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SUMMARY

Mutations in the pioneer transcription factor FOXA1 are a hallmark of estrogen receptor-positive 

(ER+) breast cancers. Examining FOXA1 in ~5,000 breast cancer patients identifies several 

hotspot mutations in the Wing2 region and a breast cancer-specific mutation SY242CS, located in 

the third β strand. Using a clinico-genomically curated cohort, together with breast cancer models, 

we find that FOXA1 mutations associate with a lower response to aromatase inhibitors. 

Mechanistically, Wing2 mutations display increased chromatin binding at ER loci upon estrogen 

stimulation, and an enhanced ER-mediated transcription without changes in chromatin 

accessibility. In contrast, SY242CS shows neomorphic properties that include the ability to open 

distinct chromatin regions and activate an alternative cistrome and transcriptome. Structural 

modeling predicts that SY242CS confers a conformational change that mediates stable binding to 

a non-canonical DNA motif. Taken together, our results provide insights into how FOXA1 
mutations perturb its function to dictate cancer progression and therapeutic response.

Graphical Abstract
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In Brief

Arruabarrena-Aristorena et al. determine that mutations in the pioneer transcription factor FOXA1 

lower the therapeutic response to aromatase inhibitors in ER+ breast cancer. Mechanistically, two 

phenotypic groups are established: hypermorphic Wing2 mutants that augment estrogen response, 

and a neomorphic SY242CS mutant that promotes an alternative pioneering, and cistromic and 

transcriptomic function.

INTRODUCTION

Breast cancer is classified into transcriptionally distinct subtypes driven by the expression of 

estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 

receptor 2 (HER2+) (Perou et al., 2000; Sorlie et al., 2001). In ~70% of breast cancers, ER is 

expressed and functions as a transcription factor that regulates cell growth and tumor 

progression.

Multiple sequencing initiatives reveal the landscape of genomic alterations in breast cancer 

(Banerji et al., 2012; Bertucci et al., 2019; Ciriello et al., 2015; Ellis et al., 2012; Nik-Zainal 

et al., 2016; Pereira et al., 2016; Razavi et al., 2018; Shah et al., 2012; Stephens et al., 2012; 

TCGA, 2012). These comprehensive studies associate specific gene alterations with the 

different breast cancer subtypes. Examples are the enrichment of PIK3CA mutations in ER-

positive (ER+), ERBB2 amplification in HER2+, and TP53 mutations and PTEN loss in 

triple-negative breast cancers (TCGA, 2012). FOXA1 is also frequently mutated in ER+ 

breast cancer (Razavi et al., 2018; Ciriello et al., 2015; Myatt and Lam, 2007).
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FOXA1 is described as a pioneer factor that binds to condensed chromatin allowing the 

recruitment of other transcription factors to the DNA (Cirillo et al., 1998; Iwafuchi-Doi et 

al., 2016). Due to structural similarity with the linker histone H1, FOXA1 can displace 

linker histones to maintain enhancer nucleosomes accessible for other transcription factors 

to bind (Iwafuchi-Doi et al., 2016). As such, FOXA1 reprograms ER recruitment at cis-

regulatory elements affecting cell growth and response to endocrine therapies or 

phosphoinositide 3-kinase (PI3K) inhibitors (Carroll et al., 2005; Fu et al., 2016; Hurtado et 

al., 2011; Ross-Innes et al., 2012; Toska et al., 2017, 2019). Although FOXA1 is known to 

be essential for the majority of ER binding events in breast cancer, the functional 

consequences of FOXA1 mutations and whether they affect breast cancer progression and 

therapeutic response to endocrine therapy is currently unknown. Here, we have undertaken a 

comprehensive approach to investigate genome-wide chromatin recruitment, chromatin 

accessibility, and transcriptional network in breast cancer models harboring recurrent 

FOXA1 mutations. We also used an expanded metastatic breast cancer cohort (n = 6,136 

tumors), together with in vitro and in vivo breast models, to study the functional outcome of 

these alterations in breast cancer growth and therapy response.

RESULTS

FOXA1 Missense Mutations Were Enriched in Metastatic Tumors and Associated with 
Worse Outcome to Aromatase Inhibitors

We first studied the prevalence of FOXA1 mutations in breast cancer using a cohort from 

our institution (n = 4,952, at the time of analysis, www.cbioportal.org), in which genomic 

alteration data on >400 cancer-associated genes were identified using the Food and Drug 

Administration-approved Memorial Sloan Kettering-integrated mutation profiling of 

actionable cancer targets (MSK-IMPACT) platform (Cheng et al., 2015). FOXA1 mutations 

occurred at a frequency of 4.18% in all patients and 4.88% in metastatic tumors (Figure 1A). 

Most of these mutations were localized at the C-terminal forkhead domain (FKHD) (Figure 

1B), which is composed of three α helices (H1–3), three β strands, and two loops (‘‘Wing1’’ 

and ‘‘Wing2,’’ Figure 1C). Functional dependence between FOXA1 and ER (Carroll et al., 

2005; Hurtado et al., 2011; Toska et al., 2017) prompted us to focus on ER+ samples. Using 

a curated cohort of 1,918 tumors from 1,756 breast cancer patients with detailed clinical 

annotation, including receptor status, therapy history, and genomic alteration data from 

MSK-IMPACT (Razavi et al., 2018; Zehir et al., 2017), we confirmed that FOXA1 
mutations were found to be enriched at the Wing2 subdomain (residues 247–269, Figures 

1D, S1A, and S1B), consistent with previous reports (Bertucci et al., 2019; Ciriello et al., 

2015; Nik-Zainal et al., 2016). Analysis from The Cancer Genome Atlas (TCGA, PanCancer 

Atlas [Hoadley et al., 2018]), a cohort almost exclusively comprised of primary breast 

cancer samples, revealed a lower frequency of FOXA1 mutations, with a higher proportion 

of lesions occurring at the H1 helix (Figures S1C–S1E).

The co-occurrence of FOXA1 mutations with other prevalent alterations in breast cancer-

related genes (e.g., PIK3CA, AKT1, or ARID1A) was as reported previously (Ciriello et al., 

2015) (Figures 1E, S1F, and S1G). However, 35% of the FOXA1-mutated samples showed a 

significant concomitant mutation in CDH1, a hallmark of invasive lobular breast cancer 
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(Ciriello et al., 2015; Lee et al., 2019). This was in contrast with the 17%–19% prevalence of 

CDH1 mutations in ER+ breast cancer (Figures 1E, S1F, and S1G) (Razavi et al., 2018). 

Hotspot mutations in PIK3CA, the catalytical subunit of PI3K were also significantly 

enriched in the FOXA1-altered cases, consistent with the enrichment of these alterations in 

luminal A breast cancer (TCGA, 2012). Among the different FOXA1 alterations, missense 

substitutions were the most prevalent (Figure 1F, green and yellow). FOXA1 hotspot 

mutations were more common in metastatic ER+ than in primary ER+ breast cancers (p = 

0.013) (Figures 1F, yellow), and mutually exclusive with mutations in ESR1 (coding for ER, 

Figures 1E, S1F, and S1G), well-known drivers of endocrine therapy resistance (Jeselsohn et 

al., 2018; Merenbakh-Lamin et al., 2013; Toy et al., 2013).

Given the mutual exclusivity between FOXA1 hotspot and ESR1 mutations, we next studied 

whether the presence of FOXA1 mutations in breast cancers would be associated with 

clinical outcome after anti-estrogen therapy. Our analysis included all the patients with 

FOXA1 mutations in the MSK-IMPACT clinical series (n = 6,136 tumors, data lock 

3/20/2020), in which we performed a full clinical annotation of all the tumors with FOXA1 
missense mutations and filtered the patients treated with single-agent endocrine therapy. Our 

analysis included 17 eligible patients with metastatic breast cancers whose tumors harbored 

missense FOXA1 mutations in the tumor samples collected before the start of an aromatase 

inhibitor (AI) treatment and 287 metastatic breast cancer with pretreatment FOXA1 wild-

type (WT) tumors as controls. Those patients harboring FOXA1 missense mutations 

presented a significantly shorter progression-free survival (PFS) than patients with WT 

FOXA1 (median PFS for mutant: 4.6m, 95% CI, 3.65; NR versus WT, 12.2; 95% CI, 10.20, 

14.9; log rank p = 0.005) (Figure 1G). These results were statistically significant in the 

multivariate analysis adjusted for the line of therapy, sample type, tumor mutational burden, 

and fraction of genome altered (hazard ratio = 2.017; 95% CI, 1.072, 3.794; p = 0.0295) 

(Figure 1G), as well as in the models excluding the ESR1 mutant tumors (log rank p = 

0.006, adjusted p = 0.0400) (Figure S1H; Table S1). The relatively small sample size of 

patients bearing FOXA1 mutations treated with selective ER degraders precluded survival 

analyses. Altogether, these data suggest that FOXA1 mutations are associated with a lower 

response to AIs.

FOXA1 Wing2 Mutations Provided a Growth Advantage under Estrogen Deprivation

To characterize the functional role of somatic FOXA1 mutations in breast cancer, we first 

investigated their intrinsic transcriptional activity. We focused on missense mutations 

occurring in the C terminus of the FKHD because of their relatively high frequency among 

patients with breast cancer and predicted functional outcome (www.cbioportal.org) (Figures 

1B, S1B, and S1D). Among most recurrent alterations, the following mutations 

encompassing distinct subdomains of the C-terminal forkhead (FKH) were selected for 

study: Y175C and I176V in Helix1 (H1); D226N and C227R in between Helix3 (H3) and β 
strand2 (S2); SY242CS in β strand3 (S3); and H247Y, S250F, M253K, R262H, and F266L 

in Wing2. Expression of the FOXA1 mutants together with a FOXA1 reporter construct in 

HEK293T cells resulted in increased transcriptional activity of the mutants localized in 

between H3 and S2, and at Wing2, while Y175C and SY242CS showed a 20% and 50% 

decreased reporter activity, respectively (Figure S2A). We next performed atomistic 
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molecular dynamics simulations to explore the effects of FOXA1 mutations on their 

interaction with DNA. While most mutations retained canonical interactions between WT 

FOXA1 and DNA, several mutations conferred structural alterations (Figures 2A and S2B). 

S250F and F266L adopted a stable α helix and a more ordered conformation compared with 

WT FOXA1, respectively. Conversely, the mutation SY242CS caused a loss in H bond 

interactions of residue S242 (carbonyl side chain) with DNA (the backbone). Mutations 

predicted to enhance DNA interactions (D226N, C227R, and M235K) or structural order 

(S250F and F266L) resulted in improved binding to DNA (negative ∆∆G), whereas the 

SY242CS mutation was predicted to lose interactions with the DNA and showed reduced 

binding (positive ∆∆G) (Figure S2C).

