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Abstract

Estrogen receptor-a (ERa) mediates the essential biological function of estrogen in breast
development and tumorigenesis. Multiple mechanisms, including pioneer factors, coregulators,
and epigenetic modifications have been identified as regulators of ERa signaling in breast cancer.
However, previous studies of ERa regulation have focused on luminal and HER2-positive
subtypes rather than basal-like breast cancer (BLBC), in which ERa is underexpressed. In
addition, mechanisms that account for the decrease or loss of ER expression in recurrent tumors
after endocrine therapy remain elusive. Here, we demonstrate a novel FOXC1-driven mechanism
that suppresses ERa expression in breast cancer. We find that FOXC1 competes with GATA3 for
the same binding regions in the cis-regulatory elements (CRES) upstream of the ERa gene and
thereby downregulates ERa expression and consequently its transcriptional activity. The forkhead
domain of FOXC1 is essential for the competition with GATA3 for DNA binding. Counteracting
the action of GATA3 at the ERa promoter region, overexpression of FOXCL1 hinders recruitment
of RNA polymerase Il and increases histone H3K9 trimethylation at ERa. promoters. Importantly,
ectopic FOXC1 expression in luminal breast cancer cells reduces sensitivity to estrogen and
tamoxifen. Furthermore, in breast cancer patients with ER-positive primary tumors who received
adjuvant tamoxifen treatment, FOXC1 expression is associated with decreased or undetectable ER
expression in recurrent tumors. Our findings highlight a clinically relevant mechanism that
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contributes to the low or absent ERa expression in BLBC. This study suggests a new paradigm to
study ERa regulation during breast cancer progression and indicates a role of FOXC1 in the
modulation of cellular response to endocrine treatment.
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INTRODUCTION

Breast cancer can be classified into four major molecular subtypes including luminal A,
luminal B, HER2-positive, and basal-like breast cancer (BLBC) based on different gene
expression signatures.! The luminal subtype is characterized by estrogen receptor expression
(ER-positive), whereas BLBC often has a triple-negative phenotype (ER-negative/PR-
negative/HER2-negative).2 Notably, the molecular subtypes display highly significant
differences in the choices of treatment strategies and prediction of recurrence, metastasis,
and survival.® Luminal breast cancer is usually associated with a less aggressive cancer
phenotype and more favorable prognostic outcome compared to patients with BLBC.3
Estrogen signaling is a target for endocrine therapy, and greater ERa expression correlates
with a better response to endocrine therapy, including tamoxifen.# In contrast, the only
option at present for systemic therapy of BLBC is chemotherapy due to the lack of
targetable markers.®

A number of studies have addressed the regulatory mechanisms of estrogen signaling in
breast cancer. Pioneer factor FOXA16, GATA binding protein 3 (GATA3),’ coactivators and
corepressors,® epigenetic modifications such as promoter hypermethylation,® and ERa
ubiquitination!? have been identified as regulators of ERa expression and transcriptional
activity. While previous work has greatly advanced our understanding of the function and
regulation of ERa in luminal breast cancer, less is known about the mechanisms restricting
ERa expression in BLBC. Additionally, up to ~30% of ER-positive breast tumors have been
reported to recur with an ER-negative phenotype after endocrine therapy.1! It is not clear
what causes the diminished ERa expression and endocrine therapy resistance.1! Unraveling
the mechanism inhibiting ERa will provide a new insight into the molecular basis of ERa.-
negative breast cancer and a possible explanation for ERa status changes during
antiestrogen treatment.

FOXC1, a member of the forkhead box (FOX) transcription factor superfamily, plays
important roles in the development of the brain, heart, and eye during the embryogenesis.12
A recent study demonstrated FOXC1 as a pivotal diagnostic marker for BLBC.13: 14 |n
addition to BLBC, FOXC1 is associated with other types of cancers including hepatocellular
carcinoma,® gastric cancer,18 and non-small cell lung cancer.1” FOXC1 stimulates human
cancer cell proliferation, migration, and invasion.1* As opposed to ERa., the expression of
FOXC1 is low or absent in luminal breast cancer cells.24 The fact that FOXC1 and ERa. are
highly associated with two different breast cancer subtypes and their expressions are
mutually exclusive has prompted us to postulate negative regulation between the two
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transcription factors. In this study, we characterize the effect of FOXC1 on ERa expression
in breast cancer cells and explore the possible mechanism of this inhibition. It offers new
mechanistic insight into FOXC1-relavant endocrine resistance and ER-positive breast cancer
recurrence.

