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SUMMARY
Aberrant activation of the forkhead protein FOXA1 is observed in advanced hormone-related cancers.
However, the key mediators of high FOXA1 signaling remain elusive. We demonstrate that ectopic high
FOXA1 (H-FOXA1) expression promotes estrogen receptor-positive (ER+) breast cancer (BC) metastasis
in a xenograft mouse model. Mechanistically, H-FOXA1 reprograms ER-chromatin binding to elicit a
core gene signature (CGS) enriched in ER+ endocrine-resistant (EndoR) cells. We identify Secretome14,
a CGS subset encoding ER-dependent cancer secretory proteins, as a strong predictor for poor outcomes
of ER+ BC. It is elevated in ER+ metastases vs. primary tumors, irrespective of ESR1 mutations. Genomic
ER binding near Secretome14 genes is also increased in mutant ER-expressing or mitogen-treated ER+ BC
cells and in ER+ metastatic vs. primary tumors, suggesting a convergent pathway including high growth
factor receptor signaling in activating pro-metastatic secretome genes. Our findings uncover H-FOXA1-
induced ER reprogramming that drives EndoR and metastasis partly via an H-FOXA1/ER-dependent secre-
tome.
INTRODUCTION

Estrogen receptor (ER) is a key transcription factor (TF) regu-

lating expression of genes in normal mammary gland develop-

ment and ER-positive (ER+) breast cancer (BC).1,2 Endocrine

therapy is the mainstay treatment of ER+ BC, including selective

ER modulators (SERMs; i.e., tamoxifen), aromatase inhibitors

(AIs) that block synthesis of estrogen, and selective ER de-

graders (SERDs; i.e., fulvestrant). However, endocrine resis-
This is an open access article under the CC BY-N
tance (EndoR) is common, resulting in disease progression and

poor clinical outcome.3,4

In the majority of EndoR tumors, ER continues to exert a

pivotal, albeit altered, role in driving ER+ BC progression.5

Main contributing causes of EndoR are estrogen-independent

and modulated SERM/SERD effects on ER activation, which

can stem from (1) increased ER-coactivator interactions,6–8

(2) cross-talk between ER and high growth factor receptor

(GFR) signaling,9,10 and/or (3) the recently identified ESR1
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ligand-independent activating mutations in over 30% of meta-

static BC, particularly in patients treated with AIs.11

Genome-widemapping of TF-chromatin binding (cistrome) re-

veals a dynamic pattern of ER redistribution in EndoR cell

models and ER+ metastatic tumors, in which the genes

harboring newly established ER binding sites predict poor prog-

nosis of ER+ BC.12–15 One key factor regulating ER-chromatin

binding is the forkhead box protein FOXA1,16,17 a pioneer TF

functioning at the epigenetic level by facilitating chromatin de-

condensation and subsequent lineage-specific TF binding and

gene activation.18,19 We and others have shown that high levels

of FOXA1 (H-FOXA1), via genetic amplification, activating muta-

tions, or local structural alterations, and/or overexpression,

occur in preclinical EndoR cell models20 and in hormone recep-

tor-driven metastatic breast and/or prostate cancers.21–25

Notably, the pioneering activity of FOXA1 may also differ based

on its expression levels and on hormonal signals because it has

been shown that, whereas FOXA1 binding to chromatin occurs

prior to ER recruitment,26 ER may also facilitate a small group

of FOXA1 binding upon estrogen stimulation.27,28 However, the

functional consequences of H-FOXA1 in EndoR and metastatic

BC remain to be addressed.

In this report, we first tested the hypothesis that H-FOXA1 pro-

motes EndoR BC metastasis by employing a doxycycline (Dox)-

inducible FOXA1 overexpression (OE) xenograft mouse model.

This syngeneic H-FOXA1 cell model allowed us to delineate

the direct effect of H-FOXA1 on the ER cistrome aligned with

the FOXA1/ER-dependent transcriptome without superimposi-

tion of other potential genetic alterations arising upon acquired

resistance. We then performed integrated omics data analyses

to characterize H-FOXA1/ER signaling in EndoR BC cells. We

show that H-FOXA1 promotes tamoxifen-resistant (TamR) BC

xenograft tumor metastasis and induces a core gene signature

(CGS) enriched in ER+ EndoR BC cell models. We further

demonstrate that Secretome14, encoding a highly select

H-FOXA1/ER-dependent secretome subset, predicts poor out-

comes of ER+ BC. Secretome14 expression escalates in ER+

metastases and harbors increased ER binding at cis-regulatory

regions in ER+ cell models expressing mutant ER or treated

with mitogens and in ER+ metastases compared with the

respective primary tumors.

Our findings support the role of H-FOXA1 in promoting Tam-

treated BC metastasis and reveal the H-FOXA1/ER-dependent

Secretome14 as a part of convergent ER reprogramming in

advanced ER+ disease progression.

