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Cooperation between BRCA1 and vitamin D is critical for histone
acetylation of the p21wafl promoter and for growth inhibition
of breast cancer cells and cancer stem-like cells.
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ABSTRACT

Carriers of germline mutations in the BRCA1 gene have a significant increased
lifetime risk for being diagnosed with breast cancer. The incomplete penetrance
of BRCA1 suggests that environmental and/or genetic factors modify the risk
and incidence among mutation carriers. Nutrition and particular micronutrients
play a central role in modifying the phenotypic expression of a given genotype by
regulating chromatin structure and gene expression. The active form of vitamin D,
1a,25-dihydroxyvitamin D,, is a potent inhibitor of breast cancer growth. Here we
report that two non-calcemic analogues of 1a,25-dihydroxyvitamin D,, seocalcitol
(EB1089) and QW-1624F2-2, collaborate with BRCA1 in mediating growth inhibition
of breast cancer cells and breast cancer stem-like cells. EB1089 induces a G1/S
phase growth arrest that coincides with induction of p21wafl expression only in
BRCA1-expressing cells. A complete knockdown of BRCA1 or p21wafl renders the cells
unresponsive to EB1089. Furthermore, we show that in the presence of ligand, BRCA1
associates with vitamin D receptor (VDR) and the complex co-occupies vitamin D
responsive elements (VDRE) at the CDKN1A (p21iwafl) promoter and enhances
acetylation of histone H3 and H4 at these sites. Thus, BRCA1 expression is critical
for mediating the biological impact of vitamin D, in breast tumor cells.

INTRODUCTION levels of vitamin D are associated with reduced risk for
developing cancer and with improved prognosis for breast

Epidemiological studies carried out over the past cancer patients [1].
several decades suggest that low blood levels of vitamin D The biologically active form of vitamin D,,
are associated with increased risk of several cancer ((calciferol), 17,25-Dihydroxyvitamin D, (1,25(OH),D,)),
types including breast tumors. Conversely, higher blood is a fat soluble hormone and a micronutrient that is
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obtained either exogenously through diet or by endogenous
synthesis following ultraviolet radiation usually in the form
of sunlight exposure [2]. In addition to its major role in
calcium and phosphate homeostasis, 1,25(0OH),D, is a
potent inhibitor of cell growth and regulates differentiation,
as well as, apoptosis in many types of normal and cancer
cells [1].

Vitamin D, exerts most of its cellular effects via
its nuclear receptor, the vitamin D, receptor (VDR), that
heterodimerizes with the retinoid X receptor (RXR). The
VDR-RXR complex binds vitamin D responsive elements
(VDRE) in gene promoters and enhancers throughout
the genome and regulates transcription of target
genes [3]. Upon ligand binding, the VDR-RXR receptor
complex undergoes conformational changes leading to
the displacement of transcriptional co-repressors with
co-activators that enable activation of various biological
responses including chromatin accessibility and
transcription of specific genes.

The ability of vitamin D, to modulate the genomic
landscape and inhibit proliferation of numerous cancer
types including prostate, colon and breast cancer has
created interest in its potential use as a preventive and/or
therapeutic agent. While the lack of a prospective
randomized clinical trial is prohibiting a definitive
conclusion regarding vitamin D interventions, whether
individuals with certain genetic profiles will benefit
more or less from vitamin D-based therapies has been
overlooked.

BRCAI is the most frequently mutated tumor
suppressor gene in breast cancer [4]. Loss of BRCALI
expression is also associated with an increased risk of
several types if cancer [5—7]. BRCA1 is a multifunctional
protein involved in many fundamental cellular processes
including cell cycle regulation, DNA repair, transcription,
chromatin modifications and ubiquitylation, all
contributing to its role in maintenance of genomic stability
and tumor suppression [8]. The BRCT domain at the
C-terminal of BRCA1 was the first functional element
identified in the BRCA1 protein important for BRCA1-
mediated transactivation [9]. The domain is also known
to bind phospho-proteins [10-12] and it is the site for
association with the RNA polymerase II holoenzyme [13],
transcription factors including p53 [14], DNA helicases
such as FANCJ [15], and chromatin modifying enzymes
such as HDAC1/ HDAC2 [16]. Cancer-associated
mutations in the BRCT domain abrogate BRCAI
interaction with these various proteins and impair its
transactivation activity [8, 17].

Here we show that BRCA1 expression is also
critical for vitamin D,-mediated inhibition of ER
positive and ER negative breast cancer cell proliferation,
as well as that of mammosphere cultures enriched with
stem-like cancer cells. We show that the non-calcemic
1,25(0H),D, analogue (EB1089), induces BRCAI
association with VDR and its recruitment to three

VDRE sites located in the promoter region of another
tumor suppressor gene, CDKNIA, to enhance CDKNIA
expression. CDKNIA encodes for the p21wafl protein,
a cell cycle regulator, critical for activation of the G1/S
checkpoint under various conditions including exposure to
vitamin D,. In addition, we show that MCF7 cells depleted
for p21wafl failed to arrest and continued to proliferate in
response to EB1089.

Our results reveal a novel aspect of BRCA1 function
unrelated to DNA repair. Our data suggest that vitamin
D-based therapies or prevention should take into account
patient-specific genetic background.

RESULTS

Effect of 1,25(OH),D, analogues on growth
of BRCA1-deficient and proficient breast
cancer cells

To examine whether BRCA1 expression correlates
with vitamin D, anti-proliferative effects, three breast
epithelial cell lines were used as models (Figure 1A). MCF7
is an estrogen responsive, ER positive, adenocarcinoma
cell line that expresses wild type BRCA1. MDA-MB-231
is a triple receptor negative metastatic carcinoma cell line
that expresses wild type BRCA1. HCC1937 is a BRCA1-
null, adenocarcinoma cell line that harbors the 5382insC
mutation in the BRCAI gene and is ER negative. As the
naturally occurring, biologically active form of vitamin D,,
1,25(OH),D,, causes hypercalcemia at pharmacologically
relevant doses and it cannot be clinically used, we tested
two different non-toxic analogues of vitamin D,, EB1089
and QW-1624F2-2 [18, 19] for their growth inhibitory
effects on the three cell lines. Cells were depleted of
estrogen by replacement of the culture media with phenol-
red free DMEM supplemented with 10% charcoal-treated
serum. A time course and a dose-response ranging from
0.1 nM-10 uM demonstrated that proliferation of MCF7
cells was inhibited by EB1089 and QW-1624F2-2 up to
80% relative to vehicle (EtOH)-treated cells (Figure 1B).
HCC1937 cells proliferation was only slightly inhibited
(~20% reduction) relative to vehicle-treated cells (Figure 1C).
MDA-MB-231 cells showed an intermediate response
to EB1089 and their growth was inhibited up to 60% of
vehicle-treated cells, albeit a higher concentration was needed
(Figure 1D). Overall, EB1089 (IC, of 3 x 10° M in MCF7)
was more potent than QW-1624F2-2 (IC, of 1 x 10*M)
when calculated for cells treated over the course of 6 days,
and was chosen for further studies. Immunoblot analysis
suggests that VDR protein expression levels are lower in
MDA-MB-231 and HCC1937 cells than in MCF7 cells
while RXR expression is similar among the different cell
lines. Yet, differences in responsiveness to vitamin D could
not be solely attributed to differences in VDR expression
(Figure 1E).
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Figure 1: Vitamin D, analogues inhibit growth of BRCA1 expressing breast cancer cells. (A) 100 g of the total cell lysates
isolated from different cell lines were analyzed for BRCA1 expression by immunoblot analysis. GAPDH was analyzed as a control for
equal loading. (B-D) MCEF7 cells (4000 cells/well) (B), HCC1937 cells (4000 cells/well) (C) and MDA-MB-231 cells (1500 cells/well)
(D) were plated in 6 replicates in 96 well plates. On the following day cells were washed twice with 1x PBS and the growth media was
replaced with phenol-red free DMEM supplemented with 10% charcoal-stripped FBS. One day later (¢ = 0), cells were treated with either
EB1089 (left panel) or QW-1624F2-2 (right panel) at the indicated concentrations. Cell proliferation was analyzed every 48 hr following
crystal violet staining and absorbance measurements at 540nm. Values represent the percentage of growth relative to vehicle (EtOH)-treated
cells. Graphs are representative of the mean + standard deviations (SD) of 6 replicates in three independent experiments. Statistical analysis
was performed using two tails Student #-test. Significant results indicated *p < 0.04 for EB1089 or QW-1624F2-2 versus vehicle treated
cells. (E) 50 pg of total cell lysates isolated from MCF7, MDA-MB-231 and HCC1937 were analyzed for VDR and RXR expression by
immunoblot analysis.
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Effect of 1,25(OH),D, analogue, EB1089, on
growth of BRCAl-silenced breast cancer cells