To investigate the biological consequences of FOXA1 mutations on the growth of ER+ 

breast cancer, we generated MCF7 ER+ breast cancer cell lines expressing similar levels of 

V5-tagged FOXA1 variants and controls (Figure 2B). As no functional differences were 

observed between tagged WT and non-tagged WT, for all the experiments we compared our 

FOXA1 mutants with WT-V5 referred to herein as WT. When subjected to two-dimensional 

growth assays, no changes in growth were detected among the different mutants in full 

medium conditions (Figure 2C, left panel). However, when cells were grown under estrogen-

deprived conditions, several FOXA1 mutants showed a growth advantage as compared with 

WT FOXA1 control cells (Figure 2C, right panel). Specifically, mutations in the Wing2 

conferred the highest gain in proliferative capacity in the absence of estrogen. These results 

were corroborated by performing low-density experiments measuring foci number and foci 

area in MCF7 and T47D cells harboring most recurrent FOXA1 mutations (Figures 2D, 2E, 

and S2D), and anchorage-independent (Figure 2F) growth assays in MCF7 cells. Moreover, 

growth advantage of SY242CS and F266L under ‘‘estrogen low’’ conditions was further 

observed in vivo, where xenografts expressing these mutants continued to grow after the 

estrogen pellets were removed from the mice, reverting estrogen levels in serum to basal 

condition (Figures 2G, right panel, and S2E and S2F). Of note, SY242CS also showed a 

mild growth advantage in the presence of the estrogen pellet (Figure 2G, left panel). To 

broaden our characterization of FOXA1 mutations’ sensitivity to other endocrine therapies, 

we also performed in vitro growth assays in the mutant-FOXA1-expressing MCF7 cell lines 

upon tamoxifen or fulvestrant treatment. FOXA1 mutants showed equal sensitivity to 

tamoxifen or fulvestrant treatment in comparison with WT FOXA1 (Figures S2G and S2H). 

Thus, our data suggest that FOXA1 mutants mediate resistance to AIs but not to fulvestrant 

or tamoxifen.

FOXA1 Wing2 Mutations Induced an Enhanced Estrogen Response through Increased 
Occupancy at ER Loci

FOXA1 can interactwith compacted chromatin (Iwafuchi-Doi et al., 2016; TCGA, 2012; 

Zaret and Carroll, 2011) and reprogram binding of cooperating factors, such as ER, in breast 

cancer (Carroll et al., 2005). To define the role of FOXA1 mutations on genome-wide 

chromatin binding, we performed chromatin immunoprecipitation sequencing (ChIP-seq) 

studies in MCF7 ER+ breast cancer cells engineered to express FOXA1 genetic alterations. 

Based on the frequency and functional outcome (Figures 1 and 2), we selected four 

mutations: the three most recurrent in Wing2 (H247Y, S250F, and F266L) and one outside 

Arruabarrena-Aristorena et al. Page 6

Cancer Cell. Author manuscript; available in PMC 2021 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wing2 affecting a DNA-contact residue (SY242CS; Ciriello et al., 2015). To determine 

whether FOXA1 mutations affect the ER-FOXA1 shared cistrome, we performed ChIP-seq 

under estrogen-depleted condition (DMSO), upon estrogen (E2) induction and in full 

medium (FM). Although all samples showed similar genomic feature distribution (Figure 

S3A), upon estrogen stimulation the Wing2 mutant FOXA1 exhibited a substantially 

stronger binding in comparison with WT FOXA1. In contrast, SY242CS FOXA1 showed 

the highest number of differential peaks compared with WT FOXA1 in FM condition 

(Figure S3B). To delineate the cistromic alterations driven by these mutations, dynamic 

peaks were analyzed by unsupervised clustering analysis. We obtained a total atlas of 59,620 

peaks, with 15,819 dynamic peaks distributed in seven clusters and showing similar genomic 

distribution (~35% intergenic, ~50% intronic, 4% exon, ~2% UTR, and ~8% promoter 

regions) (Figures 3A and 3B). k-means clustering analysis of our ChIP-seq data highlighted 

an estrogen-responsive group of peaks, covering 13.24% of the total dynamic peaks (cluster 

6; Figure 3C). To dissect each of the clusters, we performed homer de novo motif analysis 

(Heinz et al., 2010). While most clusters displayed a significant enrichment for the FOXA1-

binding motif (FKH), cluster 6 revealed ‘‘nuclear receptor’’ as the top significant enriched 

motif across FOXA1 mutant sites, in particular those sites found affecting the Wing2 domain 

(Figures 3D and S3C), suggestive of increased binding of the Wing2 mutants to ER loci. 

Indeed, closer examination of estrogen-induced peaks from cluster 6 showed a clear increase 

in binding affinity for Wing2 domain mutants (H247Y, S250F, and F266L) upon estrogen 

stimulation as compared with WT FOXA1 cells (Figures 3E and S3D). To validate the 

specificity of our ChIP-seq peaks, we used publicly available ChIP-seq datasets from the 

Encyclopedia of DNA elements (ENCODE; Davis et al., 2018) and the Gene Expression 

Omnibus (Edgar et al., 2002) repository. Integration of public FOXA1 ChIP-seq data with 

our dataset confirmed that our peaks were FOXA1 specific. Similarly, public ER ChIP-seq 

data verified high overlap (~90%) of ER genome-wide occupancy with cluster 6 of FOXA1 

mutant sites (Figures 3F and 3G). Consistent with this observation, Wing2 FOXA1 mutants 

showed increased binding upon E2 induction at canonical ER target genes, namely TFF1 
and IGFBP4 (Figure 3H). These findings were further validated by integrating the public ER 

ChIP-seq data and ChIP-seq cluster 6 peaks for each FOXA1 variant (Figure S3E), where 

69% of estrogen-induced peaks in cluster 6 overlapped with ER sites (Figure S3F). Of note, 

peaks of FOXA1 mutation SY242CS at cluster 6 displayed a similar but markedly attenuated 

phenotype.

FOXA1 Wing2 Mutations Induced an Enhanced Estrogen Response

To elucidate the transcriptomic impact of the specific cistromic changes driven by the 

FOXA1 alterations, we performed RNA sequencing (RNA-seq) of the cells expressing the 

different mutants. Overall, k-mean-based clustering showed a preserved E2-dependent 

transcriptional program for Wing2 mutations as compared with WT FOXA1, as noticeable 

in RNA-seq cluster 3 (Figure S4A). In line with the cistromic changes observed, gene set 

enrichment analysis (GSEA) identified estrogen response as a consistently enriched pathway 

in the three Wing2 variants (normalized enrichment score: H247Y = 2.8, S250F = 3.02, and 

F266L = 2.74; all p adjusted values < 0.01) compared with WT FOXA1 (Figures 4A, S4A, 

and S4B). These data were consistent with increased genome-wide occupancy of FOXA1 

mutants at ER binding sites leading to an enhanced estrogen response, suggesting the 
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presence and dependence of a functional ER complex in cells bearing Wing2 mutant 

FOXA1. To address this, we treated the FOXA1 mutant cells with the ER degrader 

fulvestrant and investigated the expression levels of canonical ER target genes (Figures S4C 

and S4D). The expression of ER targets, such as PGR, TFF1, GREB1, or IGFBP4 was 

abrogated upon fulvestrant treatment in the FOXA1 mutant MCF7 cells confirming their 

dependence on ER.

Given the well-established association between FOXA1 and ER (Carroll et al., 2005; Fu et 

al., 2016; Hurtado et al., 2011; Ross-Innes et al., 2012; Toska et al., 2017, 2019) and that 

FOXA1 hotspot mutations are mutually exclusive with ESR1 mutations (Figure 1E), we 

compared the transcriptomic and cistromic profiles of FOXA1 mutants with those of ESR1 
mutants performed in MCF7 cells (Jeselsohn et al., 2018). We built a gene signature for each 

ESR1 mutation (Y537S, Y537N, and D538G) versus WT ESR1 in all three media namely, 

hormone-depleted (HD), hormone-depleted plus estrogen (HD + E2), and FM and 

overlapped the signatures with the FOXA1 mutation gene signatures compared with WT 

FOXA1. Notably, we observed that the majority of ESR1 mutant gene signatures 

significantly overlapped and were positively associated with the Wing2 mutant (F266L, 

S250F, and H247Y) gene signatures (Figure 4B and S4E). These data highlighted the fact 

that Wing2 FOXA1 mutants functionally regulated the transcriptome of similar genes to 

those controlled by ESR1 mutants, involved in ER-dependent transcription and endocrine 

therapy-resistant phenotype (Jeselsohn et al., 2018).

We next overlapped the cistromic data of our FOXA1 mutants and a representative ESR1 
mutant, Y537S, together with WT ESR1 (Jeselsohn et al., 2018). We confirmed that the WT 

ESR1 bound most strongly at FOXA1 cluster 6 (Figure 4C) in line with our previous data 

(Figure 3F). Importantly, we observed that the ESR1 mutant Y537S cistrome in hormone-

deprived medium or upon E2 showed marked binding at cluster 6 of FOXA1 mutant sites. 

Specifically, over 90% of FOXA1 mutant binding at cluster 6 overlapped with Y537S ER 

mutant binding (Figure 4D). These data demonstrated increased genome-wide occupancy of 

FOXA1 mutants at ER mutant binding sites, which is consistent with the overlapped 

transcriptomic signatures. To further isolate the mutant FOXA1 binding sites from 

endogenous FOXA1, we also performed V5 ChIP-seq for WT FOXA1 and F266L FOXA1 

in DMSO or E2 settings. V5 ChIP-seq validated F266L-FOXA1 enhanced binding upon E2 

compared with WT FOXA1 with FKH and nuclear receptor enriched motifs in these sites 

(Figures 4E and 4F). These peaks also showed high overlap with FOXA1 ChIP-seq cluster 6 

(Figure 4G). Altogether our findings suggest that activation of estrogen response is a 

potential mechanism of resistance to endocrine therapy driven by Wing2 FOXA1 mutations.

FOXA1 SY242CS-Driven Conformational Changes Led to a Non-canonical DNA Binding 
Motif, Cistrome, and Transcriptome

ChIP-seq unsupervised clustering analysis also revealed a pronounced SY242CS-specific 

group of dynamic peaks in cluster 4 (Figure 3B), which accounted for nearly a quarter 

(23.17%) of total dynamic peaks (Figure 3C), and cluster 3 with diminished binding affinity 

for FOXA1 SY242CS (Figure S4A). Cluster 4 represented a distinct SY242CS-specific 

cistrome with thousands of new binding sites gained by SY242CS as compared with WT 
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FOXA1, regardless of estrogen stimulation (Figure 5A), suggesting that this mutation might 

exhibit preference for alternative chromatin binding sites. Homer de novo motif analysis 

(Heinz et al., 2010) of ChIP-seq cluster 4 demonstrated enrichment for an alternative motif 

(TTTA/GTTTA/G, Figure 3D). We identified 3,663 dynamic peaks for SY242CS FOXA1, 

which were observable at the gene level as well, as exemplified by EFEMP1 and FST genes 

(Figures 5B and S5B).