RESULTS

Ectopic FOXA1 OE in a xenograft mouse model
promotes TamR tumor metastasis
Because FOXA1 upregulation occurs frequently in ER+metasta-

tic BC,21,22 we tested the hypothesis that H-FOXA1 drives En-

doR and metastasis in vivo. We generated an orthotopic xeno-

graft mouse model by injection of luciferase/GFP-tagged

MCF7 cells engineered with Dox-inducible FOXA1 OE. We ran-

domized mice bearing estrogen (E2)-stimulated tumors to ±

Dox groups treated with Tam in the absence of E2, with estrogen

deprivation (ED) alone, or continuing E2 as a control (Figure 1A,
2 Cell Reports 42, 112821, August 29, 2023
left panel). Primary xenograft tumors, when reaching a volume

greater than 600 mm3, were surgically removed, followed by pe-

riodic bioluminescence imaging (BLI) to monitor tumor metas-

tasis (Figure 1A, right panel). All primary tumors treated with E2

continued to grow, with no difference in progression-free survival

(PFS) between the �Dox and +Dox groups (Figures S1A–S1C).

Tam and ED led to initial tumor regression, followed by tumor

recurrence, which was faster with larger tumor size in the Tam

vs. ED group (Figures S1D–S1G; Table S1). Of note, a few tumors

progressed earlier in the Tam +Dox vs. �Dox group, but overall,

for the Tam and ED groups, FOXA1 OE did not result in a signif-

icant difference in PFS or regression-free survival over an

extended time (Figures S1H and S1I; Table S1). Importantly,

after survival surgery, we observed an increased rate of axillary

lymph node (LN) metastasis in the Tam +Dox vs. �Dox group

(Figures 1B and 1C). The BLI signal in isolated lungs after eutha-

nasia was also significantly enhanced in the Tam +Dox vs.�Dox

group (Figure 1D). Overall, there was an inferior LN/distant

relapse-free survival (DRFS) in mice treated with Tam +Dox vs.

�Dox, with a median time of 60 days for metastatic onset in

the +Dox group (Figure 1E; Table S1). Compared with Tam,

fewer mice received survival surgery in the ED group, with no dif-

ference in RFS between the ED + Dox vs. �Dox group

(Figures S1J and S1K). Overall, these data suggest that, despite

no change in primary tumor endocrine response, ectopic FOXA1

OE promotes metastasis in xenograft tumors treated with Tam

but not ED.

All metastatic LN lesions were confirmed by necroscopic BLI

and further identified as of MCF7 origin by GFP immunohisto-

chemistry (IHC) (Figures S2A and 1F; Table S1). FOXA1 expres-

sion was comparable in E2-treated tumors with ectopic FOXA1

OE and the acquired TamR tumors, in which +Dox further

increased FOXA1 levels (Figures S2B–S2D). ER expression

was maintained, whereas the classic ER-regulated target pro-

gesterone receptor (PR) was lost in TamR vs. E2-treated xeno-

graft tumors (Figures S2C and S2E). FOXA1 OE in resistant tu-

mors was functionally relevant because the H-FOXA1 target

interleukin-8 (IL-8)20 was further upregulated in +Dox vs. �Dox

TamR tumors (Figures S2C and S2F). Similar data showing

FOXA1 expression and PR loss were also seen in the resistant

cell model in vitro (Figure S2G). Of note, ectopic FOXA1 OE led

to a reduction of PR expression in MCF7-parental (P) cells

(Figure S2G) but not in E2-treated MCF7-P xenograft tumors

(Figure S2B), possibly because of the effect of exogenous E2

supplementation on in vivo xenograft tumors. Indeed, E2 treat-

ment in MCF7-P cells with ectopic FOXA1 OE partly negated,

in a dose-dependent manner, the reduction in PR (Figure S2H),

suggesting regained classic ER activity upon E2 even in the pres-

ence of H-FOXA1.

H-FOXA1 coordinates ER to reprogramgenome-wide ER
and FOXA1 binding in endocrine-naive cells
To dissect the interplay between H-FOXA1 and ER in cistromic

and transcriptomic reprogramming, we integrated the FOXA1

and ER cistrome in endocrine-naive cells with ectopic FOXA1

OE and in the FOXA1-amplified TamR cells with endogenous

H-FOXA1. We first mapped the ER cistrome by chromatin

immunoprecipitation followed by next-generation sequencing
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Figure 1. Ectopic FOXA1 overexpression (OE) promotes Tam-treated xenograft tumor metastasis

(A) Schematic of the in vivo experiments to assess the impact of ectopic FOXA1 OE on primary tumor endocrine response (left) andmetastatic onset after survival

surgery (right).

(B and C) Live bioluminescence imaging (BLI) shows primary tumor and axillary lymph node (LN) metastases (mets) post survival surgery in Tam ± Dox groups.

Dashed rectangles mark the armpit regions with LN mets. Scaled color bars denote the pixel value of photon flux.

(D) Quantification of BLI signal in lungs harvested from euthanizedmice in the Tam ±Dox groups. The p value was determined byWilcoxon rank-sum test. Scaled

color bars denote the pixel value of photon flux.

(E) Kaplan-Meier plots depicting LN/distant relapse-free survival (DRFS) measured by counting events of the first observed metastatic onset after survival

surgery. The p value was determined using the log rank survival test. Bottom: the calculated median time to metastasis of the Tam ±Dox groups.

(F) Representative GFP immunohistochemistry (IHC) staining on LNs and lungs harvested from the Tam +Dox group. Scale bars, 100 mm.

See also Figures S1 and S2.
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Figure 2. Ectopic FOXA1 OE reprograms genome-wide ER and FOXA1 binding
(A) Heatmaps showing the intensity of the ER-bound peaks inMCF7-P/FOXA1 +Dox vs.�Dox cells. Also shown is the intensity of overlaid regions bound by ER in

E2- or Tam-treated P cells and in TamR cells. Right: the average intensity of the overlaid ER binding.