To determine the direct role of BRCAI in
vitamin D, mediated growth inhibition, we stably
silenced BRCA1 expression in MCF7 and MDA-MB
231 cells using several shRNA constructs. Three stable
shBRCA1-MCF7 sub-lines expressing low (MCF7-#1,
#3) and intermediate (MCF7-#2) BRCA1 mRNA and
protein levels were isolated and characterized as well as
a control line expressing scrambled shRNA (MCF7-SCR)
(Figure 2A and 2B). Two sublines of MDA-MB-231
cells were isolated (Supplementary Figure S1). A time
course and dose-response analyses of the different MCF7
sublines, showed that only cells that express BRCA1
(normal and intermediate levels) were significantly
growth inhibited (~60% reduction) by 0.1-1 pM EB1089
relative to vehicle-treated cells. The proliferation of
MCF7-shBRCA1#1 cells that were efficiently silenced
for BRCA1l (>90% reduction) was not inhibited
(Figure 2C, 2D, 2E). Similarly, BRCA1-silenced MDA-
MB-231 cells were not inhibited to the same extent as
BRCA1-proficient-MDA-MB-231 cells. (Supplementary
Figure S2). Immunoblot analysis did not detect significant
loss of VDR or RXR expression in BRCAIl-silenced
cells (Figure 2F). Reconstitution of BRCA1 expression
in BRCA1-silent MCF7 cells via transient infection with
Ad-BRCALI [20] partly restored vitamin D, responsiveness
and confirmed the role of BRCA1 in vitamin D, growth
inhibition (Figure 2G). VDR constantly shuttles between
the cytosplasm and the nucleus [21, 22]. Since VDR
expression levels are similar in BRCA1 deficient and
proficient cells and nuclear translocation of VDR is critical
for vitamin D,-induced transcription, we investigated
whether VDR is mislocalized in BRCA1-deficient cells.
Immunofluorescence staining showed that, VDR is
prominently cytosolic and also present in the nucleus of
control untreated MCF7 cells (Figure 2H). Following
EB1089 treatment for 30 min, most VDR translocated
into the nucleus as shown by the significant increase in
nuclear staining (Figure 2H). In BRCA-silenced cells,
a distinct cytoplasmic staining with no nuclear staining
of VDR was detected in untreated cells as previously
shown [23]. However, following EB1089 treatment,
nuclear localization of VDR was observed in a majority
of the cells (n = 80) (Figure 2H).

To verify that VDR is transcriptionally active in
BRCAI-silenced cells, we analyzed whether vitamin D
can induce the mRNA expression of its target gene coding
for the mitochondrial enzyme 1,25-dihydroxyvitamin D,
24-hydroxylase, CYP24A, a member of the cytochrome
P450 family. The enzyme catabolizes vitamin D, by
hydroxylation as a negative feedback mechanism for
maintaining calcium and vitamin D, homeostasis [24, 25].
A rapid induction of up to 20 fold by 3 hr and about

100 fold by 6 hr of CYP24 mRNA was noted in both
MCF7 and BRCA1-silenced MCF7 cells suggesting that
VDR is transcriptionally active in BRCA1-silenced MCF7
cells and supporting that vitamin D,-growth inhibition is
uncoupled from calcium homeostasis (Figure 2I) [26].

Mammosphere cultures with mammary cancer
stem cells properties are growth inhibited by
vitamin D

Breast tumors initiate and often recur due to the
presence of cancer stem cells within the mammary
tissue. These stem cells are refractory/resistant to most
conventional chemotherapy and radiation therapy [27, 28].
Thus, successful elimination of tumors will depend on
treatments that target mammary cancer stem cells in
addition to the bulk of highly proliferative cells. Cancer cell
lines can be enriched for cell populations with stem-like
properties when grown in suspension as mammospheres
in a defined serum-free media supplemented with growth
factors [29]. Here we analyzed the effects of vitamin D,
analogue (EB1089) on the formation, viability and self-
renewal potential of mammosphere cultures derived
from BRCA1-expressing MCF7 and MDA-MB-231 cells
and BRCAl-silenced MCF and MDA-MB-231
cells. We first enriched for stem-like cells by seeding
cells in non-adherent plates in a defined mammosphere
media [29, 30]. After 7 days, mammospheres reached
approximately size of 100uM (primary mammospheres).
The self renewal potential of the mammosphere cultures
was evaluated following dissociation of mammospheres into
single cell suspensions and re-plating in a limiting dilution
into new non-adherent plates with fresh media (Secondary
mammospheres). This process was repeated every
7 days. The enzymatic activity of the “stemness” marker,
aldehyde dehydrogenase 1, ALDHI1 [31], was measured
in primary, secondary and tertiary mammosphere cultures
by an ALDEFLUOR assay and flow cytometry. The most
significant enrichment in ALDHI1 activity was noted
after the initial formation of mammosphere cultures, at
the end of the first week. Activity was mostly sustained
in secondary and tertiary mammospheres (Figure 3A and
3B and Figure S3A and S3B). The induction of Notchl,
the stemness and self renewal marker, mRNA expression
together with the down-regulation of the differentiation
marker, keratin 18, were analyzed by qRT-PCR and
further confirmed the stemness and self-renewal potential
of the primary and secondary mammosphere cultures
(Figure 3C).

We then examined whether vitamin D, inhibits
mammosphere formation and self-renewal of MCF7 and
MDA-MB-231 cells. Cells were seeded in low-attachment
plates in the presence of mammosphere-defined culture
media with EB1089. Mammospheres were monitored over
7 days and growth factors and EB1089 were replenished
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Figure 2: BRCAL1 expression levels are critical for EB1089-mediated growth inhibition. (A) MCF7 cells were stably infected
with a cocktail of SMARTpool shBRCA1 or with shScrambled sequence of BRCA1. Puromycin—resistance colonies were expanded and
100 pg of whole cell lysates from the newly formed sublines were analyzed for BRCA1 expression by immunoblot analysis. (B) Total RNA was
extracted from cells in (A) and BRCA1 mRNA expression was analyzed relative to GAPDH in three replicates by qRT-PCR in three independent
experiments. Statistical analysis was performed using a two-tailed Student #-test. *p < 0.01 versus MCF7 cells. (C-E) Three MCF7 sublines
expressing very low (shBRCA1-1), intermediate (shBRCA1-2) and normal levels of BRCA1 (MCF-SCR) were seeded into 96 well plates
(4000 cells/well) and their growth in response to the indicated concentrations of EB1089 was analyzed by crystal violet assay. Values represent
the percent of control, vehicle treated cells. Graphs are representative of the mean + SD of 6 replicates in three independent experiments.
Statistical analysis was performed using a two-tailed Student #-test. *p < 0.04 (F) 50 pg of whole cell extracts isolated from cells in (A) were
analyzed for VDR and RXR expression by immunoblot. (G) MCF7 control and shBRCA 1#1-MCEF7 cells were infected with either Ad-vector or
Ad-BRCAT1 expression vectors (MOI = 100) as described [57]. After 24 hr, whole cell lysates were isolated and analyzed for BRCA1 expression.
Following re-expression of BRCA1, shBRCA1#1-MCF7 cells were seeded into 96 well plates (4000 cells/well). On the following day, media
was replaced by phenol-red free DMEM with 10% charcoal-treated FBS. Cells were treated with the indicated concentrations of EB1089
and changes in growth were measured every 48 hr following staining with Crystal Violet. Values represent percentage of control growth of
vehicle-treated cells and were calculated as mean + SD of 6 replicates from two independent experiments. (*p < 0.04) (H) Immunofluorescence
to detect VDR and BRCA1 in BRCA1-deficient (shBRCA1-#1) and proficient MCF7 cells 30 min after treatment with vehicle or 1 uM of
EB1089. Representative pictures from three different experiments are shown. (I) MCF7 and shBRCA1-#1-MCF7 cells were treated with 1 uM
EB1089 for the indicated times and Cyp24A1 mRNA expression relative to GAPDH was analyzed by qRT-PCR. Fold induction was calculated
compared to the untreated cells from three replicates based on AACT. Statistical analysis of the correlation between MCF7 and shBRCA1-#1-
MCEF7 cells was done using the Pearson correlation coefficient test, » = 0.97, p < 0.0001.
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every 3 days. Mammospheres were visualized when
control spheres reached about 100 pm (about 7 days).
A significant reduction in mammosphere formation was
noticed in EB1089 treated cells (Figure 3D and 3E). The
self-renewal capacity of EB1089-treated mammospheres
was significantly reduced as the ability of dissociated
primary mammospheres to re-grow and form secondary
mammospheres was diminished (Figure 3D and 3E). XTT
assays confirmed that EB1089 decreased the viability of
MCF7 and MDA-MB-231 mammospheres (Figure 3F).

BRCAI1-silenced mammospheres are
no longer growth inhibited by vitamin D

Mammosphere cultures derived from BRCAI-
silenced MCF7 and BRCAl-silenced MDA-MB-231
cells were enriched with ALDHI1 activity similar to
BRCA1-expressing mammospheres (Figure 4A). While,
EB1089 treatment inhibited the formation and viability
of BRCAIl-proficient mammospheres (Figure 3D-F),
BRCAl-deficient MCF7 and MDA-MB-231 formed
viable mammospheres in the presence of EB1089 in
the culture media, as determined by an XTT assays
(Figure 4B). Furthermore, the self-renewal potential of
mammospheres derived from BRCA1-silenced cells was
not affected significantly by vitamin D, (Figure 4B). We
examined the expression of VDR and RXR in MCF7 and
MDA-MB-231 cells grown either as adherent cultures or
as mammospheres, and in mammosphere cultures that
were derived from BRCA1-silenced MCF7 and MDA-
MB-231 cells by immunoblot analysis. No significant
changes were detected in RXR expression between
adherent and mammospheres in either MCF7 or MDA-
MB-231 cells that express or do not express BRCA1
(Figure 4C and 4D). VDR expression in MCF7 derived
mammospheres was reduced relative to adherent cells, but
no difference in expression was noted between those that
express BRCA1 or not, suggesting that small changes in
VDR expression do not account for differences in response
to vitamin D, (Figure 4C).