To determine the specificity and the activity of this motif, we also engineered a luciferase 

reporter containing the new TTTATTTA motif represented six times in tandem and a non-

binding control (TTTATGTA). Among all variants tested (WT and F266L as controls), the 

SY242CS mutant was the only one to significantly induce transcription mediated by the 

specific motif (Figure 5C). As expected, the transcriptional reporter activity was abrogated 

when the motif was mutated. Structural modeling of the binding of WT or SY242CS 

FOXA1 to the new motif TTTATTTA suggested that SY242CS underwent conformational 

changes not seen for WT FOXA1, which may result in changed DNA binding and/or 

differential interactions with cofactors. In our model, K240 interacts closely with the 

thymines from the new DNA motif (Figure 5D). In contrast, no interaction between K240 

from the WT FOXA1 and the TTTATTTA region of DNA was observed. Calculation of 

binding energies to FKH or SY242CS motif showed favorable energy expenditure (negative 

∆∆G) toward the SY242CS-specific motif for the SY242CS mutant (Figure S5C). In 

addition, energy expenditure of mutation K240A or K240D of SY242CS mutant showed a 

marked increase in the energy required (positive ∆∆G) to bind to the SY242CS motif, 

suggesting that the conformational change in K240 conferred by SY242CS mutant might 

induce a preference toward the TTTATTTA motif (Figure S5D).

Quantification of all the ChIP-seq peaks that displayed the SY242CS motif at the chromatin 

context demonstrated that this motif was significantly enriched in SY242CS-expressing cells 

in comparison with WT FOXA1 (Figures S5E and S5F). To assess whether SY242CS 

mutant protein in isolation preferentially targeted the SY242CS motif in vitro we performed 

electro-phoretic mobility shift assay (EMSA). We found that both WT and SY242CS bound 

the consensus FKH motif with nanomolar affinity demonstrating that the mutations did not 

obstruct DNA binding per se (Figures S5G and S5H). To evaluate whether FOXA1 or 

SY242CS exhibit altered preferences for DNA, we simultaneously incubated the proteins 

with Cy5-labeled FKH consensus and Cy3-labeled SY242CS probes and quantified the 

relative retardation of the two probes. We found that both protein variants were able to bind 

the SY242CS DNA element but retained an overall preference for the canonical FKH DNA 

(Figures S5I and S5J). These data may suggest a unique function of SY242CS in vivo and in 

the chromatin context, a phenomenon previously stated as ‘‘latent differences’’ where 

cofactor binding and the chromatin landscape in vivo evoke differences in DNA binding 

specificity as it has been observed for homeobox and paired box transcription factors (TFs) 

(Hu et al., 2017; Jolma et al., 2015; Slattery et al., 2011).

Next, we assessed the impact of FOXA1 SY242CS-specific cistrome on gene expression 

through RNA-seq analysis. K-means clustering of the RNA-seq dataset revealed a group of 

genes (cluster 4) that were markedly overexpressed in SY242CS FOXA1 MCF7 cells in all 

three media, suggestive of a SY242CS-specific transcriptome (Figure S4A). GSEA 
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identified cholesterol and adipogenesis gene signatures enriched in the three different media 

conditions for the SY242CS mutant (Figure S5K and Table S2). SY242CS mutant also 

displayed cell proliferation signatures, such as mTORC1 signaling, MYC targets, G2M 

checkpoint, and E2F targets (Figure S5K), in accordance with the growth advantage shown 

by this mutant compared with WT or other FOXA1 mutants. In contrast to Wing2 mutants, 

SY242CS did not display a significant enrichment of estrogen response or epithelial to 

mesenchymal transition (Figure S5K).

As performed with the Wing2 mutants, we also compared the transcriptomic profiles of 

FOXA1 SY242CS with those of ESR1 mutant gene signatures in MCF7 cells (Jeselsohn et 

al., 2018).

In contrast to the positive enrichment of ESR1 mutants with the Wing2 FOXA1 mutations, 

the transcriptomic signature of the FOXA1 SY242CS mutant displayed a negative 

association with the majority of ESR1 mutant signatures in all three media (Figure 5E). 

These data suggest that the SY242CS mutant regulates the expression of unique genes in 

comparison with the Wing2 mutants.

To further elucidate the outcome of FOXA1 mutations on the growth of primary breast cells, 

we introduced WT, the Wing2 FOXA1 mutants, and the SY242CS variant using 

doxycycline-inducible lentiviral constructs in primary murine mammary organoids (Duarte 

et al., 2018). In this setting, expression of FOXA1 SY242CS led to the formation of larger 

organoids as compared with WT FOXA1 (Figures 5F and S5L), indicating enhanced growth 

induced by SY242CS. Furthermore, in our MSK-IMPACT patient cohort we observed that 

mutations affecting S242 were histology specific, arising only in ductal cancers, while the 

Wing2 mutants arose in both ductal and lobular cancers (Figure 5G). Of note, it has been 

reported that ductal cancers display higher Ki-67 levels and are more proliferative than 

lobular breast cancers (Wong et al., 2014). This was also in line with the genes upregulated 

by the SY242CS mutation related to proliferation and tumorigenesis. In summary, the 

FOXA1 variant SY242CS showed a neomorphic phenotype, triggering a unique cistrome 

and transcriptome, suggesting an alternative acquired pioneering function.

FOXA1 SY242CS Opened New Loci Enriched for the Non-canonical Motif

We next performed assay for transposase-accessible chromatin using sequencing (ATAC-

seq) to assess the genome-wide chromatin accessibility changes driven by FOXA1 variants 

upon DMSO, E2, and in FM conditions. k-means-based clustering on the differentially 

accessible regions identified eight clusters. In contrast to genome-wide binding changes 

revealed by ChIP-seq, we did not observe any estrogen-induced cluster by ATAC-seq 

(Figure 6A). This suggests that Wing2 mutations may provide FOXA1 a higher affinity to 

bind at ER loci upon E2 stimulation, whereas they might not have the potential to enhance 

chromatin openness at the same binding sites in comparison with WT FOXA1. In contrast, 

we identified a SY242CS-specific ATAC-seq cluster 6, which accounted for 24.5% of total 

dynamic peaks (Figure 6B), in agreement with the SY242CS-mediated cistromic changes 

previously observed (Figure 3B). Importantly, homer de novo motif analysis (Heinz et al., 

2010) of this cluster yielded the same motif TTTA/GTTTA/G previously identified in ChIP-

seq cluster 4 as the top enriched motif, further supporting that the variant FOXA1 SY242CS 
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protein acquired a changed specificity for DNA binding sites in a chromatin context (Figure 

6C). Remaining clusters exhibited enrichment of either FKH or AP1, a key cooperating 

FOXA1 TF, in accordance with previous reports (Lupien et al., 2008). Other examples of 

enriched cooperating TFs were TEAD, MYB, SMAD, AP2γ, GRHL1, and GATA3 (Figure 

S6A). Integration of public FOXA1 ChIP-seq dataset with the ATAC-seq clusters further 

validated the specificity for FOXA1 occupancy (Figure 6D). Likewise, we verified the extent 

of AP1 complex recruitment at FOXA1 binding sites using available public ChIP-seq data 

for each of the subunits conforming AP1 (FOS, JUN, and JUND), and for the TFs GATA3, 

ER, TEAD4, AP2γ, and GRHL1 (Xu et al., 2020) (Figures 6D–6I). The ATAC-seq cluster 6 

(FOXA1 SY242CS), however, displayed an attenuated association with most of the 

coregulatory partners interrogated, suggesting either diminished requirement of their 

function or potential association with alternative cooperating factors. At the SY242CS-

specific ChIP-seq cluster (cluster 4), the gain of chromatin accessibility was stronger in 

SY242CS in comparison with the WT FOXA1 (Figure 6J), consistent with the presence of 

the alternative motif in both clusters. In the T47D cell lines, we also identified a SY242CS-

specific ATAC-seq group of peaks that were also enriched for the motif TTTG/ATTTG/A 

(Figures S6B and S6C). In contrast, at ChIP-seq cluster 3, in which the FKH motif was 

enriched and SY242CS binding was low, no difference in chromatin opening was observed 

for FOXA1 WT and SY242CS (Figure S6D). This indicates a stronger functional outcome 

for the enhanced binding sites enriched with the new motif and suggests a mechanism by 

which FOXA1 SY242CS mutant selectively targets alternative loci to bind and open up 

chromatin unaffected by WT FOXA1. In fact, nearly half of the SY242CS-gained binding 

sites also displayed a SY242CS-specific increase in chromatin accessibility (Figure 6K).

In addition to the overexpression of FOXA1 mutants in our cellular models, we also 

obtained SY242CS and WT FOXA1 pooled knockin (KI) MCF7 cells (Figures S6E and 

S6I). ATAC-seq demonstrated SY242CS-specific increased or decreased chromatin 

accessibility and the enrichment of the SY242CS-specific motif in these peaks (Figures S6F 

and S6G). Moreover, the ATAC-seq KI peaks showed marked overlap (~60%) with the 

ATAC-seq cluster 6 (Figure 6A) and ChIP-seq cluster 4 (~63%) (Figure 3B) obtained by 

overexpressing SY242CS FOXA1 mutant (Figures S6H–S6K).

FOXA1 SY242CS Promoted Expression of an Alternative Transcriptome

We next performed a broad analysis integrating RNA-seq, ChIP-seq, and ATAC-seq to 

represent the expression of the top 50 SY242CS-upregulated genes, which also displayed the 

highest increase in chromatin accessibility and chromatin binding profiles. We found that, in 

most of the top 50 upregulated genes, we observed multiple gained accessible sites as well 

as enhanced FOXA1 SY242CS binding affinity (Figures 7A and 7B). Examples include 

genes related to tumorigenesis (CYP26B1 [Brown et al., 2014], VAMP5 [Akamatsu et al., 

2012]), proliferation (HMGA1 [Shah et al., 2013]), epithelial identity (CEACAM6 [Ru et 

al., 2017]), and drug resistance (EFEMP1 [Kwak et al., 2016] and JAK2 [Balko et al., 

2016]). Furthermore, genome track analysis of specific genes from this integration showed 

the increased mRNA levels accompanied by gained ChIP-seq and ATAC-seq peaks (Figures 

7C and 7D). A subset of these genes was then validated by real-time quantitative polymerase 

chain reaction assay in MCF7 and T47D upon expression of SY242CS mutant and in MCF7 
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KI SY242CS cells confirming that the expression of SY242CS but not WT induced their 

expression (Figure 7E, S7A, and S7B).

To further elucidate the transcriptional coregulatory network present at the chromatin 

accessible sites, we overlapped the publicly available ChIP-seq datasets of the cooperating 

TFs enriched at the gained accessible chromatin sites in our ATAC-seq (Figure S6A) with 

our FOXA1 ChIP-seq clusters (Figure 3B). The coregulators enriched in the ATAC-seq also 

showed co-association at the FOXA1 binding sites (Figures S7C–S7F). In fact, TFs, such as 

GATA3, AP2γ, or TEAD4, and Wing2 FOXA1 mutants shared higher co-occupancy at 

clusters where Wing2 mutations demonstrated higher binding affinity (clusters 5 and 6). 

This suggests that the more organized structural 3D conformation of these mutations, as 

predicted by our computational modeling (Figure 2A), might enhance the interaction of 

FOXA1 with these cooperating factors. In contrast, the SY242CS mutant showed 

significantly less occupancy of GATA3, AP1 complex, AP2γ, GRHL1, and TEAD4 (Figures 

S7C–S7F). Taken together, these data demonstrate that, while FOXA1 Wing2 mutations 

create a stronger FOXA1-ER coregulatory network, which enhances ER-dependent 

transcription, the acquisition of the SY242CS alteration provides FOXA1 the capacity to 

alter the chromatin accessibility and activate a unique cistrome, which in turn triggers an 

alternative transcriptome (Figure 7F).