FOXC1 downregulates ERa expression and its transcriptional activity

We first confirmed the inverse correlation of ERa and FOXCL1 in breast cancer tissues using
expression data from The Cancer Genome Atlas (TCGA) provisional datasets at cBioPortal
(www.chioportal.org) (Supplementary Figure S1a) and breast cancer cell lines
(Supplementary Figure S1b and S1c). Then we sought to determine if FOXC1 regulates
ERa expression. Quantitative reverse transcriptase-PCR (QRT-PCR) results suggested that
overexpression of FOXCL1 in three common luminal breast cancer cell lines led to reduced
mRNA expression of ERa (ESR1), but not ERB (ESR2) (Figure 1a). In agreement with
these results, protein levels of ERa and progesterone receptor (PR), a well-established
estrogen-regulated gene,18 were decreased by FOXC1 overexpression in those luminal
breast cancer cell lines (Figure 1b and Supplementary Figure S1d).

We then assessed the effect of FOXC1 overexpression on ERa transcriptional activity.
According to the result of estrogen response element (ERE)-luciferase reporter assays,
reduced ERE-luciferase signals were detected in the FOXC1-overexpressing MCF-7 and
TA47D cells relative to vector control (Figure 1c). Chromatin immunoprecipitation (ChlP)
assays followed by qPCR analysis were further performed to determine if the reduced
luciferase signaling is due to the decreased binding between ERa and EREs. Three well-
known ERa-regulated genes including growth regulation by estrogen in breast cancer 1
(GREB-1),1° X-Box Binding Protein 1 (XBP-1),20 and retinoic acid receptor a (RARa)?!
were selected for this purpose. A Previous study has identified the ERE in the promoters of
the three genes.?2 As indicated in Figure 1d, FOXC1 overexpression has reduced ERa
expression, giving rise to decreased ERa binding to the responsive DNA elements of
GREB-1, XBP-1, and RARa in MCF-7 cells. To corroborate these findings, we investigated
the MRNA levels of several additional ERa-targeted genes including trefoil Factor 1
(TFF-1)23 and nuclear receptor interacting protein 1(NRIP-1)24 in MCF-7 cells. As
expected, mRNA levels of these molecules were significantly lower in FOXC1-
overexpressing cells relative to vector except for TFF-1 (Figure 1e). Although TFF-1 is a
well-known model gene for ERa activity, our recently published study has demonstrated
that TFF-1 mRNA level was not affected by FOXC1 overexpression in T47D cells (GEO:
GSE73234).25 FOXC1 may regulate TFF-1 by some additional unknown mechanisms and
therefore the overall change of TFF-1 level is not significant. Collectively, our data suggest
that FOXC1 downregulates ERa expression and thereby decreases its transcriptional
activity.

Last, we determined if FOXCL1 suppresses ERa expression by inhibiting the expression of

ERa regulators. Immunoblotting showed that levels of GATA3 and FOXM126 were mildly
decreased in FOXC1-overexpressing cells. In contrast, levels of FOXO3A,27 FOXA1,8 pre-
B-cell leukemia homeobox 1 (PBX-1),28 estrogen receptor coactivator (AlB1),29 and SP130
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remained unchanged (Figure 1f and Supplementary Figure S1e). Therefore, the results
suggest a direct effect of FOXC1 on GATA3/FOXML1 as a potential mechanism responsible
for ERa downregulation. However, contrary to the remarkably lowered ERa expression
induced by FOXC1 presented in Figure 1b, the expression of GATA3 only slightly decreased
(Figure 1f). Hence we reasoned that there is an alternative inhibitory mechanism dominating
ERa silencing.

FOXC1 prevents GATA3 binding to the same regulatory regions upstream of the ERa gene