(B) Venn diagram showing the overlap of ER binding sites between the H-FOXA1-induced ER loss regions and the ER gain regions in P cells upon E2 stimulation.

The p value was determined using the Pearson’s chi-squared test with Yates’ continuity correction.

(C) Bar charts depicting the proportion of the clustered ER binding sites in P/FOXA1 +Dox vs. �Dox cells that overlap with the unique ER binding sites in Tam-

treated P and TamR cells.

(D) Top enriched binding motifs at the ER gain and loss regions in P/FOXA1 +Dox vs. �Dox cells.

(E) Heatmaps showing the intensity of the FOXA1-bound peaks in MCF7-P/FOXA1 +Dox vs.�Dox cells. Also shown is the intensity of overlaid regions bound by

FOXA1 in Tam-treated P and TamR cells. Right: the average intensity of the overlaid FOXA1 binding.

(legend continued on next page)
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(ChIP-seq). As shown in Figure 2A, even without endocrine ther-

apy, H-FOXA1 altered the ER cistrome, resulting in redistribution

ofmore than 80%of ERwith 2,681 decreased and 796 increased

binding events in +Dox vs. �Dox cells. Importantly, compared

with FOXA1OE, ectopic yellow fluorescent protein (YFP) expres-

sion as a control led to an indiscernible change in the ER cis-

trome in MCF7-P cells (Figures S3A–S3C). The difference in

H-FOXA1-induced loss/gain of ER binding was not seen in P

cells upon YFP expression, ruling out an effect of Dox on altering

ER binding events (Figures S3D and S3E). To determine whether

the H-FOXA1-dependent ER cistrome is related to the ER cis-

trome in acquired TamR cells harboring FOXA1 amplification,

we overlaid the differential ER binding with our prior ER ChIP-

seq data obtained from MCF7-P and TamR cells.12 We found

that the majority of lost or retained ER binding induced by

ectopic H-FOXA1 overlapped with the ER binding sites in P cells

induced by E2 vs. Tam treatment (Figure 2A, right panel). The lost

ER binding sites induced by H-FOXA1 in P cells were also signif-

icantly enriched for ER binding under E2 vs. ED, which corre-

sponds to 11% of total E2-stimulated ER binding (Figure 2B),

suggesting that H-FOXA1 induces loss of selective E2-stimu-

lated ER binding sites. We further found that the proportion of

H-FOXA1-induced ER loss regions was significantly enriched

for the unique ER binding sites in P vs. TamR cells, but no enrich-

ment of the ER gain regions was observed in the unique ER bind-

ing in TamR vs. P cells (Figure 2C). This possibly reflects a

discrepancy in ER reprogramming, especially for the gain re-

gions, under H-FOXA1 induced by transient (+Dox) vs. the

long-term process of acquired resistance as well as regular vs.

estrogen-deprived medium in P vs. TamR cells, respectively.

Motif analysis revealed the canonical estrogen response element

(ERE) as the top motif enriched in the ER loss regions induced by

H-FOXA1 (Figure 2D; Table S2), further supporting the notion

that H-FOXA1 reduces genome-wide ER binding at regions

that are normally enriched for selective E2-stimulated binding

sites. Notably, by overlaying the FOXA1 cistrome29 over the ER

cistrome in the same P cells with ectopic H-FOXA1 induction,

we observed parallel reduced or enhanced FOXA1 binding at

the lost/shared and a subset of gained ER binding sites, respec-

tively (Figure S3F). Altogether, our findings suggest direct

involvement of FOXA1 in ER cistromic redistribution, possibly

via mechanisms including recruitment of co-activators/co-re-

pressors and FOXA1-engaged chromatin remodeling, as shown

by previous studies.26,29–31

We have shown previously that ectopic H-FOXA1 induces

enhancer reprogramming in endocrine-sensitive BC cells.29 To

compare the H-FOXA1 cistrome with the one established upon

acquired resistance, we now integrated differential FOXA1 bind-

ing sites identified in the inducible FOXA1 OE cell model29 with

the FOXA1 cistrome mapped in MCF7-P and TamR cells ex-

pressing endogenous H-FOXA1 because of acquired FOXA1

amplification.20 We observed a concordant decrease, sharing,

and increase in FOXA1 binding in TamR vs. P cells at the corre-
(F) Bar charts showing the proportion of the clustered FOXA1 binding sites in P/F

Tam-treated P and TamR cells.

(G) Top enriched binding motifs at the FOXA1 gain and loss regions in P/FOXA1

For (C) and (F), the p value was determined using a chi-square test with Bonferro
sponding differential FOXA1-bound regions in P cells with induc-

ible FOXA1 OE (Figure 2E). This is consistent with a significant

enrichment of H-FOXA1-induced FOXA1 gain (13%) and

FOXA1 loss (30%) regions at the unique FOXA1 binding sites in

TamR or P cells, respectively (Figure 2F). In the H-FOXA1-

induced ER gain and H-FOXA1-induced FOXA1 gain regions,

we found the enriched ARID5A motif (Figures 2D and 2G;

Table S2). Of note, ARID1A, a member of the AT-rich interactive

domain (ARID) protein family and a subunit of the SWI/SNF chro-

matin remodeling complex, has been shown recently to maintain

FOXA1/ER-dependent luminal lineage-determining gene

expression, and its inactivating mutations alter gene expression

programs, resulting in EndoR in advanced ER+ BC.30,31

Collectively, our data suggest that ectopic FOXA1 OE in endo-

crine-naive P cells reprograms the ER and FOXA1 cistrome simi-

larly as those established in TamR cells expressing H-FOXA1 via

FOXA1 amplification.