DISCUSSION

Our comprehensive genome-wide study of FOXA1 mutations in ER+ breast cancer 

uncovered unanticipated and distinct chromatin accessibility, localization on chromatin, and 

transcriptional profiles for mutant FOXA1, establishing two phenotypic groups: a 

hypermorphic one driven by Wing2 mutations, and a neomorphic one driven by the breast 

cancer-specific mutation, namely SY242CS.

While there was evidence that FOXA1 mutations are enriched in ER+ breast cancer (Ciriello 

et al., 2015; Groner and Brown, 2017; Rheinbay et al., 2017; Robinson et al., 2013), the 

functional consequences of these alterations were poorly understood. Here, we show that 

FOXA1 Wing2 mutations display increased chromatin binding affinity at ER sites upon 

estrogen stimulation, and enhanced ER-mediated transcription. Thus, while the majority of 

WT FOXA1 sites are not influenced by estrogen treatment, FOXA1 Wing2 mutations 

display a substantial increase in binding upon estrogen stimulation at defined ER loci, 

consistent with the nuclear receptor motif being the top enriched motif in those sites (ChIP-

seq cluster 6, Figure 3B). However, the gain in cistromic and transcriptomic output is not 

accompanied by an enhanced chromatin opening capacity, decoupling the chromatin binding 

of FOXA1 Wing2 mutants from their pioneering function. This is consistent with the 

reported WT FOXA1 pioneering activity, described to be an event occurring upstream of ER 

association at shared loci (Hurtado et al., 2011; Serandour et al., 2011). Hence, these data 

raise the question of whether the pioneering ability of FOXA1 and its chromatin localization 

closely mirror one another, or they might differ based on FOXA1 perturbations or cellular 

signals. Based on our structural modeling, we hypothesize that this increased chromatin 

binding capacity may be associated with the highly organized 3D conformation conferred by 

FOXA1 Wing2 mutations. In turn, this may drive an augmented ER recruitment or 
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potentially allow more stable/durable interactions with ER and other cooperating factors at 

the chromatin. Indeed, cluster 6 of ChIP-seq (Figure 3B) displayed an increased association 

with most of the FOXA1 cooperating partners, such as ER, AP1, AP2γ, and GATA3. 

However, it is plausible that, in these sites, ER may also facilitate FOXA1 mutant binding 

upon estrogen stimulation as it has been proposed for a smaller group of binding sites of WT 

FOXA1 (Paakinaho et al., 2019; Swinstead et al., 2016).

Our clinico-genomic analyses indicated that FOXA1 hotspot and ESR1 mutations, a well-

known mechanism of resistance to endocrine therapy, are mutually exclusive. Consistently, 

the investigation of the transcriptomic and cistromic datasets of ESR1 mutants and FOXA1 
Wing2 mutants demonstrated a strong positive association between both transcriptomic 

signatures and their cistromes. Hence, both these groups of mutations appear to functionally 

resemble one another at the level of transcription and chromatin occupancy. This is also in 

agreement with our clinical data showing that FOXA1 mutations are enriched in metastatic 

breast cancer and associated with lower response to AIs. Thus, we postulate that the 

enhanced chromatin binding affinity at ER loci might be a mechanism for Wing2 mutants to 

sustain an active estrogen response which may mediate therapeutic resistance.

By contrast, FOXA1 SY242CS displays an alternative pioneering function over distinct 

genomic regions that are enriched by the presence of a new FOXA1-binding motif. This 

alternative binding motif is common at both unique accessible and chromatin bound sites. 

This leads to distinct open chromatin regions and the induction of an alternative 

transcriptome regardless of estrogen stimulation. Consistent with this, and in contrast to 

FOXA1 Wing2 mutants, FOXA1 SY242CS does not display a significant enrichment of 

estrogen response and shows a negative association with ESR1 mutant gene signatures. 

FOXA1 SY242CS variant grants a cellular growth advantage in line with the transcriptomic 

signatures that this mutant induces, which in concert may contribute to AI resistance. Other 

SY242CS-specific gene signatures include increased lipid synthesis which may be a 

potential energy source to sustain the increased proliferation rate for this mutant (Beloribi-

Djefaflia et al., 2016; Cao, 2019; Vander Heiden et al., 2009).

As the SY242CS mutant maps to a surface-exposed area, we hypothesize that its unique 

pioneering function may also be due to mutation-selective interactions with other TFs, 

chromatin regulators, or linker histones that ultimately mediate changes to binding 

preferences in the chromatin profiles. Indeed, the lack of affinity differences of FKH versus 

SY242CS motif observed in vitro via EMSAs further highlights the requirement of the 

chromatin landscape to evoke latent differences in DNA binding in vivo for SY242CS, as it 

has been previously shown for homeobox or paired box TFs (Hu et al., 2017; Slattery et al., 

2011).

The presence of TF’s variant motifs leading to distinct chromatin accessibility sites in cells 

has been observed for other FOXA1 mutations (i.e., R219) found in prostate cancer and for 

other TFs, such as the POU TFs (Adams et al., 2019; Jerabek et al., 2017). Given the 

estrogen-independent function of the FOXA1 SY242CS mutant, it remains to be investigated 

whether the prostate mutant’s pioneering abilities (Adams et al., 2019) are affected by 
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hormone treatment and whether they modulate therapeutic response to anti-AR therapy 

(Adams et al., 2019; Parolia et al., 2019).

While we show that FOXA1 mutations in ER+ breast cancer functionally converge to alter 

the response to AIs in patients, there may be differences in their biology. Moreover, it is 

notable that FOXA1 mutant cells mediate resistance to estrogen deprivation but not to 

fulvestrant therapy. These results suggest that reduced ER transcriptional activity, but 

reminiscent ER protein levels, may be sufficient to support the cooperation between ER and 

FOXA1 to result in growth advantage and poor outcome to AIs, whereas complete 

abrogation of FOXA1-ER association driven by ER degradation may result in conserved 

sensitivity to fulvestrant for these mutants.

In summary, our work highlights the power of examining recurrent cancer-associated 

mutations to advance our understanding of pioneer TFs in this disease. These results also 

provide mechanistic insights into how FOXA1 mutations are associated with worse outcome 

to AIs and position these genetic alterations as potential biomarkers of endocrine therapy 

response and targets for the treatment of metastatic ER+ breast cancer.

STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Maurizio Scaltriti 

(scaltrim@mskcc.org).

Materials Availability—Plasmids generated in this study are available upon request to the 

Lead Contact. There are restrictions to the availability of FOXA1 WT and SY242CS KI cell 

lines, as well as FOXA1 WT and mutant organoid lines due to MTA requirement. This study 

did not generate new unique reagents.

Data and Code Availability—The datasets generated during this study (ChIP-seq/RNA-

seq/ATAC-seq fastq files) are available at the Gene Expression Omnibus (GEO) database 

under GEO: GSE134657 accession code (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE134657).

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Cell Lines—MCF7 and T47D cells were bought from ATCC, cultured in DMEM/F-12 

(Corning) and RPMI-1640 (Corning) culture media respectively supplemented with 10% 

FBS and 5% Penicillin/streptomycin, and periodically tested for mycoplasma. 293T cells 

were obtained from ATCC (CRL-3216) and cultured in DMEM (Corning) culture media 

supplemented with 10% FBS and 5% Penicillin/streptomycin. All cells were cultured under 

normal oxygen conditions (5% CO2, 37°C).

We generated FOXA1 WT and SY242CS knock-in mutant MCF7 cells using CRISPR-Cas9 

genome editing-induced homologous recombination. Two sgRNAs were designed to target 

the intron and the 3’UTR region that flanking the coding sequences within exon 2. The 
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homologous recombination (HR) templates were designed to replace the coding sequences 

of exon 2, containing the synthetic WT exon 2 or SY242CS exon 2 followed by a P2A 

peptide and puromycin selection cassette. For each nucleofection reaction, 1 x 106 Cas9 

stably expressed MCF7 cells were nucleofected with sgRNAs in the form of plasmid DNA 

(2 µg of each sgRNA) or crRNA (0.4 nmol of each crRNA) and HR template (4 µg), using 

solution V (Lonza) and program P-20. Cells with HR events were selected with 2 µg/ml 

puromycin for 2days and expanded. Positive cell pools with on-target insertion were 

detected using two pairs of primers (Table S3). The mutation was confirmed by Sanger 

sequencing of genomic DNA amplicons and qPCR of FOXA1 cDNA.

Mice—6-week–old athymic (nu/nu; Envigo Laboratories) female mice were used for in vivo 
xenograft studies and were cared for in accordance with guidelines approved by the 

Memorial Sloan Kettering Cancer Center (MSKCC) Institutional Animal Care and Use 

Committee (IACUC) and Research Animal Resource Center (RARC).

METHOD DETAILS

FOXA1 Mutant Construct and Cell-Line Generation—To obtain FOXA1 mutant 

constructs FOXA1 cDNA from pCMV6-FOXA1 (Origene, NM_004496) was first 

subcloned into a pDONR223 vector using Gateway technology from Thermo Fisher. 

pDONR223_FOXA1_WT was then engineered by site directed mutagenesis to introduce 

recurrent mutations occurring in patients using the Q5 site-directed mutagenesis kit from 

New England Biolabs (NEB), according to the manufacturer’s protocol. Primers (shown in 

Table S1 of the Key Resources Table) were designed through the NEBaseChanger software 

from NEB. Finally, pDONR223 constructs with either FOXA1 WT or mutant cDNA were 

subcloned into the pLenti6_Ubc_V5 lentiviral vector. These final constructs were transduced 

into MCF7 cells by means of lentiviral infection.

In Vitro Growth Assays—Generated MCF7 cell-lines described above were seeded in 

12-well plates either in FM or EDM and fixed with 3.7% formaldehyde the following day 

(D0) and at days 2, 4, 6 and 8. Growth was quantified with crystal violet as previously 

described (Carracedo et al., 2012). For foci formation assays cells were seeded at very low 

cellular density and incubated for 3 weeks to allow foci formation. For quantification, foci 

were stained with crystal violet, pictures were taken and quantified using ImageJ software 

and validated by manual counting. For anchorage-independent growth, 5000 cells were 

seeded in a mix of soft agar and media and incubated for 3 weeks to allow colony formation. 

Pictures representing the well were taken and counted manually using ImageJ. For 

fulvestrant and tamoxifen growth experiments, MCF7 cells were treated with the doses 

specified in the figures and 12-well plates were fixed at days 0, 2, 4, and 6.