FOXC1 is known to bind to a nine-base-pair core sequence 5'-GTAAA(T/C)A(A/T/C)(AIT/
G)-3".31 Based on the consensus sequence, we found three putative FOXC1 binding sites
located at enhancer 1 and promoters B and C upstream of the ERa gene (Figure 2a). The
genomic organization of human ERa gene regulatory region was illustrated based on
previous studies.” 32 FOXC1 Jn vivo binding to the three sites was validated by ChIP-gPCR
analysis of the immunoprecipitated DNA in MCF-7 cells. As expected, overexpression of
FOXCL1 considerably enhanced the recruitment of FOXC1 to all three sites in the regulatory
regions of ERa compared to control (Figure 2b, left). We then speculated that these direct
FOXC1-DNA interactions interfere with the accessibility of transcription factors or
coregulators that consequently leads to the inhibition of ERa expression. GATA3, a well-
studied transcription factor with a DNA consensus binding sequence 5’ -(A/T)GATA(A/
G)-3, positively regulates expression of ERa.” We have also verified that GATA3 is a
positive regulator of ERa mRNA and protein expression in the MCF-7 cells used in this
study (Supplementary Figure S2a). In reference to the previous reports’: 33 and the
consensus DNA-binding sequences of the well-known ERa regulators, we identified GATA3
binding sites in proximity to or overlapping with the three above experimentally confirmed
FOXCL1 sites (Figure 2a). Prior to examining the possible binding competition between
GATA3 and FOXC1, we systematically assessed GATA3 expression in relation to FOXC1.
FOXCL1 overexpression decreased the GATA3 mRNA and protein expression in MCF-7
cells, while FOXC1 overexpression exerted no effect on GATA3 expression in T47D and
ZR-75 cells (Supplementary Figure S2b). The mRNA expression levels of GATA3 and
FOXCL1 are inversely correlated according to the TCGA provisional dataset (Supplementary
Figure S2c). However, as presented in Supplementary Figure S2d, albeit at low level, both
GATA3 mRNA and protein expression were still detectable in BLBC cell lines including
BT549, HCC1806, and MDA-MB-468. Notably, a previous study showed that GATA3
labeling was seen in 43-67% of triple-negative breast cancer cases, with the intensity of
GATA3 staining weaker in triple-negative relative to luminal breast cancers.34

We then investigated if FOXC1 repels GATA3 from binding to the same regions in the CREs
of the ERa gene. As demonstrated in Figure 2b (right), FOXC1 overexpression greatly
reduced the binding of GATAS3 to the previously characterized sites at both the enhancer 1
and promoter C, but not to the predicted sites at promoter B, when compared with vector.
This result is likely attributed to the fact that GATA3 does not bind to the predicted site at
promoter B. To address this question, we performed ChIP assays to show that the binding
capacity of GATA3 to promoter B, which was remarkably low relative to GATA3 binding to
the enhancer 1, was not affected by GATA3 siRNA-mediated knockdown (Supplementary
Figure S3a).
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We further identified the critical nucleotides upstream of the ERa. gene recognized by
FOXC1 and GATAS3. Each region at the enhancer 1 and promoter C contains two clusters of
GATAZ3 binding sites (probes 1 and 2 for enhancer 1, probes 3 and 4 for promoter C) and
only one of each two clusters has an overlapping FOXC1 site (probe 2 for enhancer 1 and
probe 4 for promoter C) (Figure 2c). As indicated in the result of the biotinylated
oligonucleotide precipitation assay, probes 1 and 3 were unable to capture FOXC1 protein in
FOXC1-overexpressing MCF-7 cell lysates due to the lack of a binding site (Figure 2d). The
binding of GATAS to probe 1 was slightly weakened by FOXCL1 overexpression, likely due
to the reduced GATA3 expression. Notably, the binding of GATAS to probe 3 was not
affected. In contrast, a strong signal of FOXC1 pull-down by probes 2 and 4 was detected in
FOXC1-overexpressing MCF-7 cells, indicating the interaction between FOXC1 and probes
2 and 4 in vitro. FOXC1 overexpression caused the diminished binding of GATA3 to probes
2 and 4 relative to vector control (Figure 2d, Supplementary Figure S3b and S3c). This is
due to the occupation of the shared FOXC1/GATAS3 binding sites by FOXC1 protein.

Last, we aimed to confirm that direct inhibition of FOXC1 on GATA3 is only a minor
mechanism in ERa silencing. For this purpose, we did a ChIP assay to compare GATA3 and
FOXC1 binding to enhancer 2 of ERa in MCF-7 cells (Figure 2a). Enhancer 2 has no
putative FOXC1 binding site. The ChIP-gPCR results confirmed that binding between
FOXC1 and enhancer 2 was no different than the binding between IgG negative control and
enhancer 2 in FOXC1-overexpressing MCF-7 cells (Supplementary Figure S3d, left). On the
other hand, GATAS3 is reported to directly interact with enhancer 2.7 We demonstrated that
the interaction between GATA3 and enhancer 2 was only slightly inhibited by FOXC1
overexpression (Supplementary Figure S3d, right). This slight reduction is likely caused by
the inhibition of GATA3 expression by FOXC1. However, due to the lack of competition
from FOXC1 for the similar binding site at enhancer 2, the majority of GATA3 and enhancer
2 interactions were still maintained. This result supports our hypothesis that effect of
FOXC1 counteracting GATA3 mostly relies on the competition for the similar binding sites
in the regulatory regions of the ERa gene.