BRCA1 modulates the vitamin D - VDR —
signaling axis and mediated growth inhibition
in Murine cells

To further verify that BRCA1 is required for vitamin
D,-mediated growth inhibition, we used SiGenome
siRNA pool to transiently silence Brcal in two murine
isogenic mammary tumor cells, WT145 and KO240, that
were previously described [32]. KO240 cells originated
from a mammary tumor in VDR-knockout mice, they
do not express VDR and are resistant to vitamin D, [32].
Brcal knockdown in WT145 and KO240 and lack of
VDR expression in KO240 were confirmed 72 hr after
transfection by an immunoblot analysis (Figure S5A).

Silencing of cyclophillin B was carried out as a
non-specific targeting control. Growth inhibition of
Breal-silecnced WT145 and KO240 cells in response to
EB1089 or vehicle alone was analyzed by XTT assays
and the results corroborate our initial findings that absence
of BRCAI impairs the growth inhibitory response to
vitamin D, (Figure 5B and 5C). Vehicle-treated cells and
control-silenced cells were growth inhibited by EB1089
similar to parental WT145 cells (Figure 5B). As expected,
parental KO240 control did not respond to EB1089 and no
response was noted in the Breal-silenced cells (Figure 5C).

EB1089 induction of G1 phase cell cycle arrest
and the expression of p21/waf is dependent on
BRCATI1 expression

Vitamin D, is known to induce G1/GO cell
cycle arrest [33, 34]. To investigate whether BRCA1
is required for induction of the G1 checkpoint, cells
expressing BRCA 1-targeting and non-targeting ShRNAs
(shBRCA1-#1, shBRCA1-#2, MCF7-SCR) and parental
MCF7 were treated with EB1089 for 24 hr and then
analyzed by propidium iodide staining and flow cytometry.
As expected, BRCA1-expressing MCF7 cells accumulated
at the G1/GO phase of the cell cycle in response to
EB1089. However, BRCAIl-silenced cells failed to
accumulate at any phase of the cell cycle. No apoptotic
cells at the subG1 phase were detected (Figure 6A).

The G1 phase cyclin-dependent kinase inhibitors,
p21wafl and p27kip, are known targets of vitamin D,
signaling [34]. qRT-PCR analysis of p21wafl mRNA
in parental, partially-silenced BRCA1- and BRCAI-
silenced MCF7 cells following treatment with EB1089
demonstrated that p21wafl mRNA was induced (up to 3
fold) in BRCA1-expressing cells (Figure 6B). p21wafl
mRNA expression was modestly induced in partially-
silenced MCF7 cells that express about half of the
amount of BRCAL protein. No change in p21wafl was
detected in BRCA1-silenced MCF7 cells (shBRCA1-#1-
MCF7 cells). p21wafl protein expression correlated
tightly with mRNA expression levels. (Figure 6C, 6D
and 6E). Furthermore, silencing of Brcal expression
in wild type, WT145+/+ murine cells, down regulated
the expression levels of p21wafl protein (Figure 5A).
The basal expression of p2lwafl in VDR knockout
cells (KO240 cells) is lower than the level detected
in WT145 cells. Silencing of Brcal in VDR knockout
cells slightly reduced p21wafl expression (Figure 5A).
To further confirm the direct transcriptional activation
of p2lwafl expression by vitamin D, and BRCAI,
we transfected the pWWP-Luc reporter that contains
the proximal promoter of CDKNIA gene [kind gift of
K. Kinzler, JHU] to BRCA1-depleted and control MCF7
cells. Only a modest response of less than 2.0 fold
induction was seen in parental MCF7 cells, which might
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Figure 3: Growth and self-renewal of mammospheres enriched with stem-like breast cancer cells are inhibited by
EB1089. (A) MCF7 and MDA-MB-231 adherent cells were plated in non-adherent plates in a mammosphere-defined media. After 7 days,
primary mammospheres were dissociated and replated in a limiting dilution (1000 cells/6 well plate) into non-adherent plates to form
secondary mammospheres. A similar procedure was used to form tertiary mammospheres. Bright field images of MCF7 (upper panel) and
MDA-MB-231 (lower panel) of primary (left panel x 20) and secondary mammospheres (right panel x 10) were taken using a NIKON
microscope with two different magnifications. Scale bar is 100 p. (B) Analysis of ALDHI1 expression in primary, secondary and tertiary
MCF7 and MDA-MB-231 mammospheres. Adherent and mammosphere cultures were prepared as single cells suspensions and analyzed
according to manufacturer’s instructions (Aldefluor kit, Stem Cell Technologies) by flow cytometry. Bar graphs represent the percentage
of ALDH positive cells. Student’s #-test (2-tailed, paired) was used to evaluate mammosphere cultures with adherent cells and regarded as
being significant if p < 0.05 (*) more significant **p < 0.0007 and with highest significance ***p < 0.0001. (C) Total RNA was isolated
from adherent, primary and secondary mammosphere cultures derived from MCF7 and MDA-MB-231 cells. mRNA expression of Notchl,
a marker for self-renewal, and KRT18, a marker for differentiation, relative to GAPDH was analyzed by qRT-PCR. Bar graphs represent
mean + SD of 3 replicates from 3 experiments. Statistical significance was analyzed by Student’s z-test (2-tailed, paired) and results
regarded significant if p < 0.05 (*) or more significant if p < 0.03 (**). (D-E) Adherent MCF7 (D) or MDA-MB-231 (E) cells and primary
and secondary mammospheres were cultured in the presence of 0.1 or 1 uM of EB1089. Growth factors and EB1089 were replenished after
3 days. Representative images were taken after 67 days when vehicle treated cells reached confluency or maximal growth. (F) MCF-7
and MDA-MB-231 primary and secondary mammospheres were treated with vehicle or 1 uM EB1089. 6 days later, cell viability was
determined by XTT. Data reported as % of vehicle control. Bars, Mean + SD of triplicate samples. Student’s #-test (2-tailed, paired) was
used and results regarded significant if p < 0.002 (*) or more significant (**p < 0.0002) and highly significant if p < 0.0001 (***).
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silenced MCF7 and MDA-231-derived mammospheres were grown in non-adherent plates in the presence of a defined media, and treated
with either vehicle or 1 uM EB1089. Growth factors and EB1089 were replenished after 3 days. Viability of cells was analyzed by XTT
6 days after the initiation of treatment. Data reported as % of vehicle control. Student’s #-test was used to evaluate differences between
mammosphere cultures with adherent cells and regarded as being significant if p < 0.05 (C-D) Whole cell lysates were prepared from
BRCA1-silenced or proficient adherent MCF7 (C) or MDA-MB-231 (D) and their derived mammospheres cultures and VDR and RXR

expression was analyzed by immunoblot analysis.

be a result of the presence of only the proximal promoter
sequence. No induction of luciferase was seen in the
BRCAIl-silenced cells (Figure 6F). Taken together,
these data show that BRCA1 expression is important
for p21wafl induction by EB1089, although additional
sequences in the CDKNIA gene may contribute to
vitamin D, induction.

Conversely, p27 protein expression was not altered
significantly in the cell lines examined following 24 hr
treatment with EB1089 (Supplementary Figure S4A-C).
However, we noted a significant increase in p27 expression
48 and 96 hr following EB1089 treatment (Supplementary
Figure S4D). Taken together, this data suggest that
vitamin D, and BRCA1 work in concert to transcriptionally
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Figure 5: BRCA1 and VDR work in concert in mammary murine cells. Normal mammary murine cells, WT145, and isogenic
mammary cancer cells, KO240, were transiently transfected with the indicated siRNA and after 72 hr whole cell lysates were prepared
and subjected to immunoblot analysis with the indicated antibodies. (B-C) WT145 and KO240 cells were seeded in triplicates into 96 well
plates and were transfected with the indicated siRNA by reverse transfection. On the following day the culture media was replaced with
phenol-red free DMEM/F12 supplemented with 10% charcoal-stripped FBS to which vehicle or different concentrations of EB1089 were
added. Viability of cells was determined after 3 days by XTT. Bars, Mean +SD of 3 replicate samples from three independent experiments.

up regulate their mutual target gene, CDKNIA, while
up regulation of p27 (CDKNIB) expression is probably
co-regulated indirectly by vitamin D, and BRCA1.

To determine whether p2 1wafl plays a role in vitamin
D,-mediated growth inhibition, we stably silenced p21wafl
expression in MCF7 cells by different cocktails of p21wafl-
specific ShRNAs (Supplementary Table 2). Several resultant
cell lines were selected and M345 (a combination of clones
123, 124 and 125), a sub-line of MCF7, which expressed the
lowest levels of p21wafl (Figure 6F), was the least inhibited
by EB1089 (approximately 14%) as analyzed by crystal
violet staining (Figure 6G). M 124 cells, partially silenced for
p21wafl expression, were only partially inhibited up to 44%.