Ectopic FOXA1 OE induces a shared CGS across
different H-FOXA1 cell models
Genomic binding of FOXA1 at the canonical forkheadmotif could

be saturated by ectopic H-FOXA1, which may cause an artifact

when analyzing H-FOXA1 biological outcomes. Interestingly,

by scanning the FOXA1motif across the genome-wide enhancer

regions in the MCF7-P/FOXA1 cell model, we found that only

23.7% of the FOXA1 motifs across the genome were bound by

FOXA1 in �Dox and/or +Dox cells (Figure 3A). These FOXA1-

bound FOXA1 motif sites also exhibit differential FOXA1 binding

affinity in +Dox vs. �Dox cells (Figure 3B). These findings

exclude the possibility of FOXA1 saturation and support the

notion that pioneer factors like FOXA1 exhibit select and specific

genomic binding even when expressed ectopically.32

To link gene expression to the FOXA1-bound sites that harbor

the FOXA1 motif, we identified all genes harboring nearby

FOXA1 motifs with FOXA1 occupation in MCF7-P/FOXA1

±Dox cells. We observed a strong correlation between the num-

ber of gained FOXA1-bound motifs and the degree of gene

expression upregulation by ectopic FOXA1 OE (Figure 3C).

Next, using the binding and expression target analysis (BETA) al-

gorithm,33 we identified 471 upregulated (UP) and 311 downre-

gulated (DN) genes in +Dox vs. �Dox cells (Table S2), which

we defined as the H-FOXA1-induced CGS (Figure 3D). This

FOXA1-CGS was highly enriched in the altered transcriptomes

of two additional ER+ BC cell models (ZR75-1 and T47D) ex-

pressing ectopic Dox-induced H-FOXA1 (Figures 3E, 3F, S4A,

and S4B). Moreover, the CGS_UP gene set was also enriched

in pancreatic and prostate cancer cells with ectopic H-FOXA1

OE34,35 (Figures S4C and S4D), suggesting a similar impact of

H-FOXA1 on the transcriptome in a diverse epithelial cancer

cell context.

Functional annotation of the FOXA1-CGS showed an enrich-

ment of the Gene Ontology (GO) terms36 ‘‘cell-cell adhesion

mediated by integrin,’’ ‘‘TGF beta receptor signaling pathway,’’
OXA1 +Dox vs. �Dox cells that overlap with the unique FOXA1 binding sites in

+Dox vs. �Dox cells.

ni multicomparison adjustment. See also Figure S3.
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Figure 3. H-FOXA1 induces a core gene signature (CGS) that distinguishes ER+ EndoR BC cells

(A) Pie chart displaying the proportion of the FOXA1-bound motif in MCF7-P/FOXA1 ±Dox cells among the reservoir of the genome-wide scanned FOXA1 motif

(JASPAR: MA0148.1). The motif sequence logo is shown in the bottom panel.

(B) Heatmaps showing the intensity of the FOXA1-bound peaks at the FIMO-scanned FOXA1motif in P/FOXA1 +Dox vs.�Dox cells. Representative peaks shown

by the genome browser tracks are included in the bottom panel.

(C) Boxplots showing correlation between the counted FOXA1motif and the expression of nearby genes inMCF7-P/FOXA1 +Dox vs.�Dox cells. The p value was

determined using one-way ANOVA.

(D) Volcano plot depicting the expression changes (x axis) and the probability of H-FOXA1 targets (y axis) predicted by the BETA algorithm.33 FOXA1-

CGS_downregulated (DN) and upregulated (UP) genes are colored in blue and red, respectively, based on the cutoff, as indicated by the dashed lines.

(legend continued on next page)
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and ‘‘extracellular matrix disassembly’’ for the CGS_UP gene set

(Figure S4E) and ‘‘amino acid transport,’’ ‘‘tRNA aminoacylation

for protein translation,’’ and ‘‘response to estrogen’’ for the

CGS_DN gene set (Figure S4F). Gene set enrichment analysis

(GSEA) further confirmed the top enrichment of the FOXA1-

CGS in the three H-FOXA1 ER+ BC cell models (Figures S5A–

S5C). In addition, the enriched Molecular Signatures Database

(MSigDB) hallmark gene sets,37 shared by the three H-FOXA1

cell models (Table S2), include ‘‘inflammatory response,’’ ‘‘com-

plement,’’ and ‘‘interferon gamma response’’ for H-FOXA1-

induced (Figure S5D) and ‘‘estrogen response early’’ and ‘‘estro-

gen response late’’ for H-FOXA1-repressed genes (Figure S5E).

These findings support an H-FOXA1 induced immune-related

signature over that of an estrogen-responding signature.