FOXC1 hinders the recruitment of RNA polymerase Il (RNA polll) and enhances the
trimethylation of histone H3 Lysine 9 (H3K9 me3) at ERa promoters in luminal and BLBC

cells

GATA3 is required for RNA polll recruitment to the ERa. gene.’ Specifically, RNA polll
binding at promoters A and D (Figure 2a) can be inhibited by GATA3 silencing.” It is
suggested that the binding of GATAS to the enhancer regions likely regulates ERa.
promoters through long-range enhancer-promoter interactions.3>: 36 Given the findings that
FOXCL1 repels GATA3 from binding to the regulatory regions of ERa., we postulated that
FOXC1 overexpression interferes with RNA polll recruitment and therefore inhibits the
transcription of ERa. ChlP assays showed that FOXC1 overexpression was associated with
drastically decreased RNA polll binding at promoter A (Figure 3a). Thus our data suggest
that FOXC1 inhibits GATA3-mediated RNA polll recruitment to the promoter of ERa.

Notably, GATA3 forms a complex with and is required for KDM4B, the histone H3 lysine 9
tri-/dimethyl demethylase, to positively regulate ERa gene expression in luminal breast
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cancer cells.3” KDM4B depletion increases H3K9me3 marks and decreases GATAS3 binding
to the ER gene.3” Therefore we were interested to know if the blockage of GATA3 binding
by FOXC1 induces any changes in H3K9me3 marks across ERa promoter regions. We
confirmed that in FOXCZ1-overexpressing cells, H3K9me3 was highly enriched at promoters
A and D (Figure 3b), the two regions which were previously shown to be enriched with
histone modification.’ This result suggests that FOXC1 suppresses ERa. expression via the
induction of H3K9me3 enrichment at ERa promoters. In fact, the increase in H3K9me3
marks could be the consequence of an increased enrichment of the nucleosome population.
We excluded this possibility by showing via immunoblotting that FOXC1 overexpression
did not induce any changes on H3 protein level in MCF-7 cells (Supplementary Figure S4a).
Moreover, as expected, FOXC1 overexpression impaired the binding of KDM4B to enhancer
1 and promoter C (Figure 3c).

To decipher the mechanism of FOXC1-induced ERa inhibition in a more physiologically
relevant model, we examined the recruitment of FOXC1 and GATAS3 to the ERa gene in
BLBC cell lines. As presented in Figure 3d, FOXC1 knockout in BT549 cells significantly
reduced the interaction of FOXC1 and enhancer 1 of the ERa gene, and this in turn led to
the enhanced binding of GATAS to the similar binding site at enhancer 1. The weakened
interaction between FOXCL1 and enhancer 1 is associated with enrichment of RNA polll at
promoter A (Figure 3e) and decreased tri-methylation of H3K9 at promoter A and D (Figure
3f). These results suggest that FOXC1-driven ERa silencing is applicable to BLBC cells.

To provide additional evidence for FOXC1 inhibiting ERa, we performed immunoblotting
analysis to measure ERa. protein expression when the effect of FOXC1 is removed. We
showed that FOXC1 knockout moderately elevated GATA3 protein expression in BT549 cell
lines but has no effects on GATA3 expression in SUM149 cells (Supplementary Figure S4b).
However, FOXCL1 depletion could not restore ERa expression in either cell line
(Supplementary Figure S4b). Given that ER promoters are highly hypermethylated in BLBC
cell lines such as BT549,38 we treated the cells with 5-AZA, a DNA methyltransferase
inhibitor. As expected, we detected an increase in ERa mRNA when DNA methylation was
inhibited by 5-AZA in BT549 and SUM 149 cells, and the increase was more dramatic when
FOXC1 was depleted (Supplementary Figure S4c). Intriguingly, we were still unable to
detect any ERa protein in response to 5-AZA treatment in both vector and FOXC1-depleted
BT549 or SUM149 cells (Supplementary Figure S4d, top). We then considered the
possibility of ERa protein degradation.3? Indeed, combination of a proteosome inhibitor,
MG-132, and 5-AZA allowed detection of ERa expression (Supplementary Figure S4d,
bottom). The detected ERa. protein expression was higher in FOXC1-depleted BT549 cells
relative to vector control. Notably, no ERa protein expression was seen in SUM149 cells
under the same treatment condition as BT549 cells (data not shown). There may be an
unknown regulatory mechanism responsible for ERa silencing in SUM149 cells.