In Vivo Tumor Xenograft—Athymic (nu/nu; Envigo Laboratories) mice were used for in 
vivo studies and were cared for in accordance with guidelines approved by the Memorial 

Sloan Kettering Cancer Center (MSKCC) Institutional Animal Care and Use Committee and 

Research Animal Resource Center. β-estradiol pellets (0.72 mg, Innovative Research of 

America) were implanted subcutaneously in the left flank of 6-week-old athymic female 

mice. Four weeks later, FOXA1_Mock/WT-V5/SY242CS-V5/F266L-V5 MCF7 cells (12 
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million cells/mouse) were mixed with matrigel (50:50) and implanted s.c. on the other flank 

(n=10 mice/cell line). Once tumors reached an average volume of 250 mm3, estrogen pellets 

were removed from 5 mice/group. Tumors were measured twice weekly using calipers, and 

volume was calculated using the formula: length x width2 x 0.52. Body weight was also 

assessed twice weekly. At the end of the study the tumors were collected for histology and 

biochemistry analysis.

Estrogen Measurement in Mice Serum—Retro-orbital blood extraction was 

performed in the mice at the time-points specified, collected in microtainers (BD) containing 

gel with clot activator, incubated for 30 minutes, centrifuged at 12,000rpm at 4°C and serum 

obtained above gel was snap frozen for processing within the next month. Estrogen level in 

sera samples was quantified using CALBIOTECH Mouse/Rat Estradiol ELISA kit 

(Haisenleder et al., 2011).

Luciferase Reporter Assays—293T cells were transiently transfected using 

Lipofectamine 3000 (Thermo Fisher) with the pGL-6xFHS-Luc (Adams et al., 2019), 

pGL-6xTTTATTTA-Luc or pGL-6xTTTATGTA-Luc (firefly luciferase), along with a pRL-

CMV-Renilla (Renilla luciferase) internal control and the vector of interest (either pLenti6 

empty backbone, pLenti6-FOXA1_WT-V5 or pLenti6-FOXA1_Mutant-V5 respectively) for 

each experiment. pGL-6xTTTATTTA-Luc and pGL-6xTTTATGTA-Luc were obtained by 

gene synthesis and cloning into pGL4.28_luc2CP_minP_Hygro (Promega) via 5’XhoI and 

3’ EcoRV of the following sequences respectively: 5’ tcgaTAAATAAAagct 

TAAATAAAacgtTAAATAAAgtcaTAAATAAAgcctTAAATAAAtatTAAATAAA 3’ and 5’ 

tcgaTACATAAAagctTACATAAAacgtTAC ATAAAgtcaTACATAAAgcctTACATAAAtatTA

CATAAA 3’. To optimize the assay the reporters were dose-response tested using different 

levels of pLenti6-FOXA1_WT-V5 or pLenti6-FOXA1_SY242CS-V5. Luminescence was 

measured 24h post-transfection and response ratios were normalized to activity of pLenti6-

FOXA1_WT-V5 (set to 1), subtracting negative control activity of empty vector pLenti6-V5 

(without exogenous FOXA1).

EMSA Assays—Proteins were prepared using the E.coli expression system as described 

(Wang et al., 2018) by the protein production platform at Nanyang Technological University 

of Singapore (http://proteins.sbs.ntu.edu.sg) using standard protocols for DNA binding 

proteins through a combination of affinity and size exclusion chromatography. 

Electrophoretic mobility shift assays were done using native 12% PAGE prepared with a 

Tris/glycine (TG) buffer (25 mM Tris pH 8.3; 192 mm glycine) and prepared mini-gels 

(BioRad,1610156). Double-stranded DNA probes with 5ʹ Cy5 or Cy3 dyes at one of the 

strands were prepared using an annealing buffer (20 mM Tris/HCl, 50 mM MgCl2, 50 mM 

KCl, pH 8.0) and heating to 95°C for 5 min and subsequent cooling at 1°C·min‒1 to 16°C 

in a PCR block. Protein samples and fluorescently labeled DNA were incubated for ~ 2 h in 

EMSA buffer (10 mM Tris/HCl pH8.0, 0.1 mg·mL‒1 BSA, 50 µM ZnCl2, KCl 100 mM, 

10% glycerol, 0.10% Igepal CA630, 2 mM βME). Gels were first pre-run using 1 × TG 

buffer (Tris 0.25 mM, glycine 192 mM, pH 8.0) at 200 V for 30 min, and then 10 µL 

samples were loaded and gels were run for 30 min at 200 V in 4°C. For comparative ‘single 

tube picking’ EMSAs, equimolar amounts (50 nM each) of differently labeled DNA were 
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prepared and incubated with protein samples. Images were captured using a GE Typhoon 

9410 Molecular Imager and quantified using ImageQuant, Pittsburgh, PA, USA.

Western Blot—Western blot was performed as previously described (Carracedo et al., 

2012). Briefly, total protein lysates were run in Nupage 4–12% Bis-Tris gradient precast gels 

(Invitrogen) in MOPS buffer. Proteins were subjected to long migration time (~2.5h) in ice 

to allow correct separation and visualization of exogenous FOXA1-V5 and endogenous 

FOXA1. Primary antibodies used in this study are: rabbit anti-FOXA1 (CST, #58613), rabbit 

anti-V5 tag (D3H8Q, CST, # 13202) and rabbit anti-VINCULIN (CST, # 4650).

RNA, cDNA and RT-qPCR—The Qiagen RNeasy kit and the iScript cDNA synthesis kit 

from Bio-Rad were used for RNA isolation and cDNA synthesis, respectively. cDNA was 

amplified by real time quantitative PCR in a ViiA 7 Real-Time PCR system, using SYBR 

Select Master Mix from Applied Biosystems. Each sample was run in technical triplicates 

and mRNA expression primers are shown in the Key Resources Table. For ER target gene 

expression experiments upon fulvestrant treatment, cells were treated for 72h. snap-frozen 

and stored at −80°C until extraction.

RNA-seq, ChIP-seq and ATAC-seq—Cells were seeded in regular culture conditions to 

allow correct attachment and ensure ~75% confluency at harvesting day. 24 hours after 

seeding, cells were washed twice with PBS and media was refreshed to either FM or 

estrogen depleted media (EDM) supplemented with 10% charcoal stripped fetal bovine 

serum (CS) and 5% Penicillin/streptomycin and incubated for 72h. The day of collection 

media was refreshed 1h before estrogen induction (100nM, 1h for ChIP-seq and ATAC-seq, 

6h for RNA-seq). For RNA-seq, cells were washed twice with PBS and snap-frozen for 

future processing. ChIP-seq was performed as previously described (Chen et al., 2015). 

Briefly, cells were crosslinked in adherent conditions with 1% formaldehyde for 15 minutes 

and quenched with glycine to a final concentration of 125nM. Fixed cells were lysed in SDS 

buffer to extract nuclei and sheared by Covaris sonication in ChIP buffer. Sheared chromatin 

was incubated with rabbit anti-FOXA1 (Abcam, ab23738) or anti-V5 tag (Abcam, ab9116) 

antibodies and protein A/G-Dynabeads. After decrosslink o/n at 65C, DNA fragments were 

eluted using AMPure beads and generated libraries were high-throughput sequenced using 

HiSeq 2500 (Illumina). RNA-seq samples were sequenced by HiSeq 4000 (Illumina).

For ATAC-seq cells were detached using ACCUTASE (STEMCELL Technologies), counted 

and 100K (MCF7) or 50K (T47D) cells were subjected to ATAC-seq protocol directly as 

previously described (Buenrostro et al., 2013) with the exception that 0.2% NP40 was used 

for cell lysis for MCF7, and T47D (Corces et al., 2017).

Mammary Organoid Generation and Culture—Mammary organoids were cultured as 

described previously (Duarte et al., 2018). Briefly, murine mammary glands were isolated 

and subsequently digested using collagenase type II (Gibco) and TRYPLE (Gibco). 

Organoids were grown in ADMEM/F12 supplemented with HEPES, penicillin/

streptomycin, GlutaMAX, B27, N-Acteylcysteine, Noggin, R-spondin1, A83–01 and EGF 

(Drost et al., 2016). Organoids were passaged once a week using TrypLE or pasteur pipette 

titruration. Lentiviral transduction was done as described previously (Koo and Huch, 2016).
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Survival Analysis—We estimated the impact of somatic mutations affecting FOXA1 and 

progression-free survival (PFS) of ER-positive metastatic breast cancer treated with selective 

estrogen receptor down regulators (SERD), aromatase inhibitors (AI), or SERD in 

combination AI using publicly available data (Razavi et al., 2018). Whenever different lines 

of therapy of the same class, the first treatment line of that class was considered. For cases 

with multiple samples with different lines of therapy of the same class, we included the 

sample with the shortest time between start of therapy and sample collection for sequencing.

To estimate the association between genetic alterations in FOXA and PFS, we conducted a 

survival analysis using the Cox proportional hazards model (R package survival) adjusted 

for line of therapy, fraction of genome altered and tumor mutation burden. Only missense 

mutations and oncogenic mutations affecting FOXA1 were included in the analysis (Table 

S1).

Mutual Exclusivity and Co-Occurrence Analysis—To identify combination of gene 

pairs exhibiting mutual exclusivity pattern, CoMEt software was used (Leiserson et al., 

2015). Co-occurrence was assessed using two statistical tests: the odds ratio test to measure 

the strength of the co-occurrence of a pair of genes, and Fisher’s exact test to derive 

statistical significance. For both mutual exclusivity and co-occurrence analyses, only 

FOXA1 hotspot mutations was considered. Co-occurrence of PIK3CA and CDH1 with 

FOXA1 mutations were calculated based on the high frequency of these mutations in ER+ 

breast cancers.

Computational Analysis

ChIP-seq and ATAC-seq: For both ChIP-seq and ATAC-seq, fastq files were trimmed with 

cutadapt (Martin, 2011), and the remaining reads were aligned to hg38 using bowtie2 2.3.4.1 

(Langmead and Salzberg, 2012).

Peaks were called using MACS2 (Zhang et al., 2008) over respective mutant ChIP-input. 

Peaks within 500bp from all samples and peaks with a p-value of <=0.001 and outside the 

ENCODE blacklist region (Amemiya et al., 2019) were kept. The remaining peaks were 

merged and combined into a peak atlas. Peak intensity for each sample were counted using 

featureCounts from subreads 1.6.0 (Liao et al., 2014). Duplicate reads were removed using 

PICARD’s MarkDuplicates.

ChIP-seq and ATAC-seq peaks were associated to the gene with the closest TSS, except for 

intronic peaks which were associated with that gene.

RNA-seq: The fastq files were trimmed with cutadapt (Martin, 2011), and aligned to hg38 

using STAR 2.6.0 (Dobin et al., 2013) HTSeq 0.9.1. (Anders et al., 2015) was using to count 

reads to genes towards gencode v28 (Frankish et al., 2019).

RNA-seq Integration with ESR1 Mutant Signatures: Accession PRJNA417235, https://

www.ncbi.nlm.nih.gov/bioproject/PRJNA417235 was downloaded and aligned to genome 

reference hg38 using STAR (v2.7.0e). Differential expression analysis was performed using 
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DESeq2 (v1.28.1). To ensure consistency we generated similar heatmaps and PCAs as found 

in the original Jeselsohn et al., 2018 publication.

GSEA analysis was performed using clusterProfiler (v3.16.0). GSEA ESR1 signatures were 

generated using the top 100 differentially expressed genes in each ESR1 comparison and 

used for enrichment analysis in FOXA1 RNA-seq samples.