The FOXA1-CGS is highly represented in ER+ EndoR BC
cell models
To further evaluate and generalize the relevance of the FOXA1-

CGS in EndoR, we queried the RNA sequencing (RNA-seq)

data obtained from four ER+BC cell models with their EndoR de-

rivatives made resistant to Tam, ED (EDR), or fulvestrant

(FulR).20,38 FOXA1 levels were elevated in EndoR derivatives of

the MCF7, ZR75-1, and T47D models, whereas ER expression,

as we have shown previously,38 was largely lost upon EndoR

in the latter two models (Figure 3G). Expression of PR, the clas-

sical E2-stimulated ER target, was lost in all resistant derivatives

except for theMCF7-EDRmodel, in which classic E2-dependent

ER activity is maintained.38,39 Indeed, hierarchical clustering of

the FOXA1-CGS genes separated the group of EDR, P (grown

in full medium), and E2-treated P cells (grown in ED medium)

from the TamR and FulR derivatives (Figures S5F and S5G).

We then sorted all P and EndoR models using the FOXA1-CGS

enrichment score calculated by single-sample (ss) GSEA40 (Fig-

ure 3H) and saw decreasing FOXA1-CGS scores in thesemodels

in the order ER+/PR� > ER�/PR� > ER+/PR+ (Figure 3I), further

uncovering a potential clinical relevance.

The FOXA1-CGS is enriched for an H-FOXA1/ER-
dependent secretome in ER+ EndoR cells
We found that H-FOXA1 induces a transcriptome enriched for

immune response signaling (Figure S5D), which is consistent

with the notion that H-FOXA1 induces IL-8 in TamR vs. P cells,

as we described previously.20 Here we performed an unbiased

proteomics analysis using a cell proteome database41 and found

a significant enrichment of secretory proteins encoded by the

FOXA1-CGS compared with genes not altered by H-FOXA1 (Fig-

ure 4A). This enrichment was also confirmed using additional hu-

man proteome databases42,43 (Figure 4B). Using a secretome
(E and F) GSEA plots showing the enrichment of FOXA1-CGS_UP genes in the tran

enrichment score.

(G) Western blots for FOXA1, ER, and PR proteins in four ER+ BC cell mode

normalization using b-actin.

(H) Bar charts showing the enrichment score (ES) of the FOXA1-CGS, calculated b

model. FOXA1/ER/PR expression (positive or negative) and FOXA1 UP status (E

(I) Quantification of the z-centered ssGSEA ES of the FOXA1-CGS across three

whiskers extended to the highest and lowest values. The p value was determine

See also Figures S4 and S5.
pool merged by the cell proteome and the Human Protein Atlas44

databases, we refined the enriched FOXA1-CGS_Secretome

(n = 165) within CGS_UP genes (Figure 4C).

Using our prior RNA-seq data of TamR cells upon FOXA1/ER

small interfering RNA (siRNA) knockdown (KD),20 we found that

FOXA1-CGS_Secretome was significantly enriched in DN genes

upon FOXA1 KD in MCF7-TamR but not P cells (Figures 4D and

4E). To better understand the role of ER in activating H-FOXA1

signaling, we identified Secretome14 as a 14-gene signature

that was DN upon ER and FOXA1 KD preferentially in TamR

vs. P cells (Figures 4F–4H). These findings were in line with the

observation of marked enhancement of FOXA1 binding and

lesser but significant enhancement of ER binding at the

Secretome14 gene loci in TamR vs. P cells treated with Tam

(Figures S6A and S6B). Enhanced FOXA1 binding was observed

at individual Secretome14 gene loci in TamR vs. P cells treated

with E2 or Tam, whereas half of the gene loci harbored increased

ER binding in TamR and P cells treated with Tam vs. P cells

treated with E2 (Figures S6C and S6D). Secretome14 gene

expression and secreted protein levels (5 measured by ELISA)

were largely increased in TamR vs. P cells treated with E2 or

Tam (Figures S7A and S7B), suggesting that the increased ER

binding at the gene loci in E2-treated P cells is possibly involved

in gene repression.45 In addition, we found that secretion of the

four secretome factors (ANG, EDN1, GOLM1, and IL-8) was

significantly UP in MCF7-P cells upon ectopic FOXA1 vs. YFP

OE (Figure S7C), further supporting a role of H-FOXA1 in acti-

vating secretome gene expression. Importantly, GO analysis of

Secretome14 reveals an association of cellular response to the

tumor microenvironment (TME) and cancer pathways, including

EGFR-dependent endothelin signaling and the AP-1 TF network

(Figures S8A and S8B). By analyzing the RNA-seq data of the

clinical ER+ metastatic cohort,46 we found that gene expression

of several known receptors of the Secretome14 factors (e.g., IL-8

and EDN1) was significantly elevated in ER+metastases vs. ER+

primary tumors (Figure S8C). These findings suggest a potential

role of Secretome14 in modulating the TME by interacting with

their cognate receptors in adjacent epithelial and non-epithelial

cell populations.

We have shown previously that AP-1 is a key mediator of En-

doR47 and that its motif is highly enriched at H-FOXA1-engaged

enhancers in TamR cells.29 Using two MCF7-TamR clones engi-

neered with Dox-inducible dominant-negative c-Jun expression,

we found that all but one Secretome14 gene were substantially

DN upon dominant-negative c-Jun expression (Figure S9A).