A recent report suggests that vitamin D, and BRCA1
indirectly collaborate in regulation of 53BP1, a protein

involved in DNA double strand break signaling and G2/M
checkpoint activation [35]. In our study, no significant
increase in 53BP1 expression level was observed by
silencing of VDR or Brcal (Figure 5A).

BRCAT1 and VDR are enriched in the
chromatin fraction and their interaction
is enhanced by EB1089

Given the nuclear localization of BRCAI1, the
enhanced translocation of VDR to the nucleus following
vitamin D,, and that both BRCA1 and VDR associate
with chromatin modifying enzymes [16, 36, 37],
we examined whether BRCA1 and VDR are localized
in the same cellular fraction. We fractionated
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Figure 6: p21wafl mediates the EB1089-induced growth inhibition in BRCA1-proficient cells. (A) MCF7 control and stably
expressing shRNAs that target BRCA1 were treated with 1 pM of EB1089 or vehicle for 24 hr and analyzed for cell cycle distribution by flow
cytometry following staining with propidium iodide. A non-targeting shRNA served as a negative control. Data represent three independent
experiments. (B) Total RNA was isolated from BRCA1-deficient and proficient MCF7 cells that were treated with vehicle or 1 uM for the
indicated times. Expression of p21wafl mRNA was analyzed relative to GAPDH by qRT-PCR. Results represent mean + SD of triplicate
samples from more than three independent experiments. (C-E) MCF7 control (C) and MCF7 stably expressing BRCA1-targeting shRNAs:
(D) shBRCA1-#2-MCF7 and (E) shBRCA1-#1-MCF7 were treated with vehicle or 1 pM EB1089 for the indicated times. Whole cell lysates
were prepared and subjected to immunoblot analysis for the indicated proteins. Quantification of band intensity corresponding to p21wafl
protein is presented in bar graphs.
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Figure 6 (Continued): (F) BRCA1-deficient and proficient MCF7 cells were transiently co-transfected with pWW-Luc and a pRL-Renila
reporter plasmids and 24 hr later cells were treated with either vehicle or 1 uM of EB1089 for 24 hr. Luciferase expression levels were normalized
to Renilla levels. Bar graphs represent mean +=SD of triplicate samples from three independent experiments. (G) MCF7 cells were stably
transfected with shRNAs targeting p21wafl and puromycin resistant clones were selected. Whole cell lysates were prepared from the different
clones and the expression level of p21wafl was determined by immunoblot analysis. ImageJ was used for qunatification of band intensity.
(H) Cell lines from (G) were seeded in 4 replicates into 96 well plates in phenol-red free DMEM with 10% charcoal-treated FBS. On the
following day, cells were vehicle or 1 uM of EB1089 and growth was measured every 48 hr by Crystal violet assay. The values represent the
percent of growth relative to vehicle treated cells. Statistical analysis was performed using a one-way analysis of variance.*p < 0.008 for M345

and p = 0.566 for M124 versus MCF7 cells.

EB1089-treated and vehicle-treated MCF7 cells by the
centrifugation-based method developed by Mendez and
Stillman [38] to cytoplasmic (S1), nuclear (P1) soluble
nuclear (S2) or chromatin-enriched (P2) fractions.
Immunoblot analysis demonstrated that BRCA1 and VDR
were both detected in the chromatin-bound fraction of the
nucleus and that treatment with EB1089 increased the
chromatin-bound fraction of VDR (Figure 7A).

We next examined whether BRCAT1 co-localization
and cooperation with VDR is due to interaction between
BRCA1 and VDR and whether the interaction is enhanced
by vitamin D,. Co- immunoprecipitation assays suggested
that endogenous BRCA1 and VDR are in a complex and

the presence of a ligand enhances the interaction between
the proteins in MCF7 and in HeLa cells (Figure 7B).

BRCAT1 and VDR co-occupy the p21 promoter
at Vitamin D response elements

To determine whether BRCA1 and VDR spatially
and temporally co-occupy vitamin D, response elements
(VDREs) in the CDKNIA promoter, we performed
chromatin immunoprecipitation (ChIP) assays. The
CDKNIA promoter contains multiple VDREs located
within 7 Kb upstream of the transcriptional start site.
Saramaki et. al, [39] demonstrated that among all
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Figure 7: BRCA1 and VDR are in complex that co-occupies the promoter of p21wafl promoter and up-regulates
its expression. (A). MCF7 cells (1 x 107 cells/treatment) were treated with vehicle or 1 uM of EB1089 for 1 hr and then cells were
harvested and fractionated to the different cellular fractions as previously described [38, 61]. 100 pg of protein from each fraction were
analyzed for BRCA1 and VDR expression by immunoblot analysis. Expression of Orc2 was analyzed as a positive control for nuclear
and chromatin fractions. (B) MCF7 cells were treated with vehicle or 1 pM of EB1089 for 1 hr and cell whole extracts were prepared and
immunoprecipitated with the indicated antibodies. Purified immunocomplexes were subjected to immunoblot analysis with VDR antibody.
Normal mouse IgG served as a negative control. (C) Schematic representation of CDKNIA4 promoter with the specified locations of the
three functional VDREs relative to transcription start site. (D) Chromatin was extracted from control and shRNA-expressing MCF7 cells
after treatment with vehicle or 1 uM EB1089 for 1 hr. Chromatin was crosslinked, sheared by sonication and extracts were incubated
overnight with anti-VDR or anti-BRCA1 antibodies and then the DNA-immunocomplexes were immunoprecipitated, washed extensively,
and crosslinking was reversed. VDR and BRCA1 occupancy at the three functional VDRESs present in the CDKN1A promoter was analyzed
by PCR. NMIgG served as a control for specificity. The experiment was repeated three times independently and a representative gel is
presented. (E) Densitometry of results in (D) were analyzed by Image J are presented in a bar graph. (F-G) Acetylation of three VDREs in
the p21wafl promoter in MCF7 cells in response to 1 uM EB1089 for 1 hr was analyzed by ChIP using anti- Ac-H3 (F) and anti- Ac-H4
antibodies (G). Results of three independent experiments are presented as bar graphs.
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the putative VDREs present in the promoter, three are
functional and activate transcription in response to
vitamin D, (Figure 7C). Not surprisingly, we found
that VDR is bound to the three VDREs designated
7, 12¢, and 19 [39], regardless of ligand treatment
(Figure 7D and 7E). However, BRCA1 was only recruited
to these three VDRESs following treatment with EB1089
(Figure 7D and 7E). To determine whether BRCA1
recruitment changes the epigenetic landscape at the
CDKN1A4 promoter, we analyzed histone acetylation marks
that correlate with transcriptional activity by ChIP. Histone
H3 acetylation at the VDRE sequence in region 7 probably
is required for basal expression of p21lwafl as similar
levels are detected in BRCA1-deficient and proficient cells
regardless of EB1089 treatment. Histone H3 acetylation of
12C and 19 VDRESs was significantly induced in BRCA1-
proficient cells following EB1089 treatment and could
barely be detected in BRCA 1-deficient cells even in the
presence of EB1089 (Figure 7F).

Acetylation of histone H4 at the vicinity of the
three VDRE sequences of the CDKNIA promoter was
significantly diminished in BRCA1-deficient cells and
even in the presence of EB1089; histone H4 acetylation
was not induced efficiently (Figure 7G). Our results
suggest that vitamin D,, VDR and BRCA1 work in
concert to modify the CDKNI1A promoter landscape and
to recruit histone-modifying enzymes that will facilitate
induction of p21wafl expression. In particularly, BRCA1
seems responsible for enrichment of H4 acetylation at the
VDREs of CDKN1 promoter.

DISCUSSION

BRCAI and vitamin D, are known for their
anti-proliferative effects towards cancer cells. Both were
previously linked to up-regulation of another tumor
suppressor gene, CDKNIA, which encodes for the cell
cycle G1 inhibitor, p21wafl [34, 40]. Here we report
for the first time that BRCAI is critical for vitamin
D,-mediated growth inhibition of breast cancer cells
via co-regulation of cell cycle progression and p21wafl
expression (Figure 8). Although BRCA1-silenced MCF7
and MDA-MB-231 breast cancer cells are still responsive
to vitamin D, as reflected by Cyp24A1 mRNA induction,
the G1/GO checkpoint and p2lwafl induction were
impaired despite similar expression leveles of vitamin D
receptor (VDR) and its dimerization partner protein,
RXR. In the absence of BRCA1 and vitamin D,, VDR
was prominantly located in the cytoplasm as previously
described [23]. However, upon vitamin D, analogue
(EB1089) treatment, VDR was still able to translocate
into the nucleus in the majority of cells and was still
transcriptionally active.

Interestingly, partially silenced MCF7 cells,
which may model BRCA! haplosufficiency such as in
heterozygote carriers with partial expression levels,

exhibit an attenuated response to EB1089, suggesting
that BRCAT1 levels can modulate the extent of vitamin
D,-mediated growth inhibition.

