-A or BCMUT-B coupled with Sepharose beads. The associated
proteins were detected by western blotting using anti-Flag antibody.
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