Furthermore, analyzing the c-Jun transcriptomic and cistromic

data obtained from the P/TamR model,48 we found that 12 of

the Secretome14 genes were DN upon c-Jun shRNA KD in
scriptome of ZR75-1 and T47D cells with ectopic FOXA1 OE. NES, normalized

ls with their EndoR derivatives. Also included is FOXA1 densitometry after

y single-sample (ss) GSEA using the RNA-seq data with duplicates for each cell

ndoR vs. P) based on the western blots are shown in the top panel.

defined categories of cell models. The box was plotted by mean ± SEM, with

d using a pairwise t test with multiple test corrections.
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Figure 4. The FOXA1-CGS is enriched for an H-FOXA1/ER-dependent secretome in ER+ EndoR cells

(A) Bar charts showing subcellular distribution of the proteins encoded by the FOXA1-CGS genes using the MCF7 proteome SubCellBarCode data.41 NC, no

change.

(B) Bar charts showing the actual and expected proportions of the FOXA1-CGS_UP genes encoding secretory proteins defined by Plasma Proteome42 and

SPOCTOPUS.43

(C) Venn diagram depicting the FOXA1-CGS_Secretome annotated by the secretome pool merged by the MCF7 SubCellBarCode proteome and the secretome

classified by the Human Protein Atlas v.19 (https://www.proteinatlas.org).

(D and E) GSEA plots showing enrichment of the FOXA1-CGS_Secretome genes in the transcriptome of MCF7-TamR and P cells upon FOXA1 knockdown (KD).

(F) Heatmaps showing expression log2 fold change (FC) of the leading-edge gene (fromD) in TamR and P cells upon ER or FOXA1 KD vs. nonspecific (NS) KD. The

subpanel of Secretome14 that is DN upon ER and FOXA1 KD in TamR cells is shaded in gray.

(G and H) Density plots displaying the preferential changes in Secretome14 gene expression in TamR vs. P cells upon ER or FOXA1 KD. The p value was

determined using a two-sided Kolmogorov-Smirnov test.

(I) Quantification of Secretome14 expression, assessed by the average modified Z score (AveMZ), across MCF7 E2-treated and EndoR xenograft tumors.

(legend continued on next page)
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TamR cells (Figure S9A, right panel). Accordingly, c-Jun binding

was markedly increased at the FOXA1 binding sites nearby the

Secretome14 gene loci in TamR vs. P cells (Figures S9B–S9D),

suggesting a FOXA1/ER/AP-1-dependent mechanism in acti-

vating Secretome14 in EndoR cells. Next, we used the average

modified Z score (AveMZ) to assess the Secretome14 signature

in MCF7 EndoR xenograft tumors.49 Compared with the E2-

treated tumors, Secretome14 expression was significantly

increased in TamR but not EDR and FulR xenograft tumors

(Figure 4I). Of note, in contrast to ER+/PR� TamR tumors,

FulR tumors are ER�/PR�, and EDR tumors are ER+/PR+ that

maintain luminal gene signatures.38,49 Analyzing gene expres-

sion data of HER2� tumors from the Molecular Taxonomy of

Breast Cancer International Consortium (METABRIC), we found

a significant increase in Secretome14 in ER+/PR� vs. ER�/PR�
or ER+/PR+ tumors (Figure 4J), suggesting that Secretome14

correlates with ER/PR status in primary untreated tumors. Like-

wise, Secretome14 expression was also significantly higher in

the ER+/PR� than the ER�/PR� and ER+/PR+ EndoR cell

models (Figure 4K).

High Secretome14 expression predicts poor outcomes
of ER+ BC treated with endocrine therapy
To further explore the clinical relevance of the H-FOXA1/ER-

dependent Secretome14, we interrogated the METABRIC clini-

copathologic data.50,51 We found that high Secretome14

expression robustly predicted shorter BC-specific survival

(BCSS) in ER+ BC receiving endocrine therapy without chemo-

therapy (Figure 5A) but not in ER+ BC with no endocrine therapy

(Figure 5B). In the same setting of ER+ BC, multivariate analyses

revealed that high Secretome14 expression independently

decreased BCSS within a relatively longer follow-up time frame

(Figure 5C), indicating a molecular signature linked to a late

recurrence. In addition, high Secretome14 expression robustly

predicted shorter DRFS in ER+ BC receiving endocrine therapy

without chemotherapy (Figure 5D); a lesser significance was

observed in ER+ BC with no endocrine therapy (Figure 5E). In

contrast, no significance was observed for local RFS stratified

by Secretome14 in ER+ BC with or without endocrine therapy

(Figures S10A and S10B). Like tumor stage and LN positivity,

high Secretome14 independently predicted decreased DRFS

in 5- and 15-year follow-up (Figure 5F). These findings were reit-

erated by analyzing a second gene expression megaset, KM-

plotter,52 in which high Secretome14 expression was signifi-

cantly associated with poor outcomes in ER+ BC receiving

endocrine therapy without chemotherapy but not those without

endocrine therapy (Figures S10C–S10F).

Using the multivariate regression model, we identified S100P

and CD55, which independently predicted poor outcomes in

ER+ BC receiving endocrine therapy without chemotherapy

within 5 and 15 years (Figures 5G, 5H, S10G, and S10H).

S100P and CD55 predicted poor DRFS (Figures S10I and
(J) Quantification of Secretome14 AveMZ across METABRIC HER2� BC with de

(K) Dot plots showing Secretome14 AveMZ across four EndoR cell models (each

unpaired two-sample t test.

For (A) and (B), the p value was determined using a chi-square test with Bonferron

plotted by mean ± SEM, and the p value was determined using a pairwise t test
S10J), suggesting an essential role of these two factors in ER+

BC metastasis engendered by H-FOXA1/ER signaling.