The cooperation between BRCA1 and vitamin D,
is maintained and even exaggerated in mammosphere
cultures, which are enriched with stem-like, tumor initiating
mammary cells. Our results show that mammospheres
expressing the stemness marker ALDHI1 [31], express
comparable levels of VDR and RXR as their adherent
counterparts and that vitamin D, is still capable of
inhibiting their growth and self-renewal. Importantly,
tumor initiating cells and cancer stem cells are associated
with resistance to chemotherapy, and are considered the
precursors for recurrent tumors [27, 28]. Thus, the retained
sensitivity of mammospheres to vitamin D, inhibitory
effects may have translational potential for breast cancer
prevention and treatment. In contrast to our results,
Pervin et. al, recently suggested that mammosphere
cultures are less sensitive to vitamin D, [41]. In support
of our results, So et. al. [42] reported that an analogue of
vitamin D, (BXLO0124) represses the expression of the
stem cell marker CD44 in vitro and also decreased tumor
growth of a xenograft in vivo [42]. In addition, prostate
cancer stem cells are also sensitive to the inhibitory effects
of vitamin D, [43]. Furthermore, our group and other
groups examining, additional dietary compounds and
natural metabolites including retinoic acid that signal via
the nuclear hormone, RXR, that partners with VDR, find
those natural metabolites particularly potent inhibitors of
mammosphere cultures growth and self-renewal relative to
adherent cells (manuscript submitted and [44—46]).

However, mammosphere cultures derived from
BRCA1-silenced MCF7 or MDA-MB-231 breast cancer
cells (enriched in ALDH1 expression) were no longer
sensitive to the growth inhibitory effects of vitamin D..
Thus, our data suggest that vitamin D -based therapies
should take into account the genetic and genomic
background of patients. BRCA! mutation carriers that
express at least one wild type allele may still benefit from
vitamin D, as a preventive measure but patients with
tumors null for BRCA1, will most likely be refractory to
vitamin D, growth inhibition.

There are multiple mechanisms that can lead to
vitamin D; resistance including loss of VDR expression,
mutant forms of VDR [47], deregulated RXR
phosphorylation [48], enhanced degradation of RXR [49]
or increased expression of the protein, hnRNPA1, that
binds VDRE sites with high affinity and prevents VDR-
RXR binding [50]. Our data suggest that loss of BRCA1
expression results in partial vitamin D, insensitivity.
Although there was no significant loss of VDR or RXR
expression, an aberrant localization of VDR was observed
in BRCAl-depleted MCF7 cells as previously reported
by Deng et. al., [23] who hypothesized that proteasomal
degradation of another unknown protein is involved in
VDR mislocalization. Nevertheless, EB1089 treatment
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facilitated VDR translocation back into the nucleus in
the majority of the cells and induced its transcriptional
activity. The partial loss of vitamin D,-mediated growth
inhibition is likely due to reduced transcriptional activity
of growth inhibitory genes such as CDKNA 1 and potential
loss of collaborative vitamin D-BRCA1 transrepression of
proliferative genes.

We discovered a physical and functional interaction
between BRCA1 and vitamin D transcriptional regulatory
pathway. Both BRCA1 and VDR are enriched in the
chromatin fraction (P2), especially in cells that were treated
with vitamin D. BRCALI interacts with VDR following
EB1089 exposure and is tethered to regulatory regions
that contain VDRE elements and augment transcription
from those sites. Specifically, BRCA1 was recruited to the
three functional VDRE sites in the CDKN/ gene promoter
at -2100 (region 7), -4500 (region 12C) and -6900
(region 19) bp relative to the transcription start site [39].
Luciferase activity confirmed the transcriptional role
BRCAI1 plays in augmenting p21/waf expression in
response to vitamin D, although the proximal promoter
only contained region 7. Previous reports indicated
that BRCA1 activates CDKNIA expression in both
p53-dependent and p53-independent manner [14, 40]. Our
cellular models consisting of ER positive MCF7 cells that
harbor a wild type p53 gene, as well as, ER negative MDA-
MB-231 cells that contain a mutant p53 gene, suggest that
BRCA1-VDR cooperation is independent of p53. The role
of ER, however, cannot be excluded as the culture media
was depleted of steroids. BRCAI is known to interact
with ER and to inhibit its transcriptional activity [51].
It is possible that in the presence of vitamin D,, VDR
displaces ER. BRCA1 co-occupation of VDREs following
ligand binding suggests that BRCAI is a transcriptional
co-activator of VDR that may assist in recruitment of
additional chromatin modifying enzymes. Previously, we
reported that BRCA1 interacts with histone deacetylase
enzymes 1 and 2 (HDACI1 and HDAC?2) [16], while
Pao et. al., [52] reported that BRCA1 interacts with the
transcriptional co-activator, CBP/p300 to catalyze protein
and histone acetylation. The interaction of BRCAI
with chromatin modifying enzymes with opposing
activities is likely promoter and context dependent;
BRCA1 may interact with factors that induce chromatin
de-condensation and a permissive landscape when it
associates with VDR to up-regulate the expression of
p21lwafl and other growth inhibitory genes or it may
form complexes that induce condensed, non-permissive
chromatin to negatively regulate the expression of genes
involved in cell proliferation as ER or PCNA [53-55].

Histone acetylation is associated with active
chromatin. In the absence of BRCAI1 expression, the
VDREs in the CDKNIA promoter are decorated with
less acetylated histones, especially acetylated histone
H4, which potentially impairs the response to EB1089.

BRCA1 expression also impacts the level of H3
acetylation at the remote VDRESs but does not seem to play
a major role in the acetylation of the VDRE that is located
closest to the transcription start site (region 7). While it is
unclear which modifying enzyme was lost or has failed to
be recruited due to loss of BRCA1 expression, Malinen
et. al., [56] reported that induction of p21wafl expression
in MCF7 cells is attenuated by interaction between VDR
and HDAC3 and HDAC?7. Thus, it can be speculated
that BRCA1 and VDR association forms after or leads to
HDAC3 and HDACT7 displacement. Alternatively, BRCA1
may be recruited for activation of VDR target genes for its
E3 ubiquitin ligase activity [57]. Recently it was shown
that BRCAT1 ubiquitinates histone H2B, a modification
that is tightly associated with enhanced transcription [58].
However, no association between VDR and histone H2B
ubiquitination has been reported thus far.

This is the first report that links BRCA1 to cell
cycle arrest at the G1/G0 phase without exposure to
DNA damage. It will be interesting to test the interaction
between BRCA1 and VDR to see whether they continue
to cooperate in response to DNA damage.

The current paradigm of successful breast cancer
therapy insists on coordinated elimination of highly
proliferative, therapy-sensitive breast tumor cells as well as
of dormant breast cancer stem cells that are often resistant
to conventional chemotherapy regiments. Here we show
that vitamin D, —based therapies could potently target those
dormant cells in combination with other cytotoxic therapies,
but will only benefit patient who express some level of
BRCALI. Thus, the vision of effective vitamin D,-based
therapies or prevention needs to take into account the genetic
background of individual patients.

MATERIALS AND METHODS

Cell culture and reagents

MCF7, MDA-MB-231, HCC1937 and HeLa cells
were obtained from ATCC and grown in Dulbecco
modified Eagle medium containing 10% heat inactivated
fetal bovine serum (Gibco). HEK293T cells were grown
in RPMI 1640. WT145 and KO240 cells [a kind gift of
J Welsh U. Albany NY) were described elsewhere [32] and
were grown in DMEM/Ham’s F12 (Gibco) containing 10%
heat inactivated fetal bovine serum (Gibco). Cells were
maintained as monolayers in a humidified atmosphere
containing 5% CO, at 37°C. EB1089 (Seocalcitol) was
kindly provided by Leo Pharmaceutical Ltd (NL) and
later obtained from Tocris. Prior to treatments with
EB1089 (dissolved in EtOH), cells were washed twice
with 1 x PBS and the growth medium was replaced with
phenol-red-free fresh DMEM (Gibco) that contained 10%
heat-inactivated, charcoal-treated FBS (Gibco).
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Plasmids, transfections and gene
silencing by shRNA

Human BRCA1 expression was silenced by stable
infection with a cocktail of On-TARGET SMART pool
pLKO.I-lentiviral shRNAs corresponding to BRCAI
sequences (Supplementary table 1) obtained from Open
Biosystems (ThermoFisher Inc.) Lentiviral plasmids were
transfected into HEK293T for 48 hr. Virions were collected,
filtered, and transduced into MCF7 or MDA-MB-231
Cells with 8 pg/ml Hexadimethrine bromide (polybrene,
Sigma). Puromycin selection (2 pg/ml for MCF7 and
0.5 pg/ml for MDA-MB-231) began 48 hr post infection.
After 14 days, puromycin-resistant colonies were isolated
and expanded to generate stable BRCA1-silenced MCF7
and MDA-MB-231 sublines. Human p21wafl expression
was stably silenced with a cocktail of On-TARGET
SMART pool pLKO.lI-lentiviral shRNA corresponding
to CDKNIA gene (Supplementary table 1) as described
above (Open Biosystems, ThermoFisher Inc.). Murine
Brcal expression was transiently silenced with siGENOME
SMARTpool (Open Biosystems, ThermoFisher Inc.).
Ad-BRCA1 and Ad-vecctor were previously described [20].