Sample Normalization and Dynamic Peaks/Genes: For all assays, DESeq2 (Love et al., 

2014) was used to normalize samples, and performing pair-wise differential expression/ 

dynamic peak calling between specified contrasts. Genes/peaks were termed differentially 

active if they had an absolute fold change >= 1.5 and a FDR <=0.1.

The DESeq2 size factors were used to create normalized bigwig files with bedtools 

genomeCoverageBed (Quinlan and Hall, 2010).

Motif and GSEA on Dynamic Peaks/Genes: The dynamic peaks per comparison were split 

into up- (FC >=1.5) and down-regulated (FC <= 0.67), and HOMER (Heinz et al., 2010) 

findMotifGenome was run with size = given and length = 8. For RNA, findMotifs.pl was 

used to get GO-enrichments of differential genes. GSEA was further used for each RNA-seq 

contrast against MSigDB (Subramanian et al., 2005) & (Liberzon et al., 2015). For 

SY242CS, GSEA was also evaluated toward C2 datasets only, using clusterProfiler (Yu et 

al., 2012) (v3.16.0). Gene signatures were considered significant if the false discovery 

adjusted p-value was < 0.05.

Heatmap Clustering and Motif/GO Enrichment: For each assay, all dynamic peaks/genes 

of interest were included and clustered using the k-means function in R after normalizing to 

z-score and setting a floor and ceiling to 2 and −2. The number of kmeans for each assay 

was decided manually to account for interesting biology. Heatmaps were plotted using 

ComplexHeatmaps (Gu et al., 2016). For ChIP/ATAC-seq, the motifs in each cluster were 

investigated using HOMER with the same parameters as above. For RNA-seq, the genes in 

each cluster was also analyzed using HOMER.

Integration of Public Data Sets: Data from ENCODE and GEO was downloaded (FOXA1, 

ENCSR126YEB; ER, GSE59530 (Franco et al., 2015); FOS, ENCSR569XNP; JUN, 

ENCSR176EXN; JUND, ENCSR000BSU; GATA3, ENCSR000BST; TEAD, 

ENCSR000BUO; AP2-gamma, GSE2671 (Tan et al., 2011); GRHL1, GSE124228 (Xu et 

al., 2020)) and processed as above.

Dynamic peaks between ER_E2 and ER_vehicle were computed using DEseq2, and the 

enrichment of FOXA1 was plotted using DeepTools.

Overlap between peaks were calculated using intersect from GenomicRanges (Lawrence et 

al., 2013).

Integration between RNA-seq and ChIP/ATAC-seq: Peaks associated with a specific gene 

were compared to the RNA-expression of that gene.
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Waterfall plots were created by overlapping all SY242CS specific k-means clusters from 

ChIP/ATAC/RNA-seq and plotting the top 50 differential genes, based on FDR, with their 

respective associated peaks.

Plotting: DESeq2 normalized bigWigs were used for all plotting. Merging of replicates, 

tornado plots and genome tracks, were all created using DeepTools (Ramírez et al., 2016).

Molecular Dynamics Simulations of the 3-D Structure of FKHD FOXA1 – DNA 
Complex—The 3-D structure of the forkhead domain of the FOXA1 – DNA complex was 

generated by comparative homology modelling (Sali and Blundell, 1993) using the crystal 

structure (PDB 1VTN; resolution 2.5 Å) of the forkhead domain of the FOXA3 – DNA 

complex as template. FOXA1 and FOXA3 share high homology (95% identity) in their 

forkhead domains. In the crystal structure of the FoxA3 – DNA complex, the bound DNA is 

only 13 nucleotides long and hence we built a model of the complex of the forkhead domain 

of FOXA1 with a longer fragment of DNA (20 nucleotides) to minimize edge effects, for 

which we used a recently published model (Wang et al., 2018) of the FOXA1 – DNA 

complex. The 3D structures of mutant FOXA1 – DNA models were generated by using 

pymol (DeLano, 2002). All the modelled structures were then subjected to atomistic 

Molecular Dynamics (MD) simulations with the pmemd.cuda module of the program 

Amber18 (D.A. Case, 2018), using the Amber ff14SB force field (Maier et al., 2015) for 

proteins and the amber force field FF99BSC0 (Perez et al., 2007) for DNA. All the 

simulations were carried out at 300 K using standard protocols (Kannan et al., 2015). Three 

independent MD simulations (assigning different initial velocities) were carried out on each 

equilibrated FOXA1 - DNA complex for 100 ns each, with conformations saved every 10 ps. 

Simulation trajectories were visualized using VMD (Humphrey et al., 1996) and figures 

were generated using Pymol (DeLano, 2002). The binding free energies (enthalpic 

components) are calculated using the MMPBSA (Molecular Mechanics Poisson–Boltzmann 

Surface Area) methodology following the protocol set out in earlier work (Edgar et al., 

2002; Kannan et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistics were applied to determine sample size. Only in vivo experiment was 

randomized. After tumor engraftment the 10 mice per condition were randomized into two 

groups (under estrogen supplementation or under estrogen pellet removal) with similar mean 

volume (250mm3). The investigators were not blinded to allocation during experiments and 

outcome assessment. Values of ‘n’ represent the number of biologically independent 

experiments performed or the number of individual mice or patient specimens. For each 

independent in vitro experiment, a minimum number of three experiments were performed 

to ensure adequate statistical power, with the exception of ChIP-seq and ATAC-seq, for 

which two biological replicates (for all but V5-tag ChIP-seq, done once for validation) were 

performed. Parametric Student’s t-test and Welch’s t-test were used to analyze two-

component comparisons with equal or significantly different variances respectively. In the in 
vitro experiments, normal distribution was confirmed or assumed (for n < 7). Non-

parametric Mann-Whitney’s U-test was used to analyze in vivo experiments. Two-tailed 

statistical analysis was applied for experimental design without predicted result, and one-
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tailed analysis for validation or hypothesis-driven experiments. All information regarding 

statistical test performed, ‘n’ values and p-values per experiment can be found in the figure 

legends, figures and results. The confidence level used for all the statistical analyses was 

0.95 (α = 0.05), unless otherwise specified. Statistical analyses for the rest of the 

computational analyses are provided in the respective method section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FOXA1 mutations are enriched in metastatic tumors

• FOXA1 mutations are associated with worse outcome to aromatase inhibitors

• Wing2 mutations promote an enhanced estrogen response upon estrogen

• SY242CS induces alternative chromatin states by binding to a non-canonical 

motif
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Figure 1. FOXA1 Missense Mutations Were Enriched in Metastatic Tumors and Associated with 
Worse Outcome to Endocrine Therapy
(A) Pie charts representing frequency of FOXA1 alteration types (wild-type [WT], 

amplification [Amp], mutation [Mut], or both [Amp + Mut] among all breast cancer patients 

or metastatic tumors; www.cbioportal.com).

(B) Lollipop plot depicting distribution of FOXA1 mutations (truncating, missense, and in-

frame indels) found in breast cancer patients (www.cbioportal.org) along the protein 

sequence.

(C) 3D structure of the forkhead domain of the FOXA1-DNA complex generated by 

comparative homology modeling using the crystal structure (PDB: 1VTN) of the forkhead 

domain of FOXA3-DNA complex as template. Residues of interest mentioned throughout 

the manuscript are highlighted and labeled in the structure.
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(D–G) Characterization of FOXA1 mutations from MSK-IMPACT breast cancer cohort (n = 

1,918 breast cancer patients) (Razavi et al., 2018). (D) Barplot showing number of mutations 

per subdomains indicated. W2, Wing2; H1, Helix1; H3-S3, from helix 3 to third β strand.

(E) Association of FOXA1 mutant samples with pattern, frequency, and type of genomic 

alterations of the key breast cancer genes indicated. Genes with alteration frequency >5% 

are represented. Also shown is the mutual exclusivity (ME) between FOXA1 and ESR1 
hotspot mutations as calculated by CoMET (cometExactTest package), and the co-

occurrence (CO) between FOXA1 and PIK3CA or CDH1 mutations (Fisher’s exact test). p 

value as indicated.

(F) Frequency of FOXA1 alteration types in primary versus metastatic tumors. Hotspot 

mutations enrichment calculated by Fisher’s exact test.

(G) Kaplan-Meier curves displaying progression-free survival of patients harboring either 

WT or mutant FOXA1 under aromatase inhibitor treatment. p value as indicated, estimated 

using Cox proportional hazards model.
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Figure 2. FOXA1 Wing2 Mutations Provided a Growth Advantage under Estrogen Deprivation
(A) Impact of ectopic expression of V5-tagged FOXA1 variants (SY242CS, S250F, and 

F266L) on 3D structural interaction of the forkhead domain (FKHD) with DNA.

(B and C) Impact of ectopic expression of V5-tagged FOXA1 variants (Y175C, I176V, 

D226N, C227R, SY242CS, H247Y, S250F, M253K, R262H, and F266L) on protein 

abundance (B) (representative experiment is shown) and cell number in full medium and 

under estrogen deprivation in vitro (C) left (n = 4 independent experiments) and right (n = 6 

independent experiments) panels, respectively, in MCF7 cell lines. Two-tailed Student’s t 

test, p values as indicated.

(D) Effect of ectopic expression of FOXA1 SY242CS-V5, H247Y-V5, S250F-V5, and 

F266L-V5 on foci number (left) and foci area (right) compared with WT FOXA1 in MCF7 

cells in full medium (left, n = 4 independent experiments as indicated by dots). One-tailed 

Student’s t test, p values as indicated.
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(E) Effect of ectopic expression of FOXA1 SY242CS-V5, H247Y-V5, S250F-V5, and 

F266L-V5 on foci number (left) and foci area (right) as compared with WT FOXA1 in 

MCF7 cells under estrogen deprivation (n = 7 independent experiments as indicated by 

dots). One-tailed Student’s t test, p values as indicated.

(F) Effect of ectopic expression of FOXA1 SY242CS-V5, H247Y-V5, S250F-V5, and 

F266L-V5 on anchorage-independent growth upon estrogen deprivation in MCF7 cells (n = 

7 independent experiments as indicated by dots). One-tailed Student’s t test, p values as 

indicated.

(G) In vivo xenografts of MCF7 cells expressing exogenous FOXA1 WT-V5, SY242CS-V, 

and F266L-V5, together with controls cells, under estrogen supplementation (0.72 mg 

estrogen pellet) (left panel: n = 5 tumors for Mock, SY242CS-V5, and F266L-V5, n = 4 for 

WT-V5) or upon estrogen pellet removal (right panel: n = 5 per group).

Two-tailed Mann-Whitney U test, p values as indicated. Error bars, mean ± SEM.
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Figure 3. FOXA1 Wing2 Mutations Induced an Enhanced Estrogen Response through Increased 
Occupancy at ER Loci
(A) Pie plots representing percentages and genomic features of all ChIP-seq peaks and 

dynamic peaks.