The forkhead domain (FHD) of FOXC1 is essential for the blockage of GATA3 binding to the
CREs of ERa

FOXC1 contains several known functional domains: N- and C-terminal trans-activation
domains (AD-1 and AD-2), a FHD, and a transcriptional inhibitory domain (1D).*° The FHD
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is a highly conserved DNA-binding domain and missense mutations in the FHD impair the
DNA binding ability of many FOX family proteins including FOXC1.4% In order to
determine if the FHD is crucial for the interaction between FOXC1 and the regulatory
regions of ERa, we constructed and transfected Myc-tagged truncated fragments of FOXC1
which contain AD1 alone (Construct #1), AD1 and FHD (Construct #2), or FHD alone
(Construct #3) into MCF-7 cells (Figure 4a). Quantitative RT-PCR and immunoblotting
showed that only the sequences containing an intact FHD such as full length FOXC1 and
Constructs #2 and #3 inhibited ERa expression at both mRNA (Figure 4b, left) and protein
levels (Figure 4c). In addition, only the full length FOXC1 retained the ability to inhibit
GATAZ3 (Figure 4b, right and Figure 4c). Because AD-1 alone was not detected in
immunoblotting (Figure 4c, left), we generated an AD-1-GFP fusion protein, Construct #1-
GFP (Figure 4c, right). Consistent with these findings, the ERE-luciferase reporter assays
indicated that the full length protein and Constructs #2 and #3 were able to repress ERa
transcriptional activity (Figure 4d). We further conducted a ChIP assay to determine if the
FHD alone is capable to compete with GATA3 for DNA binding. FHD overexpression
profoundly enhanced its interaction with both enhancer 1 and promoter C, and this
interaction also effectively prohibited GATA3 from binding to the same DNA regions
(Figure 4e). This result is in agreement with a previous study that the expression of the FHD
alone is sufficient to bind DNA in a sequence-specific manner.31 Collectively, our data show
that the FHD of FOXCL is sufficient for competition with GATA3 for DNA binding.

FOXC1-induced ERa silencing is associated with endocrine resistance in breast cancer

cells

In light of the above findings, we postulated that FOXCL1 alters the sensitivity of ERa-
positive breast cancer cells to estrogen or antiestrogen treatment. Cell proliferation assays
indicated that stable FOXC1-overexpression in MCF-7 cells considerably impeded both the
growth-stimulatory effect of B-estradiol (Figure 5a, left) and the growth-inhibitory effect of
tamoxifen (Figure 5a, right) and fulvestrant (Supplementary Figure S5a). These data suggest
that the downregulation of ERa by FOXC1 enables ERa.-positive cells to be less dependent
on B-estradiol and more resistant to antiestrogen treatment. Due to possibly ERa.-
independent tamoxifen toxicity,*2 we performed an apoptosis assay to measure the viable
cells (Annexin V and PI negative) in vector- and FOXC1-overexpressing MCF-7 cells when
treated with tamoxifen. The vector group treated with either vehicle or tamoxifen maintained
a similar proportion of viable cells (86.5%+2.8% vs. 85.9%+3.4%). Similar results were
observed in FOXC1-overexpressing MCF-7 cells treated with either vehicle or tamoxifen
(94.2%+1.2% vs. 92.4%+1.6%) (Supplementary Figure S5b). Thus the observed inhibition
of cell growth by tamoxifen was not due to reduced cell viability. We then generated /n
vitro-derived tamoxifen-resistant (TamR) MCF-7 cells and compared the expression of ERa,
FOXC1, and GATAS in the wild type (WT) and TamR MCF-7 cells. Both protein and
mRNA levels of ERa decreased while the levels of FOXC1 increased in TamR relative to
WT cells (Figure 5b). Consistent with a previous study,*3 we showed that the expression of
GATAS3 was moderately reduced in TamR relative to WT MCF-7 cells (Figure 5b).
Moreover, analysis of a publicly available microarray dataset** revealed that FOXC1 mRNA
expression in TamR cells was significantly higher relative to TamS cells in response to
different treatments (pB-estradiol and tamoxifen) targeting ER. However, no difference was
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found in GATA3 mRNA levels between the two groups (Supplementary Figure S5c¢). Given
the interplay between FOXC1, ERa, and GATA3, we lastly wanted to know if the proposed
inhibitory mechanism also involved in endocrine resistance. Similar to what we have
observed in MCF-7 and BT549 cells, the increased interaction between FOXC1 and
enhancer 1 was associated with reduced GATAS3 binding in TamR MCF-7 cells (Figure 5c).
Enhanced RNA polll recruitment at promoter A was detected (Figure 5d). In addition, less
KDM4B binding at enhancer 1 as well as elevated H3K9me marks at promoter A and D
were observed (Figure 5e and 5f). These results strongly indicate that the FOXC1-driven
ERa silencing is relevant in endocrine resistant breast cancer cell lines.