Mammosphere formation and
Self-renewal assays

Mammosphere cultures derived from MCF7 and
MDA-MB-231 cells were formed as previously described
[30, 46]. Briefly, MCF7 single cell suspension was diluted
to a concentration of 10,000 cell/ml in serum-free phenol-
red free MEBM (MEGM Bulletkit, Lonza) supplemented
with 5 pg/ml bovine insulin, 20 ng/ml recombinant
epidermal growth factor (Peprotech), 20 ng/ml basic
fibroblast growth factor (Peprotech), 1 x B27 supplement
(Gibco), 0.5 pg/ml hydrocortisone (Sigma) and plated
into low attachment plates. Self-renewal capacity of the
mammospheres was determined by dissociation, re-plating
and producing further generations. For secondary and
tertiary mammospheres, dissociated cells were replated at
1,000 cells/ml. MDA-MB-231 single cell suspension at a
concentration of 60,000 cell/ml in serum-free phenol red-
free CnT-27 medium (CellnTEC Advanced cell systems,
Bern, Switzerland) supplemented with growth additives
as described [59] was plated into low attachment plates.
Media was replenished every 3—4 days. For secondary
mammospheres a single cell suspension at a concentration
of 3000 cells/ml was plated into low attachment plates.

Crystal violet growth assays

Cells were seeded at 1500 (MDA-MB-231) or
4000 cells (MCF7, HCC1937) per well of 96 well plates in
6 replicates. On the following day, the media was replaced
with phenol-free DMEM supplemented with 10%
charcoal-treated FBS and the indicated doses of EB1089

or EtOH as vehicle control. At the indicated time points,
individual plates were fixed and stained with crystal
violet solution as previously described [46]. The results
are expressed as the percentage of controls following
calculation of the replicate’s mean (+ SD) from three
independent experiments.

XTT viability assay

Cells were seeded into a 96 well plates at 1500 cells
per well (MDA-MB-231) or 4000 cells (MCF-7) per well
in triplicate in normal growing media. On the following
day, the media was replaced with phenol-free DMEM
supplemented with 10% charcoal-treated FBS and the
indicated concentrations of EB1089. Cells were incubated
for the indicated times, at which time XTT (2, 3,-bis
(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-
carbonyl]-2H-tetrazolium inner salt) reduction was used to
quantify viability according to manufacturer’s instruction
(ATCC). Absorbance was recorded by a photometer
SPEKTRAFluor Plus, Tecan (Salzburg, Austria) at 450 nm
with 650 nm of reference wavelength. Cell survival was
estimated from the equation: % cell survival =100 x (At-Ac),
where At and Ac are the absorbencies (450nm and 650 nm
respectively) of the XTT colorimetric reaction (ATCC)
in treated and control cultures. Absorbance of medium
alone was also deducted. The results are expressed as
the percentage of controls following calculation of the
replicate’s mean (= SD) from three experiments.

Aldefluor assay and flow cytometry

ALDHI1 activity was measured with the Aldefluor
kit according to manufacturer’s instructions (Stem
Cell Technologies). Brieflyy, MCF-7 and MDA-
MB-231-derived mammospheres were trypsinized,
gently vortexed and passed through a 40uM cell filter
to produce single cell suspensions. Cells (5 x 10°) were
washed once and then resuspended in Aldefluor assay
buffer containing uncharged ALDH1-substrate, BODIPY-
aminoacetaldehyde (BAAA), and incubated for 45 min at
37°C, with gently vortexing every 15 mins. Fluorescent
ALDH1-expressing cells were detected in the green
fluorescence channel (520-540 nm) of a FACScan
instrument (BD Biosciences). A second set of cells under
identical conditions, were stained with the specific ALDH
inhibitor, diethylaminobenzaldehyde (DEAB), to serve
as a negative control for the experiment. Cells incubated
with BAAA and DEAB were used to establish the baseline
fluorescence of cells and ALDHI-positive fraction.
Data were analyzed by using Cell Quest software (BD
Biosciences).

For cell cycle analysis, cells (1 x 10°) were washed
twice with 1 x PBS (pH 7.4), centrifuged at 360g for
S min at 4°C, and fixed in chilled ethanol (70%; v/v in
PBS) with gentle vortex mixing and incubated at least for
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over night at -20°C. To determine the DNA contents, the
cells were stained with 40 pg/ml propidium iodide (PI,
BD Biosciences) and analyzed using a FACSCalibur flow
cytometer and analyzed using CellQuest analysis software
(BD Biosciences).

Immunoblots and immunoprecipitations

Protocols for these procedures have been previously
described [57]. The following primary antibodies were
used: human BRCAT1 (Ab-1, Calbiochem OP92 and D-9,
Santa Cruz sc-6954), murine Brcal [60], human and murine
VDR (D-6; Santa Cruz sc-13133), RXR (D-20; Santa
Cruz sc-553), p21 (AB-1; Calbiochem), p27 (Santa Cruz
sc-1641), 53BP1 (Bethyl A300-272A), GAPDH (FL-335;
Santa Cruz sc-25778), a-Tubulin (Sigma, T9026) and Orc2
(H300; Santa Cruz sc-28742).

Immunofluorescence

Cells were plated onto coverslips, fixed with
4% (w/v) paraformaldehyde in PBS for 15 min and then
premeabalized with 0.5% Triton X-100 for 5 min. cells
were washed twice with 1 x PBS and incubated with
10% goat serum for 1 hr at room temperature. Cells
were incubated with primary antibodies: BRCA1 (ABI,
Calbiochem and VDR, Santa Cruz) for 1 hr at 37°C.
Cells were washed three times with 1 x PBS and protein
localization was visualized with secondary antibodies
Rabbit anti Mouse IgG-conjugated with Alexa 488 and
Goat anti Rabbit IgG-conjugated with Alexa 594 (Life
Technologies) under the Leica TCS SP5 II microscope
(The Sackler Cellular & Molecular Imaging Center
(SCMICQ)).

Dual iuciferase assays

Cells were transfected with 4 pug of the pWW-
Luc construct or 2 pug of the pRL-3 Renilla vector
with Lipofectamine 2000 according to manufacturer’s
instructions (Life Technologies). On the following day,
the culture media was replaced with phenol-red free
DMEM with 10% charcoal-treated FBS. Cells were
treated with 1 uM EB1089 or vehicle and harvested 24 hr
later. Cell lysates were assayed with the Dual Luciferase
Assay (Promega, W1, USA), according to manufacturer’s
instructions. Firefly luciferase values were normalized
to the Renilla signal, and the ratio of the Firefly/Renilla
values were reported. All of the transfection assays were
carried out in triplicates.

Chromatin fractionation

Chromatin fractionation was performed as
described [38, 61]. The preparation was carried
from duplicate samples to enable presentation of all
fractions. Approximately 1 x 107 cells were washed in

PBS and resuspended in 200 pl of solution A (10 mM
Hepes [pH 7.9], 10 mM KCI, 1.5 mM MgClL, 0.34 M
sucrose, 10% glycerol, | mM DTT, and protease and
phosphatase inhibitors). Triton X-100 was added to a final
concentration of 0.1%, cells were incubated on ice for 5
min, and the cytoplasmic (S1) and nuclear fractions (P1)
were harvested by centrifugation at 1,300 x g for 4 min.
Isolated nuclei were then washed in solution A, lysed
in 150 pl solution B (3 mM EDTA, 0.2 mM EGTA,
1 mM DTT, and protease and phosphatase inhibitors),
and incubated on ice for 10 min. The soluble nuclear
(S2) and chromatin fractions (p2) were harvested by
centrifugation at 1,700 x g for 4 min. Isolated chromatin
was washed once with solution B and spun down at high
speed (10,000 x g for 1 min). Finally, chromatin was
resuspended in 150 pl of SDS sample buffer and sheared
by sonication. Protein concentrations were determined
by BCA assay (ThermoScientific, Rockford, IL). Equal
amounts of protein from whole cell extracts or from the
different cellular fractions were mixed with 5 X laemmli
buffer (Bio-Rad) and analyzed by immunobloting.

Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was
performed according to ChIP Assay Kit (EMD-
Millipore). MCF7 cells (1 x 107/treatment) were seeded
and on the following day, the growing medium was
replaced with phenol red free-DMEM supplemented
with 10% charcoal-treated FBS. On the next day, cells
were treated for 1 hr with EB1089 (1 uM) or vehicle as
a control. Prior to lysis, cells were crosslinked with 1%
formaldehyde for of 10 min at 37°C. Crosslinking was
quenched by adding glycine to a final concentration of
0.125 M. The cells were lysed in cold SDS Lysis Buffer
(600 pl, ChIP kit- Millipore) and incubated for 10 min on
ice. Lysates were sonicated to shear the DNA (10 seconds
twice at 30% of max sonication output). The samples
were centrifuged for 10 min at 13,000 rpm at 4°C, and
the sonicated cell supernatants were diluted tenfold in
ChIP Dilution Buffer (ChIP kit- Millipore), supplemented
with protease inhibitors as above. Chromatin
(200 pg/sample) was precleared with Salmon Sperm DNA/
Protein A Agarose- for 30 min at 4°C and then incubated
over night with the following antibodies: IgG (Santa Cruz
$c20265), acetylated Histone 4 (EMD-millipore 06-598),
acetylated Histone 3 (EMD-Millipore 17-10051),
BRCAT1 (Ab-1 from Calbiochem or sc-6954 from Santa
Cruz) and VDR (Santa Cruz sc-1008). DNA was eluted
from the recovered protein-DNA immunocomplexes
and following removal of the crosslinked proteins,
PCR amplifications of the three VDRE sequences
within the CDKNIA promoter were performed with
Platinum PCR supermix (Life Technologies). Primer
sequences were as previously reported [39]. For
fragment 7: F 5-CACCACTGAGCCTTCCTCAC and
R 5-CTCGACTCCCAGCACACACTC; for fragment
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12C:  F 5-CGCGGTGCTTGGTCTCTATG and
R 5-CCTTTCCCAACAAACAAGGGG; for fragment
19: F 5- CTAACCTCACAGTACAGGCC and
R 5-GCCTCTTTGTGCCTTTGCAC.