Secretome14 correlates with FOXA1 expression and
escalates in ER+ metastatic tumors
We then asked whether Secretome14 expression is altered dur-

ing ER+ disease progression. We interrogated the recent clinical

sequencing study, as mentioned above.46 Compared with ER+

primary tumors, Secretome14 expression was markedly

elevated in ER+ metastases (mets) (Figure 6A). Secretome14

expression was positively correlated with FOXA1 mRNA levels

in ER+ primary tumors and ER+ mets (Figures 6B and 6C).

FOXA1 genetic aberration (amplification or missensemutations),

as reported previously,21,23,53 was identified in 11% of ER+

mets, in which both Secretome14 and FOXA1 expression levels

were higher than the mets harboring wild-type (WT) FOXA1

(Figures 6D and S11A). Similar to a previous report,54 ESR1

mutations were identified in 26% of the ER+ mets; however,

no difference in Secretome14 expression was observed in

ESR1-mutant vs. WT mets irrespective of FOXA1 status (Fig-

ure 6E). When comparing Secretome14 expression longitudi-

nally for the same patient, Secretome14 expression was UP in

FOXA1-WT mets vs. matched primary tumors irrespective of

the ESR1 status (Figure 6F). These findings suggest that, in a

subset of FOXA1-WT ER+ mets, the increase in Secretome14

could be driven by other mechanisms, including ESR1 muta-

tions, which have been shown to be largely mutually exclusive

to the FOXA1 aberrations in ER+/HER2� metastatic BC.23,29

Among individual Secretome14 genes, we identified S100P,

GOLM1, and CXCL8 as the top three highly UP genes in ER+

mets vs. ER+ primary tumors, with a similar pattern of increase

also seen in ER+ mets vs. a primary tumor from the same pa-

tient (Figures 6G and S11B). The fact that the Secretome14

genes were not equally increased in ER+ mets vs. primary tu-

mors is possibly due to their varied expression patterns linked

to different biological roles in disease progression. Neverthe-

less, FOXA1 expression level was positively correlated with

most Secretome14 genes in ER+ mets and, to a lesser extent,

in ER+ primary tumors (Figures 6H and 6I), suggesting a

continuing role of H-FOXA1 in activating Secretome14 in

ER+ mets.

Because we have shown previously that H-FOXA1 mediates

EndoR partially by inducing IL-8 (encoded by the CXCL8

gene),20 we asked whether IL-8 secretion has a paracrine effect

on endocrine-sensitive cells. We found that MCF7-P cells,

secreting neglectable levels of IL-8, became more migrative

when cultured with conditioned medium collected from P cells

expressing ectopic IL-8 vs. YFP (Figures S11C and S11D).

Importantly, in TamR cells expressing H-FOXA1 and IL-8 but

not P cells, an IL-8 neutralizing antibody led to significant and

dose-dependent suppression of cell migration (Figures S11E

and S11F). Overall, these data indicate that high Secreteome14
fined ER/PR status.

in duplicates) with defined ER/PR status. The p value was determined using an

i multicomparison adjustment. N.S., non-significant. For (I) and (J), the box was

with multiple test corrections. See also Figures S6–S9.
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Figure 5. Secretome14 predicts poor outcomes of ER+ BC treated with endocrine therapy (ET)
(A and B) Kaplan-Meier plots depicting BC-specific survival (BCSS) of ER+BCpatients treated with ET and no chemotherapy and of patients without ET, stratified

bymedian level of Secretome14 expression. The 95%confidence interval (CI) is depicted in colors for point estimates hereafter. The p value and hazard ratio (HR)

were calculated hereafter using a likelihood ratio test and Wald estimates in the Cox proportional hazards model.

(C) Forest plots for HR of Cox multivariate analyses. Factors contributing to BCSS within 5- and 15-year follow-up are indicated by the red boxes, with p < 0.05.

NPI, Nottingham prognostic index.

(D and E) Kaplan-Meier plots depicting DRFS of ER+ BC patients treated with ET and no chemotherapy and of patients without ET, stratified by median level of

Secretome14 expression.

(F) Forest plots for HR of Cox multivariate analyses. Factors contributing to DRFS within 5- and 15-year follow-up are indicated by the red boxes, with p < 0.05.

(G and H) Forest plots for HR of Cox multivariate analyses. Single Secretome14 genes and clinicopathologic factors contributing to BCSS and DRFS within

15-year follow-up are indicated by the red boxes, with p < 0.05.

See also Figure S10.
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Figure 6. Secretome14 correlates with FOXA1 expression and escalates in ER+ mets

(A) Quantification of Secretome14 expression in ER+ mets vs. ER+ primary tumors. The p value was determined using Welch’s t test for samples with unequal

variance.

(B and C) Scatterplots depicting correlation between FOXA1 mRNA and Secretome14 expression levels in ER+ primary tumors and ER+ mets. The p value was

determined using a Pearson correlation coefficient test. The genetic status of FOXA1 and ESR1 is denoted in the right panel. WT, wild-type; Amp, amplification;

Mut, mutant; Aber, aberration.

(D) Quantification of Secretome14 expression in ER+ mets harboring Amp/Mut vs. WT FOXA1.

(E) Quantification of Secretome14 expression in ER+ mets (stratified by the FOXA1 status in the top and bottom) harboring Mut vs. WT ESR1.