FOXC1 is associated with acquired endocrine resistance in breast cancers

To further strengthen the role of FOXC1 in endocrine resistance, we performed
immunohistochemistry staining of FOXC1 and GATAS3 in 10 relapsed breast cancers from
patients with primary ERa-positive tumors treated with tamoxifen. As illustrated in Figure
6a, FOXC1 was not detected in any of (0 of 4) the patients whose recurrent tumors retained
consistent ERa. expression, but was prevalent (67%, 4 of 6) in the patients whose recurrent
tumors expressed reduced or no ER. We observed GATAS3 labeling in 75% (3 of 4) of the
recurrent ER-reduced/negative but FOXC1-positive tumor samples. A previous study
showed that GATAS staining was found in all of the luminal loss metastases (Metastatic
tumors which completely lost ER and/or PR expression from the primary ER and/or PR-
positive luminal tumors.).34 Although the FOXC1 status of those luminal loss metastatic
tumors was not mentioned in the study, the presence of GATA3 in ER-negative tumor
suggests a possibility that the proposed ERa. inhibitory mechanism is involved in the triple-
negative or the recurrent ERa.-negative breast cancers. Importantly, strong and highly
prevalent FOXC1 staining was observed in the nuclei of tumor cells from recurrent ER-
negative or reduced tumors, whereas the staining in the recurrent ER-positive tumors was
undetectable (Figure 6b). Diffuse nuclear GATA3 staining was observed independent of
FOXCL1 or ERa expression (Figure 6b). These results demonstrate that FOXCL1 is associated
with acquired endocrine resistance in human ER-positive breast cancer.

DISCUSSION

In this study, we have revealed a novel FOXC1-mediated signaling pathway responsible for
ERa silencing in breast cancer. We show that expression of FOXC1, a transcription factor
essential for mesoderm tissue development in vertebrates*%: 41 and a marker for BLBC,14
inhibits ERa expression and activity by interfering with GATA3 binding to the CREs of
ERa. Moreover, overexpression of FOXC1 blocks the interaction between GATA3 and the
CREs of ERa gene, mitigates the recruitment of Pol 11, increases the histone methylation at
ERa promoters, and thereby suppresses ERa. expression and transcriptional activity (Figure
6¢).

We suspect that FOXC1-DNA binding leads to the modification of chromatin structure. In
fact, we demonstrate that FOXC1 interacts with the CREs of the ERa gene via the FHD,
which is known to bend DNA at an angle of ~94° upon binding.*> GATA3 positively
regulates ERa by shaping ERa enhancer accessibility.# In other words, GATAS3 binding to
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the ERa enhancer region regulates downstream ERa. promoter activity via long-range
enhancer-promoter interactions.3% 36 Given our result, it is possible that the recruitment of
FOXC1/GATA3 to enhancer 1 and promoter C induces DNA conformational changes that
affect the accessibility of RNA polll, H3K9me3, and KDM4B to promoter A and D.
Interestingly, although the FHD alone is enough to repress ERa, the full length FOXC1 is
most effective in regulating ERa than the truncated forms. This can be attributed to the
finding that both the N-terminal (AD-1) and C-terminal (AD-2) transcriptional activation
domains are required for full activity of FOXC1.40 Whether the ID can interact with other
nuclear proteins to modulate FOXC1 activity remains to be determined. The inhibitory
domain (ID) is located at the central region of FOXC1 protein and is able to reduce the
trans-activation potential of AD-2.40 To our knowledge, the role of ID and AD2 in the
repression of other genes has not been revealed. Of note, we have recently demonstrated that
FOXCL1 induces Gli2 DNA binding by directly interacting with Gli2 via the AD1 domain of
FOXC1.25

Multiple studies have already suggested the connection between ERa and FOX family
proteins. FOXA1 opens up chromatin structure and facilitates ERa.-chromatin interactions®
and is necessary for ERa expression.*’” FOXO3A and FOXM1 interact with the ERa
promoter and transcriptionally activate ERa..28: 27 Eeckhoute and colleagues have identified
a positive cross-regulatory loop between GATA3 and ERa in which ERa also
transcriptionally activates GATA3.” Therefore, the dropped expression level of GATA3
might also be caused by the repression of ERa.. We do not identify any consensus sequence
of other ERa regulators, i.e. FOXA1, near the three FOXC1 sites. However, FOXC1 may
also interact with other regulatory molecules at regions that were not tested in this study. It is
worth mentioning that we observed an increase of FOXO1 protein level in FOXC1-
overexpressing cells, which is consistent with a previous report that FOXC1 transcriptionally
activates FOXO1 in response to cellular stress in eyes.8