RNA isolation and and RT-PCR analysis

Total RNA was isolated from cells using TRIZOL
(Life Technologies). ¢cDNA was synthesized using
Superscript 11 according to manufacturer’s instructions
(Life Technologies). Real-time PCR of samples was
done using an ABI7900HT sequence detection system
(Applied Biosystems) in the presence of SYBR green
(Qiagen). Experiments were performed in triplicate, data
were normalized to the housekeeping gene, GAPDH, and
the relative abundance of transcripts was calculated by
the comparative AACt method. All primer sequences are
available in the Supplementary Materials and Methods
section.

Statistical analysis

Quantitative data is expressed as mean +=SD and
differences were compared using two-tailed Student ¢-test.
The Pearson product-moment correlation coefficient test
was performed to test the correlation of two sets of results.
Statistical analysis was carried out in GraphPad, PRISM.
P values less than 0.05 were considered statistically
significant.
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real-time PCR; RXR, retinoid-x receptor; shRNA,

short hairpin RNA; siRNA, short interfering RNA;
VDR, vitamin D receptor; VDRE, vitamin d response
element; Vitamin D, 1,25-dihydroxyvitamin D,
[1,25(0OH),D3]

REFERENCES

1. Feldman D, Krishnan AV, Swami S, Giovannucci E,
Feldman BJ. The role of vitamin D in reducing cancer risk
and progression. Nat Rev Cancer. 2014; 14:342-357.

2. Jones G, Prosser DE, Kaufmann M. Cytochrome
P450-mediated metabolism of vitamin D. Journal of lipid
research. 2014; 55:13-31.

3. Deeb KK, Trump DL, Johnson CS. Vitamin D signalling
pathways in cancer: potential for anticancer therapeutics.
Nat Rev Cancer. 2007; 7:684—700.

4. Friebel TM, Domchek SM, Rebbeck TR. Modifiers of
cancer risk in BRCA1 and BRCA2 mutation carriers: sys-
tematic review and meta-analysis. J Natl Cancer Inst. 2014;
106:dju091.

5. Oliveira-Costa JP OL, Zanetti JS, da Silveira GG,
Chavichiolli Buim ME, Zucoloto S, Ribeiro-Silva A,
Soares FA. BRCA1 and YH2AX as independent prognostic
markers in oral squamous cell carcinoma. Oncoscience.
2014; 1:383-391.

6. Chen W, Wang J, Li X, Li J, Zhou L, Qiu T, Zhang M,
Liu P. Prognostic significance of BRCA1 expression in gas-
tric cancer. Medical oncology. 2013; 30:423.

7. Carser JE, Quinn JE, Michie CO, O’Brien EJ,
McCluggage WG, Maxwell P, Lamers E, Lioe TF,
Williams AR, Kennedy RD, Gourley C, Harkin DP.
BRCAL is both a prognostic and predictive biomarker of
response to chemotherapy in sporadic epithelial ovarian
cancer. Gynecologic oncology. 2011; 123:492-498.

8. Drost R, Jonkers J. Opportunities and hurdles in the
treatment of BRCA 1-related breast cancer. Oncogene. 2013.

9. Humphrey JS, Salim A, Erdos MR, Collins FS, Brody LC,
Klausner RD. Human BRCA1 inhibits growth in yeast:
potential use in diagnostic testing. Proc Natl Acad Sci
U S A. 1997; 94:5820-5825.

Yu X, Chen J. DNA damage-induced cell cycle checkpoint
control requires CtIP, a phosphorylation-dependent binding
partner of BRCA1 C-terminal domains. Mol Cell Biol.
2004; 24:9478-9486.

Yu X, Chini CC, He M, Mer G, Chen J. The BRCT domain
is a phospho-protein binding domain. Science. 2003;
302:639-642.

Manke IA, Lowery DM, Nguyen A, Yaffe MB. BRCT
repeats as phosphopeptide-binding modules involved in
protein targeting. Science. 2003; 302:636—639.

Chiba N, Parvin JD. The BRCA1 and BARDI1 association
with the RNA polymerase II holoenzyme. Cancer Res.
2002; 62:4222-4228.

10.

11.

12.

13.

www.impactjournals.com/oncotarget

11844

Oncotarget



15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chai YL, Cui J, Shao N, Shyam E, Reddy P, Rao VN. The
second BRCT domain of BRCA1 proteins interacts with
p53 and stimulates transcription from the p21waf11/CIP1
promoter. Oncogene. 1999; 18:263-268.

Cantor SB, Bell DW, Ganesan S, Kass EM, Drapkin R,
Grossman S, Wahrer DC, Sgroi DC, Lane WS, Haber DA,
Livingston DM. BACHI1, a novel helicase-like protein,
interacts directly with BRCA1 and contributes to its DNA
repair function. Cell. 2001; 105:149-160.

Yarden RI, Brody LC. BRCA1 interacts with components of
the histone deacetylase complex. Proc Natl Acad Sci U S A.
1999; 96:4983-4988.

. Yarden RI, Papa MZ. BRCA1 at the crossroad of multiple

cellular pathways: approaches for therapeutic interventions.
Mol Cancer Ther. 2006; 5:1396—-1404.

Hansen CM, Hamberg KJ, Binderup E, Binderup L.
Seocalcitol (EB 1089): a vitamin D analogue of anti-cancer
potential. Background, design, synthesis, pre-clinical and
clinical evaluation. Curr Pharm Des. 2000; 6:803—828.

Posner GH, Jeon HB, Sarjeant A, Riccio ES,
Doppalapudi RS, Kapetanovic IM, Saha U, Dolan P,
Kensler TW. Low-calcemic, efficacious, lalpha,
25-dihydroxyvitamin D3 analog QW-1624F2-2: calcemic
dose-response determination, preclinical genotoxicity
testing, and revision of A-ring stereochemistry. Steroids.
2004; 69:757-762.

Yarden RI, Pardo-Reoyo S, Sgagias M, Cowan KH,
Brody LC. BRCAI1 regulates the G2/M checkpoint by
activating Chkl kinase upon DNA damage. Nat Genet.
2002; 30:285-289.

Prufer K, Racz A, Lin GC, Barsony J. Dimerization with
retinoid X receptors promotes nuclear localization and
subnuclear targeting of vitamin D receptors. J Biol Chem.
2000; 275:41114-41123.

Prufer K, Barsony J. Retinoid X receptor dominates the
nuclear import and export of the unliganded vitamin D
receptor. Mol Endocrinol. 2002; 16:1738-1751.

Deng C, Ueda E, Chen KE, Bula C, Norman AW,
Luben RA, Walker AM. Prolactin blocks nuclear
translocation of VDR by regulating its interaction with
BRCAT1 in osteosarcoma cells. Mol Endocrinol. 2009;
23:226-236.

Sakaki T, Kagawa N, Yamamoto K, Inouye K. Metabolism
of vitamin D3 by cytochromes P450. Front Biosci. 2005;
10:119-134.

Zhou C, Assem M, Tay JC, Watkins PB, Blumberg B,
Schuetz EG, Thummel KE. Steroid and xenobiotic
receptor and vitamin D receptor crosstalk mediates CYP24
expression and drug-induced osteomalacia. J Clin Invest.
2006; 116:1703-1712.

Valrance ME, Brunet AH, Acosta A, Welsh J. Dissociation
of growth arrest and CYP24 induction by VDR ligands

in mammary tumor cells. J Cell Biochem. 2007; 101:
1505-1519.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Smalley M, Piggott L, Clarkson R. Breast cancer stem
cells: obstacles to therapy. Cancer letters. 2013; 338:57-62.

Vidal SJ, Rodriguez-Bravo V, Galsky M, Cordon-Cardo C,
Domingo-Domenech J. Targeting cancer stem cells to
suppress acquired chemotherapy resistance. Oncogene. 2013.
Charafe-Jauffret E, Ginestier C, lovino F, Wicinski J,
Cervera N, Finetti P, Hur MH, Diebel ME, Monville F,
Dutcher J, Brown M, Viens P, Xerri L, Bertucci F,
Stassi G, Dontu G, et al. Breast cancer cell lines contain
functional cancer stem cells with metastatic capacity and
a distinct molecular signature. Cancer research. 2009; 69:
1302-1313.