(B and C) Heatmap (B) and barplot (C) of k-means clustering of ChIP-seq peaks from 

FOXA1 mutant (SY242CS-V5, H247Y-V5, S250F-V5, and F266L-V5) and control (WT-

V5, WT, and Mock, empty vector) MCF7 cells, representing seven clusters (B) and 

percentage and number of peaks per cluster (C) under the conditions indicated. Rep1, 

replicate 1; Rep 2, replicate 2 (n = 2 biological replicates).

(D) Table listing selected homer de novo motifs per cluster in (B) Fisher’s exact rest, p value 

(p-val) as indicated. T%, percentage of target sites; BG%, background percentage; Cl, 

cluster. (E) Tornado plot representing estrogen-induced FOXA1 binding peaks at cluster 6 

for FOXA1 mutant (SY242CS-V5, H247Y-V5, S250F-V5, and F266L-V5) and WT-V5 

MCF7 cells. PC, peak center. Average of two biological replicates is represented.

(F and G) Tornado plot (F) and barplot (G) showing ChIP-seq peaks and proportions of 

FOXA1 (ENCODE, ENCSR126YEB) and ER (GEO: GSE59530; Franco et al., 2015) 

overlap with our FOXA1 ChIP-seq sites in MCF7 cells. PC, peak center.
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(H) ChIP-seq tracks of FOXA1 in FOXA1 mutant (SY242CS-V5, H247Y-V5, S250F-V5, 

and F266L-V5) and control MCF7 cells (Mock and WT-V5) at TFF1 and IGFBP4 gene loci 

at chromosome 21.
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Figure 4. Wing2 Mutants Drove an Enhanced Estrogen Response
(A) Gene set enrichment analysis (GSEA) plot showing ‘‘Dutertre Estradiol Response 24h 

Up’’ enriched in RNA-seq from FOXA1 Wing2 mutant cells (H247Y-V5, S250F-V5, and 

F266L-V5) as compared with FOXA1 WT-V5 cells. RES, running enrichment score, as 

indicated. False discovery rate (FDR) represents p adjusted value, calculated using the 

GSEA package. DMSO, estrogen depletion; E2, upon estrogen stimulation; FM, in full 

medium.

(B) Comparison of ESR1 mutant (Y537S, Y537N, and D538G) gene signatures compared 

with WT ESR1 in hormone-depleted (HD) medium, hormone depleted estrogen induced 

(HD + E2) and FM, with FOXA1 mutant (H247Y, S250F, and F226L) gene signatures 

compared with WT FOXA1 under three different media: E2, DMSO, and FM. Adjusted p 

value calculated using the GSEA package is also shown. *p < 0.05, **p < 0.01, ***p < 

0.001.

(C and D) Tornado plot (C) and barplot (D) representing ChIP-seq peaks and proportions of 

WT ER and mutant ER (Jeselsohn et al., 2018; accession no. PRJNA417235) overlap upon 

vehicle (Veh) or estrogen (E2) induction, with our FOXA1 ChIP-seq sites in MCF7 cells. 

PC, peak center.

(E and F) Tornado plot showing V5-ChIP-seq upregulated peaks in E2 and DMSO 

conditions in WT-V5-, SY242CS-V5-, and F266L-V5 FOXA1-expressing MCF7 cells. Also 
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shown are the enriched motifs for nuclear receptor (p = 1 3 × 10‒21) and FKH (p = 1 3 × 

10‒35) by Fisher’s exact test (n = 1 biological replicate).

(G) Tornado plot representing V5-ChIP-seq peak overlap with FOXA1 ChIP-seq cluster 6 

from Figure 3B.

DMSO, estrogen depletion; E2, upon estrogen stimulation; FM, in full medium.
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Figure 5. FOXA1 SY242CS-Driven Conformational Changes Led to a Non-canonical DNA 
Binding Motif, Cistrome, and Transcriptome
(A) Tornado plot showing ChIP-seq peaks of FOXA1 cluster 4 in Figure 3B from MCF7 

cells expressing either FOXA1 WT or SY242CS under the conditions indicated. PC, peak 

center. Average of two biological replicates is represented.

(B) ChIP-seq tracks of FOXA1 in either SY242CS-V5 or WT FOXA1 MCF7 cells at 

EFEMP1 and FST gene loci at chromosome 2 and 5, respectively, under medium condition 

indicated.

(C) Luciferase reporter assay showing activity of FOXA1 variants (WT-V5, SY242CS-V5, 

and F266L-V5) on canonical forkhead motif (positive control, gray), SY242CS-specific 

motif (TTTATTTA, light orange) and SY242CS-dead motif (TTTATGTA, dark orange) 

DNA templates. Firefly luciferase to Renilla luciferase ratio signals normalized to FOXA1 
WT signal on canonical forkhead motif reporter are represented. Two-tailed Student’s t test 

with Welch’s t test for different variance correction, p values as indicated. Error bars, mean 

± SEM.

(D) 3D structure of the forkhead domain of the FOXA1 SY242CS-DNA (SY242CS-specific 

motif TTTATTTA) complex generated by comparative homology modeling using the crystal 

structure (PDB: 1VTN) of the forkhead domain of FOXA3-DNA complex as template. 

Residues C242 and S243 are highlighted in orange. Residue K240 and thymines involved in 

interaction are highlighted in green.
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(E) Comparison of ESR1 mutant (Y537S, Y537N, and D538G) gene signatures compared 

with WT ESR1 in hormone-depleted (HD) medium, hormone-depleted estrogen-induced 

(HD + E2) and FM, with FOXA1 mutant (SY242CS) gene signatures compared with WT 

FOXA1 under three different media: E2, DMSO, and FM. NES, normalized enrichment 

score, as indicated. Adjusted p value calculated using the GSEA package is also shown. *p < 

0.05, **p < 0.01, ***p < 0.001.

(F) Representative images of organoid lines overexpressing variants of FOXA1 via the 

doxycycline-inducible pCW vector 7 days after seeding. Images from a single biological 

experiment. Scale bar, 100 µm.

(G) Stacked barplot representing the histology of tumors harboring FOXA1 mutations from 

MSK-IMPACT cohort.

DMSO, estrogen depletion; E2, upon estrogen stimulation; FM, in full medium.
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Figure 6. FOXA1 SY242CS Caused Opening of New Loci Enriched for the Non-canonical Motif
(A and B) Heatmap (A), and barplot (B) of k-means clustering of ATAC-seq peaks from 

FOXA1 mutant (SY242CS-V5, H247Y-V5, S250F-V5, and F266L-V5) and control (WT-

V5, WT, and Mock, empty vector) MCF7 cells, representing eight clusters (A) and 

percentage and number of peaks per cluster (B) under the conditions indicated. Rep1, 

replicate 1; Rep 2, replicate 2 (n = 2 biological replicates).

(C) Table listing selected homer de novo motifs per cluster in (A). Fisher’s exact test, p 

value (p-val) as indicated. T%, percentage of target sites; BG%, background percentage; Cl, 

cluster.

(D and E) Tornado plot (D) and barplot (E) showing overlap of public ChIP-seq peaks for 

FOXA1 (ENCODE, ENCSR126YEB) and the subunits conforming AP1 (FOS, 

ENCSR569XNP; JUN, ENCSR176EXN; JUND, ENCSR000BSU) with gained accessible 

sites per cluster for FOXA1 ATAC-seq in (A). Quantification of overlapping percentage is 

represented on the right-hand barplot.
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(F and G) Tornado plots (F) and barplot (CG showing ChIP-seq peaks of public ChIP-seq 

data for transcription factors with enriched occupancy at FOXA1 ATAC-seq clusters in (A) 

(ER [GEO: GSE59530, Franco et al., 2015] and GATA3 [ENCSR000BST]).

(H and I) Tornado plots (H) and barplot (I) showing ChIP-seq peaks of public ChIP-seq data 

for transcription factors with enriched occupancy at FOXA1 ATAC-seq clusters in (A) 

(AP2gamma [GEO: GSE26741], GRHL1, and TEAD [ENCSR000BUO]).

(J) Tornado plot representing chromatin accessibility of peaks in ChIP-seq cluster 4 for 

FOXA1 SY242CS and WT MCF7 cells under the conditions indicated.

(K) Venn diagram depicting overlap of peaks from ChIP-seq cluster 4 (Figure 3A) with 

enhanced chromatin accessibility represented in ATAC-seq cluster 6.

DMSO, estrogen depletion; E2, upon estrogen stimulation; FM, in full medium; PC, peak 

center.
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Figure 7. FOXA1 SY242CS Promoted Expression of an Alternative Transcriptome
(A) Waterfall plot showing integration of the top 50 genes with highest mRNA expression 

for FOXA1 SY242CS-V5, as compared with FOXA1 WT-V5, from RNA-seq cluster 4 

(represented in bars) with highest changes in chromatin accessibility from ATAC-seq cluster 

6 (left panel, represented in bubbles) in FM. Each bubble represents a peak, size correlating 

with –log10 (adjusted p value) and color denoting log2 fold change.

(B) Waterfall plot showing integration of 50 genes with highest mRNA expression for 

FOXA1 SY242CS-V5, as compared with FOXA1 WT-V5, from RNA-seq cluster 4 

(represented in bars) with highest changes in chromatin binding affinity from ChIP-seq 

cluster 6 (represented in bubbles) in FM. Each bubble represents a peak, size correlating 

with –log10 (adjusted p value) and color denoting log2 fold change.
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(C and D) Genome tracks of FOXA1 from RNA-seq, ChIP-seq, and ATAC-seq in either 

SY242CS-V5 or WT FOXA1 MCF7 cells at same EDN1 (C) and FHL1 (D) gene loci at 

chromosome 6, under medium condition indicated.

(E) mRNA expression of indicated genes in MCF7 cells expressing FOXA1 variants (WT-

V5, SY242CS-V5, and F266K-V5) in FM. Error bars, mean ± SEM. p values as indicated, 

one-tailed Student’s t test (n = 3 biological replicates).

(F) Schematic depicting the different phenotypic groups of FOXA1 mutations uncovered in 

this study and their transcriptional outcomes, as compared with WT FOXA1.