GATA3 and KDM4B are found to function as part of the same transcriptional regulatory
complex to upregulate ERa..3” Hence we believe FOXC1 interferes with GATA3 binding
and thereby decreases the recruitment of KDM4B-GATA3 complex to the regulatory regions
of ERa gene. All these events will lead to enrichment of H3K9me3 marks and decreased
ERa expression in FOXC1-overexpressing MCF-7 cells. However, we were not able to
detect any KDM4B protein expression or KDM4B recruitment to ERa promoters in BT549
cells (data not shown). A recent study claimed that the amplification and overexpression of
KDM family proteins KDM4A, C, and D are more prevalent in BLBC, while KDM4B
overexpression is more predominant in luminal breast cancer.#® Therefore it is possible that
KDM4B is a regulator of ERa signaling in luminal breast cancer while other KDM
subfamily proteins are involved ERa regulation in BLBC. In fact, the FOXC1-induced
enrichment of H3K9me3 could be GATA3 irrelevant. FOXC1 might form an /n vivo protein
complex with histone methyltransferase and incorporate the enzyme into the interaction with
ERa promoters. It is also possible that the changed DNA conformation upon FOXC1
binding renders ERa promoters more accessible to histone methyltrasferase.

Interestingly, we show that increased FOXC1 expression attenuates the response of ER-
positive breast cancer cells to estrogen and tamoxifen treatment. In addition, FOXCL1 is
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prevalent in patients whose relapsed tumors have reduced or lost ER expression. Considering
the importance of ER in endocrine therapy, our results shed light on a possible explanation
for the altered receptor status in patients with relapsed tumors and acquired resistance.11
This study warrants further investigation of FOXCL1 in endocrine resistance using a larger
sample set. In conclusion, this study offers new mechanistic insight into ERa regulation
during breast cancer progression and implicates targeting FOXC1 as a potential therapeutic
strategy for the treatment of endocrine-resistant and recurrent breast cancer.

MATERIALS AND METHODS

Cell culture and chemicals

Human breast cancer cell lines used in this study were purchased from American Type
Culture Collection. The authenticity of the MCF-7, BT549, and SUM149 cell lines was
confirmed using the Short Tandem Repeat (STR) method (Laragen Inc., Culver City, CA)
and tested for mycoplasma contamination. Tamoxifen resistant cell lines (TamR) were
generated by chronic exposure (more than 10 months) of MCF-7 cells to increasing
concentrations of tamoxifen (up to 10 uM in ethanol) in routine cell culture. 5-Aza-2’-
deoxycytidine (5-AZA, 20 uM), 17p-estradiol (10 nM), tamoxifen (1 uM), and fulvestrant
were obtained from Sigma Aldrich (St. Louis, MO).

Statistical Analysis

Results represent mean + s.d. of three independent experiments. Statistically analyses were
performed with unpaired two-tailed t test for /n vitro studies (****, P < 0.0001; ***, P <
0.001; **, P < 0.01; and *, P < 0.05). P-value <0.05 was considered as significant. The bar
graphs were plotted by Prism GraphPad software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FOXCl1linhibits ERa expression and transcriptional activity
Luminal breast cancer cell lines MCF-7, T47D, and ZR75 were transfected with vector or

FOXC1. (a) mRNA levels of ERa (ESR1) (left) and ERP (ESR2) (right) were measured by
gRT-PCR. (b) Protein levels of ERa and PR were analyzed by immunoblotting. Actin was
used as a loading control. (¢) MCF-7 and T47D cells were transiently cotransfected with
ERE-luc, vector, or FOXC1 construct. Luciferase signals were detected. (d) MCF-7 cells
were transfected with vector or FOXC1, and ChIP assays using anti-ERa antibodies
followed by qPCR were performed to measure the binding between ERa and ERE. (e)
mRNA expression of RARa, PR, GREB-1, XBP-1, TFF-1, and NRIP-1 were analyzed by
gRT-PCR in MCF-7 cells with FOXC1 overexpression. (f) The protein expression of ERa
regulators was assessed in FOXC1-overexpressing MCF-7 cells. **** P<0.0001; ***,
P<0.001; **, P<0.01; *, P<0.05.
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Figure 2. FOXC1 and GATA3 interact with CREs upstream of the ERa gene
() A schematic picture described the ERa genomic sequence containing the FOXC1 and