Dontu G, Abdallah WM, Foley JM, Jackson KW,
Clarke MF, Kawamura MJ, Wicha MS. In vitro propagation
and transcriptional profiling of human mammary stem/
progenitor cells. Genes Dev. 2003; 17:1253-1270.
Ginestier C, Hur MH, Charafe-Jauffret E, Monville F,
Dutcher J, Brown M, Jacquemier J, Viens P, Kleer CG,
Liu S, Schott A, Hayes D, Birnbaum D, Wicha MS,
Dontu G. ALDHI1 is a marker of normal and malignant
human mammary stem cells and a predictor of poor clinical
outcome. Cell stem cell. 2007; 1:555-567.

Zinser GM, McEleney K, Welsh J. Characterization of
mammary tumor cell lines from wild type and vitamin D3
receptor knockout mice. Mol Cell Endocrinol. 2003;
200:67-80.

Colston KW, Hansen CM. Mechanisms implicated in the
growth regulatory effects of vitamin D in breast cancer.
Endocr Relat Cancer. 2002; 9:45-59.

Wu G, Fan RS, Li W, Ko TC, Brattain MG. Modulation
of cell cycle control by vitamin D3 and its analogue,
EB1089, in human breast cancer cells. Oncogene. 1997; 15:
1555-1563.

Grotsky DA, Gonzalez-Suarez I, Novell A, Neumann MA,
Yaddanapudi SC, Croke M, Martinez-Alonso M,
Redwood AB, Ortega-Martinez S, Feng Z, Lerma E,
Ramon y Cajal T, Zhang J, Matias-Guiu X, Dusso A,
Gonzalo S. BRCAL1 loss activates cathepsin L-mediated
degradation of 53BP1 in breast cancer cells. The Journal of
cell biology. 2013; 200:187-202.

Oishi H, Kitagawa H, Wada O, Takezawa S, Tora L,
Kouzu-Fujita M, Takada I, Yano T, Yanagisawa J, Kato S.
An hGCNS5/TRRAP histone acetyltransferase complex
co-activates BRCAI1 transactivation function through
histone modification. J Biol Chem. 2006; 281:20-26.

Chen GC, Guan LS, Yu JH, Li GC, Choi Kim HR,
Wang ZY. Rb-associated protein 46 (RbAp46) inhibits
transcriptional transactivation mediated by BRCAI.
Biochem Biophys Res Commun. 2001; 284:507-514.
Mendez J, Stillman B. Chromatin association of human
origin recognition complex, cdc6, and minichromosome
maintenance proteins during the cell cycle: assembly of

prereplication complexes in late mitosis. Mol Cell Biol.
2000; 20:8602—8612.

WWw

.impactjournals.com/oncotarget

11845

Oncotarget



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Saramaki A, Banwell CM, Campbell MJ, Carlberg C.
Regulation of the human p21(wafl/cipl) gene promoter via
multiple binding sites for pS3 and the vitamin D3 receptor.
Nucleic Acids Res. 2006; 34:543-554.

Somasundaram K, Zhang H, Zeng YX, Houvras Y, Peng Y,
Wu GS, Licht JD, Weber BL, El-Deiry WS. Arrest of the
cell cycle by the tumour-suppressor BRCA1 requires
the CDK-inhibitor p21wafl1/CiP1. Nature. 1997; 389:
187-190.

Pervin S, Hewison M, Braga M, Tran L, Chun R, Karam A,
Chaudhuri G, Norris K, Singh R. Down-regulation of
vitamin D receptor in mammospheres: implications for
vitamin D resistance in breast cancer and potential for
combination therapy. PloS one. 2013; 8:¢53287.

So JY, Lee HJ, Smolarek AK, Paul S, Wang CX, Maehr H,
Uskokovic M, Zheng X, Conney AH, Cai L, Liu F,
Suh N. A novel Gemini vitamin D analog represses the
expression of a stem cell marker CD44 in breast cancer.
Mol Pharmacol. 2011; 79:360-367.

Maund SL, Barclay WW, Hover LD, Axanova LS,
Sui G, Hipp JD, Fleet JC, Thorburn A, Cramer SD.
Interleukin-lalpha mediates the antiproliferative effects
of 1, 25-dihydroxyvitamin D3 in prostate progenitor/stem
cells. Cancer Res. 2011; 71:5276-5286.

Ginestier C, Wicinski J, Cervera N, Monville F, Finetti P,
Bertucci F, Wicha MS, Birnbaum D, Charafe-Jauffret E.
Retinoid signaling regulates breast cancer stem cell
differentiation. Cell cycle. 2009; 8:3297-3302.

Montales MT, Rahal OM, Kang J, Rogers TJ, Prior RL,
Wu X, Simmen RC. Repression of mammosphere
formation of human breast cancer cells by soy isoflavone
genistein and blueberry polyphenolic acids suggests diet-
mediated targeting of cancer stem-like/progenitor cells.
Carcinogenesis. 2012; 33:652—-660.

Pollock CB, Koltai H, Kapulnik Y, Prandi C, Yarden RI.
Strigolactones: a novel class of phytohormones that
inhibit the growth and survival of breast cancer cells
and breast cancer stem-like enriched mammosphere cells.
Breast cancer research and treatment. 2012; 134:1041-1055.

Feldman D, P JM. Mutations in the vitamin D receptor and
hereditary vitamin D-resistant rickets. BoneKEy reports.
2014; 3:510.

Solomon C, White JH, Kremer R. Mitogen-activated protein
kinase inhibits 1, 25-dihydroxyvitamin D3-dependent signal
transduction by phosphorylating human retinoid X receptor
alpha. J Clin Invest. 1999; 103:1729-1735.

Prufer K, Schroder C, Hegyi K, Barsony J. Degradation of
RXRs influences sensitivity of rat osteosarcoma cells to the
antiproliferative effects of calcitriol. Mol Endocrinol. 2002;
16:961-976.

Chen H, Hewison M, Hu B, Adams JS. Heterogeneous
nuclear ribonucleoprotein (hnRNP) binding to hormone

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

response elements: a cause of vitamin D resistance. Proc
Natl Acad Sci U S A. 2003; 100:6109-6114.

Fan S, Wang J, Yuan R, Ma Y, Meng Q, Erdos MR,
Pestell RG, Yuan F, Auborn KJ, Goldberg ID,
Rosen EM. BRCA1 inhibition of estrogen receptor signaling
in transfected cells. Science. 1999; 284:1354-1356.

Pao GM JR, Ruffner H, Hunter T, Verma IM. CBP/p300
interact with and function as transcriptional coactivators
of BRCAI1. Proc Natl Acad Sci U S A. 2000; 97:
1020-1025.

Fan S WJ, Yuan R, Ma Y, Meng Q, Erdos MR, Pestell RG,
Yuan F, Auborn KJ, Goldberg ID, Rosen EM. BRCAL1
inhibition of estrogen receptor signaling in transfected cells.
Science. 1999; 284:1354—1356.

Akutsu N, Lin R, Bastien Y, Bestawros A, Enepekides DJ,
Black MJ, White JH. Regulation of gene Expression by
lalpha, 25-dihydroxyvitamin D3 and Its analog EB1089 under
growth-inhibitory conditions in squamous carcinoma Cells.
Molecular endocrinology. 2001; 15:1127-1139.

Krishnan AV, Swami S, Feldman D. The potential
therapeutic benefits of vitamin D in the treatment of
estrogen receptor positive breast cancer. Steroids. 2012;
77:1107-1112.

Malinen M, Saramaki A, Ropponen A, Degenhardt T,
Vaisanen S, Carlberg C. Distinct HDACs regulate the
transcriptional response of human cyclin-dependent
kinase inhibitor genes to Trichostatin A and lalpha,
25-dihydroxyvitamin D3. Nucleic Acids Res. 2008;
36:121-132.

Shabbeer S, Omer D, Berneman D, Weitzman O, Alpaugh A,
Pietraszkiewicz A, Metsuyanim S, Shainskaya A, Papa MZ,
Yarden RI. BRCAI1 targets G2/M cell cycle proteins for
ubiquitination proteasomal degradation. Oncogene. 2013;
32:5005-5016.

Thakar A, Parvin J, Zlatanova J. BRCAI1/BARDI
E3 ubiquitin ligase can modify histones H2A and H2B in
the nucleosome particle. Journal of biomolecular structure
& dynamics. 2010; 27:399-406.

Prud’homme GJ. Cancer stem cells and novel targets for
antitumor strategies. Current pharmaceutical design. 2012;
18,:2838-2849.

Sotiropoulou PA, Karambelas AE, Debaugnies M, Candi A,
Bouwman P, Moers V, Revenco T, Rocha AS, Sekiguchi K,
Jonkers J, Blanpain C. BRCA1 deficiency in skin epidermis
leads to selective loss of hair follicle stem cells their
progeny. Genes Dev. 2013; 27:39-51.

Yarden RI, Metsuyanim S, Pickholtz I, Shabbeer S, Tellio H,
Papa MZ. BRCA1-dependent Chk1 phosphorylation triggers
partial chromatin disassociation of phosphorylated Chkl
and facilitates S-phase cell cycle arrest. The international
journal of biochemistry & cell biology. 2012; 44:
1761-1769.

WWw

.impactjournals.com/oncotarget

11846

Oncotarget