DMSO, estrogen depletion; E2, upon estrogen stimulation; FM, in full medium.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FOXA1/HNF3alpha (D7P9B) Cell Signaling Technology Cat# 58613s; Lot 1; RRID: AB_2799548

V5-Tag (D3H8Q) Cell Signaling Technology Cat# 13202s; Lot 4; RRID: AB_2687461

Estrogen Receptor alpha (D8H8) Rabbit mAb Cell Signaling Technology Cat# 8644s; Lot 8; RRID: AB_2617128

Vinculin Cell Signaling Technology Cat# 4650s; Lot 4: RRID: AB_10559207

ECL™ Anti-Rabbit IgG Horseradish Peroxidase linked whole 
antibody (from donkey)

GE Healthcare Cat# NA934V; Lot 17010251; RRID: 
AB_772206

Anti-FOXA1 Antibody-ChIP Grade Abcam ab23738; Lot GR3241520-1; RRID: 
AB_2104842

Rb pAB to V5 Tag Antibody Abcam ab9116; Lot GR3224488-6; RRID: 
AB_307024

Chemicals, Peptides, and Recombinant Proteins

β -Estradiol Tocris Bioscience Cat# 28-241-00

Dimethyl Sulfoxide Corning Cat# 25-950-CQC; Lot 01019003

Lipofectamine® 3000 Transfection Kit ThermoFisher/ Invitrogen Cat# L3000-015; Lot 1882717

SYBR™ Select Master Mix for CFX Applied Biosystems Cat# 4472942; Lot 00815825

Accutase™ Stemcell Technologies Cat# 07920; Lot 9P1925A

Dynabeads™ Protein A for Immunoprecipitation ThermoFisher/ Invitrogen Cat# 10002D

Fulvestrant Selleckchem Cat# S1191

Gibco™ Collagenase Type II Fisher Scientific Cat# 17-101-015

TrypLE ThermoFisher Scientific Cat# 12605036

Critical Commercial Assays

MSK-IMPACT (targeted exome sequencing) MSKCC (IGO facility) N/A

Dual Luciferase® Reporter Assay System Promega Cat# E1910

iScript™ cDNA Synthesis Kit Bio-Rad Cat# 1708891

Gateway™ BP Clonase™ II Enzyme mix ThermoFisher Scientific/ 
Invitrogen

Cat# 11789020

Q5® Site-Directed Mutagenesis Kit (Without Competent Cells) New England Biolabs® Inc. Cat# E0552S

Qiagen RNeasy® Mini Kit (250) Qiagen Cat# 74106; Lot 163029673

Mouse/Rat Estradiol ELISA kit CalBiotech Cat# ES180S-100

Deposited Data

ChIP/RNA/ATAC-seq fastq files This paper GEO GSE134657; https://
www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE134657

Experimental Models: Cell Lines

h-MCF7 ATCC ATCC® HTB-22™

h-T47D ATCC ATCC® HTB-133™

h-293T ATCC ATCC® CRL-3216™
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REAGENT or RESOURCE SOURCE IDENTIFIER

h-MCF7_FOXA1_Mock Established in Scaltriti lab N/A

h-MCF7_FOXA1_WTS Established in Scaltriti lab N/A

h-MCF7_FOXA1_WTNS Established in Scaltriti lab N/A

h-MCF7_FOXA1_Y175C Established in Scaltriti lab N/A

h-MCF7_FOXA1_I176V Established in Scaltriti lab N/A

h-MCF7_FOXA1_D266N Established in Scaltriti lab N/A

h-MCF7_FOXA1_C227R Established in Scaltriti lab N/A

h-MCF7_FOXA1_SY242CS Established in Scaltriti lab N/A

h-MCF7_FOXA1_H247Y Established in Scaltriti lab N/A

h-MCF7_FOXA1_S250F Established in Scaltriti lab N/A

h-MCF7_FOXA1_M253K Established in Scaltriti lab N/A

h-MCF7_FOXA1_F266L Established in Scaltriti lab N/A

h-T47D_FOXA1_Mock Established in Scaltriti lab N/A

h-T47D_FOXA1_WTS Established in Scaltriti lab N/A

h-T47D_FOXA1_WTNS Established in Scaltriti lab N/A

h-T47D_FOXA1_Y175C Established in Scaltriti lab N/A

h-T47D_FOXA1_I176V Established in Scaltriti lab N/A

h-T47D_FOXA1_D266N Established in Scaltriti lab N/A

h-T47D_FOXA1_C227R Established in Scaltriti lab N/A

h-T47D_FOXA1_SY242CS Established in Scaltriti lab N/A

h-T47D_FOXA1_H247Y Established in Scaltriti lab N/A

h-T47D_FOXA1_S250F Established in Scaltriti lab N/A

h-T47D_FOXA1_F266L Established in Scaltriti lab N/A

Experimental Models: Organisms/Strains

Athymic (nu/nu; F) strain 2 mice Envigo Laboratories N/A

Oligonucleotides

h-FHL1
F: TTGGGAAGTGTAGAAAGACCTGA
R: TCCAGAAGTATTCGTTGTGACG

Invitrogen N/A

h-JAK2
F: AAAACCAGGCGCTGAACTC
R: CAACGAGGAAAGTAAAATCTCCA

Invitrogen N/A

h-EFEMP1
F: GCATGTCAGTGCCCTCCT
R: AGGGATGGTACATTCATCTATGTCT

Invitrogen N/A

h-FST
F: TGCCACCTGAGAAAGGCTAC
R: TGGATATCTTCACAGGACTTTGC

Invitrogen N/A

h-ALCAM
F: CAGTTCCTGCCGTCTGCT
R: CTGAATTTACAGTATACCATCCAAGG

Invitrogen N/A

h-BAMBI
F: CGCCACTCCAGCTACATCTT
R: CACAGTAGCATCGAATTTCACC

Invitrogen N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

h-CHGA
F: GAAGAGGAGGAGGAGGAGGA
R: CCCTTCTCTCTGTCCACCAG

Invitrogen N/A

h-CYP26B1
F: ACATCCACCGCAACAAGC
R: CTCCTGGTACACGTTGATGG

Invitrogen N/A

h-VAMP5
F: CAGCGTTCAGACCAACTCCT
R: CCACGCAGATCCGGTAAC

Invitrogen N/A

h-RASSF8
F: TCACATGCAGACATTGAAAGG
R: TCTGCAGAATGCGGAGATTA

Invitrogen N/A

h-GAPDH
F: AACAGCGACACCCATCCTG
R: CATACCAGGAAATGAGCTTGACAA

Invitrogen N/A

Primers for Cloning, see Table S3 This paper N/A

Primers for ER target genes, see Table S3 This paper N/A

Primers for knock-in FOXA1 WT and SY242CS detection, see 
Table S3

This paper N/A

Primers for EMSA, see Table S3 This paper N/A

Software and Algorithms

Graphpad Prism 8 Graphpad Software, Inc. https://www.graphpad.com/scientific-
software/prism/

ImageJ (v1.51h) National Institute of Health https://imagej.nih.gov/ij/download.html

Adobe Illustrator 2019 Adobe https://www.adobe.com/products/
illustrator/free-trial-download.html

NEBaseChanger (v1.2.9) New England Biolabs® Inc. https://nebasechanger.neb.com/

Bowtie2 (v2.3.4.1) Langmead and Salzberg, 
2012

https://www.nature.com/articles/
nmeth.1923)

Cutadapt (v2.8) Martin2011 http://journal.embnet.org/index.php/
embnetjournal/article/view/200

MACS2 (v2.2.6) Zhang et al., 2008 https://liulab-dfci.github.io/software/

FetaureCounts (v1.6.0) Liao et al., 2014 http://subread.sourceforge.net

STAR (v2.7.0e) Dobin et al., 2013 https://code.google.com/archive/p/rna-
star/

HTSeq (v0.9.1) Anders et al., 2015 Python Package Index https://
pypi.python.org/pypi/HTSeq

DESeq2 (v1.28.1) Love et al., 2014 http://www.bioconductor.org/packages/
release/bioc/html/DESeq2.html

Bedtools Genome Coverage Bed (v2.18) Quinian and Hall, 2010 https://github.com/arq5x/bedtools2

HOMER (v4.10) Heinz et al., 2010 http://homer.ucsd.edu/homer/
introduction/install.html

MSigDB (v7.0) Subramanian et al., 2005; 
Liberzon et al., 2015

http://software.broadinstitute.org/gsea/
msigdb

Complex Heatmaps (v3.11) Gu et al., 2016 http://www.bioconductor.org/packages/
devel/bioc/html/ComplexHeatmap.html

GenomicRanges (v1.34) Lawrence et al., 2013 https://bioconductor.org/packages/
release/bioc/html/GenomicRanges.html

DeepTools2 Ramírez et al., 2016 http://deeptools.ie-freiburg.mpg.de/

Pymol (v2.3) DeLano 2002 https://pymol.org/2/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Amber18 Case et al., 2018 https://ambermd.org/index.php

clusterProfiler (v3.16.0) Yu et al., 2012 http://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

ImageQuant TL (v8.1) Cytiva https://
www.cytivalifesciences.com/en/us/shop/
protein-analysis/molecular-imaging-for-
proteins/imaging-software/imagequant-
tl-8-1-p-00110

subreads (v1.6.0) Laio et al., 2014 http://subread.sourceforge.net/

MarkDuplicates Picard Tools, Broad 
Instiutute, GitHub 
Repository.

https://broadinstitute.github.io/picard/
command-line-
overview.html#MarkDuplicates

Table S1: Primers for Cloning

FOXA1_cloningintopDONR
F: GGGG ACA ACT TTG TAC AAA AAA GTT GGC ATG 
TTA GGA ACT GTG AAG ATG

Invitrogen N/A

FOXA1_cloningintopDONR_stop
R: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC CTA 
GGA AGT GTT TAG GAC GGG

Invitrogen N/A

FOXA1_cloningintopDONR_nonstop
R: GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC GGA 
AGT GTT TAG GAC GGG TCT

Invitrogen N/A

FOXA1_D226N_MUT
F: GTCCTTCAATAACTGCTT CGTCAAGG: AGCGAGTGG 
CGGATGGAG

Invitrogen N/A

FOXA1_I176V_MUT
F: CTACTCGTACGTCTCGCT CATCACCATGGCC R: 
GGCGGCTTGGCGTGCGGG

Invitrogen N/A

FOXA1_C227R_MUT
F: CTTCAATGACCGCTTCGTC AAGGTGG R: GACAGCGAG 
TGGCGGATG

Invitrogen N/A

FOXA1_H247Y_MUT
F: CTGGACGCTGTACCC GGACTC R: TAGGAGCC 
CTTGCCCGGC

Invitrogen N/A

FOXA1_S250F_MUT
F: CACCCGGACTTCGG CAACATG R: CAGCGTC 
CAGTAGGAGCC

Invitrogen N/A

FOXA1_M253K_MUT
F: TCCGGCAACAAGT TCGAGAACGGC R: GT 
CCGGGTGCAGCGTCCA

Invitrogen N/A

FOXA1_SY242CS_MUT
F: GGCAAGGGCTGCTCCTG
GACGCTG R: CGGCTT GTCCGGGGAGCG

Invitrogen N/A

FOXA1_F266L_MUT
F: AGAAGCGCTTGAAG TGCGAGAAGC R: GGCGG 
CGCAAGTAGCAGC

Invitrogen N/A

FOXA1_Y175C_MUT
F: CCCTACTCGTGCATC TCGCTCATCACC R: 
CGGCTTGGCGTGCGGGTA

Invitrogen N/A

FOXA1_R262H_MUT
F: TACTTGCGCCACCA GAAGCGC R: GCAGCC 
GTTCTCGAACATG

Invitrogen N/A

Table S2: Q-PCR Primers for ER Target Genes

h-PGR
F: GGCATGGTCCTTGGAGGT
R: CCACTGGCTGTGGGAGAG

Invitrogen N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

h-TFF1 F: CCCCTGGT GCTTCTATCCTAA R: GATC 
CCTGCAGAAGTGTCTAAAA

Invitrogen N/A

h-GREB1 F: GTGGTAGCCG AGTGGACAAT R: ATTTGT 
TTCCAGCCCTCCTT

Invitrogen N/A

h-IGFBP4
F: AACTTCCACCCCAAGCAGT R: 
GGTCCACACACCAGCACTT

Invitrogen N/A
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