GATAS binding sites. The transcription start site was indicated as +1. Colored blocks,
localization of regions targeted by gRT-PCR primers used to analyze ChIP assays. GATA3
(bold red) and FOXC1 (bold blue) and overlapped (bold purple) consensus sequences in
enhancer 1, promoters B and C were marked. All FOXCL1 binding sites and GATAS3 binding
site at promoter B were predicted by JASPAR program. GATA3 binding sites at enhancer 1,
2, and promoter C were as published.”- 33 (b) MCF-7 cells were stably transfected with
FOXCL or vector, the binding of FOXC1 and GATA3 to the enhancer 1, promoters B and C
were measured by ChIP assays. Normal 1gG was used as a negative control. The ratio of
binding signal to input was compared. (c) The sequences of the biotinylated oligonucleotide
probes at ERa enhancer and promoter C are underlined. (d) Total nuclear protein from
vector or FOXC1-overexpressing MCF-7 cells were extracted and incubated with the biotin-
labeled probes. The protein bound DNA probes were precipitated and detected with anti-
FOXC1 or anti-GATAS3 antibodies. ***, P<0.001; **, P<0.01; *, P<0.05.
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Figure 3. Recruitment of RNA polll, H3K9me3, and KDM 4B to the ERa gene
MCF-7 cells were transfected with FOXCL1 or vector and ChIP assays were performed. (2)

Recruitment of (a) RNA polll, (b) H3K9me3, and (c) KDM4B to different regulatory
regions of ERa was measured by gPCR. BT549 cells with vector or FOXC1 knockout were
subjected to ChIP-qPCR analysis. Bindings of (d) FOXC1 and GATAS3, (e) RNA polll, and
(f) H3K9me3 were compared. ****, P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05.
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Figure 4. FOXCl interacts with the CREs of the ERa genevia FHD
(a) A structural diagram represents the domains of the full length (FL) and truncated

fragments of FOXC1. MCF-7 cells were transfected with vector, FL, or truncated fragments:
(b) MRNA and (c) protein expression of ERa and GATA3 was measured. Anti-Myc or anti-
GFP antibodies were used to detect the expression of the constructs. (d) MCF-7 was
transfected with an ERE-driven-luc reporter with vector or FOXCL1 constructs. The DNA
binding capacity of ERa was determined by luciferase assays. (e) Cell lysates from MCF-7
transfected with vector or Construct #3 were obtained and subjected to ChIP analysis. Anti-
Myc and anti-GATA3 antibodies were used to measure the binding signals. ****, P<0.0001;
*** P<0.001; *, P<0.05.
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Figure5. FOXC1lin endocrineresistant breast cancer cells
(a) MCF-7 cells stably transfected with vector or FOXC1 were cultured in phenol red-free

DMEM containing 5% dextran-coated charcoal stripped serum (DCC-serum) for 24 hours
and then treated with 10 nM estradiol (left) or 1 uM tamoxifen (right) for 4 days. Cell
proliferation was measured by MTT assays. (b) TamR MCF-7 cells were generated as
described in the Materials and Methods. The mMRNA expression of ERa (first panel),
FOXC1 (second panel), and GATAS3 (third panel) as well as the protein expression (fourth
panel) was compared by gRT-PCR or immunoblotting. In WT and TamR MCF-7 cells, the
bindings of (c, left) FOXC1, (c, right) GATA3, (d) RNA polll, (¢) H3K9me3, and (f)
KDM4B to the regulatory regions of ERa were subjected to ChIP-qPCR analysis. ****,
P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05.
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Figure 6. ERa, FOXC1, and GATA3 expression in recurrent endocrine resistant breast cancers
(@) A summary of ERa, FOXC1, and GATA3 immunohistochemistry results in primary and

recurrent human breast cancer. Three cut-off values of the H-score were used to define
FOXCL1 status in recurrent tumors. —, <20; +, 20-100; ++, 101-200; +++, >200. (b) Sections
of recurrent ER-positive (left) and ER-negative (right) tumor were stained with anti-FOXC1
or anti-GATAS antibodies. High-magnification (x400) images of representative staining
were shown. (c) A schematic diagram illustrates the suppression of ERa by FOXC1 in
breast cancer. Left, in FOXC1-low breast cancer, the interaction between GATAS3 protein
and the ERa gene facilitates a series of transcriptional events, such as recruitment of Pol II,
that lead to the transcription of ERa. Right, in FOXC1-high breast cancer, FOXC1 blocks
GATAZ3 from binding to the shared regions in the CREs of ERa. gene, therefore prohibiting
Pol 1l recruitment and increasing histone methylation that together result in less transcription
of ERa..
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