(F) Changes in Secretome14 expression in ER+mets (stratified by FOXA1 and ESR1 status) vs. their matched ER+ primary tumors. The number of matched pairs

in each group is indicated. The p value was determined using a paired two-sample t test.

(G) Expression changes of single Secretome14 genes in ER+ mets vs. ER+ primary tumors. Scaled color (split in white corresponding to p = 0.05) denotes a

transformed p value calculated by unpaired two-sample t test.

(legend continued on next page)

Cell Reports 42, 112821, August 29, 2023 11

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
expression is associated with ER+ metastatic BC via a potential

role in initiating and/or sustaining the metastatic phenotypes of

EndoR cells.

Enhanced cistromic ER binding is coupled with ER
transcriptional reprogramming of Secretome14
We next asked whether the H-FOXA1/ER-regulated Secre-

tome14 is also regulated by the mutant ER, which has been

shown to promote a pro-metastatic phenotype.55,56 We

analyzed the ChIP-seq and RNA-seq data derived from MCF7

cells with ectopic mutant ER OE.55 Compared with E2-treated

WT cells, ER binding was significantly increased in the enhancer

regions near the transcription start site (TSS) of the Secretome14

genes in ER-Y537S mutant-expressing cells on either ED or E2

treatment; a smaller increase was observed in cells expressing

the D538G mutant (Figure 7A). Interestingly, whereas Secre-

tome14 expression was repressed upon E2 treatment, a marked

increase was seen upon ER-Y537S mutant OE under ED and E2

treatment conditions, supporting E2-independent constitutive

activation of mutant ER driving Secretome14 expression (Fig-

ure 7B). The weaker effect of the ER-D538G mutant on Secre-

tome14 expression is possibly due to its lower binding affinity

and allele-specific activity in comparison with the Y537Smutant,

which is linked to more aggressive phenotypes and poorer out-

comes in ER+ BC.55,57

Because high GFR and cytokine signaling also alters the ER

cistrome associated with EndoR,13,15,58 we assessed the

changes in cistromic ER binding at Secretome14 in MCF7 cells

treated with mitogens and in ER+/HER2� tumors with different

prognoses13 (Figure 7C). Upon mitogenic stimulation, ER and

FOXA1 binding was significantly increased at the enhancer

and promoter regions of the Secretome14 genes (Figures 7D

and S12A–S12C). Whereas cistromic ER binding was absent in

ER� tumors, the highest ER binding at Secretome14 was

observed in ER+ mets, followed by ER+ primary tumors with

poor vs. good prognosis (Figures 7E and S12D). Finally, we

found that the cistromic ER binding profile of Secretome14

distinguished ER+mets and ER+ primary tumors with poor prog-

nosis (Figures 7F and S12E). Altogether, these data suggest that

the H-FOXA1/ER-dependent Secretome14 is also driven by ER

cistromic reprogramming, including via ligand-independent

mutant ER and/or high GFR signaling in ER+ EndoR and meta-

static BC.

DISCUSSION

Resistance to endocrine therapy is often associatedwith reactiva-

tion of ER signaling. As a key determinant of ER-chromatin binding

and function, FOXA1 has been shown to be upregulated in EndoR

cellmodels andER+metastaticBC,13,20but its interplaywithER to

regulate genes in ER+ disease progression is not completely un-

derstood. Building on our earlier studies demonstrating that

H-FOXA1 induces enhancer and transcriptional reprogramming

in EndoR BC,29 in this study we delineated the distinct role of
(H and I) Correlation between expression levels of FOXA1 and single Secretom

corresponding to p = 0.05) denotes a transformed p value calculated by a Spear

For (D) and (E), the p value was determined using a Wilcoxon rank-sum test. See

12 Cell Reports 42, 112821, August 29, 2023
H-FOXA1 in reprogramming the ER cistrome and transcriptome

to promote EndoR ER+ metastatic BC. We identified the

Secretome14 gene set as a key transcriptional target of the rep-

rogrammed H-FOXA1/ER axis, capable of predicting a poor

prognosis of ER+ BC patients treated with endocrine therapy.

Moreover, we show that Secretome14 further escalates in ER+

metastatic BC, possibly via a regulation enacted convergingly by

H-FOXA1, ESR1 mutations, and high GFR/cytokine signaling

(Figure 7G).

We have shown previously that H-FOXA1 induces EndoR

and pro-metastatic phenotypes in ER+ BC cells.20 In this study,

using xenograft mouse models, we found that H-FOXA1 facili-

tated the occurrence of ER+ mets in Tam-treated tumors with

no obvious influence on primary tumor endocrine response.

Notably, the endogenous upregulation of FOXA1 in TamR tu-

mors may mask the impact of exogenous H-FOXA1 on endo-

crine response in primary tumors. Future clinical studies using

large cohorts will be needed to clarify whether the impact of

H-FOXA1 on ER+ BC prognosis is associated with the type

of endocrine therapy.

We found that H-FOXA1 markedly reduced genome-wide ER

binding at regions enriched for estrogen-responsive cis ele-

ments. We have shown previously that H-FOXA1 reduces the

expression of GATA3,20 a luminal-specific TF that forms a posi-

tive cross-regulatory loop with ER in dictating the classic E2-

dependent transcriptional network.59,60 Therefore, this reduction

of E2-responsive ER binding, linked to loss of GATA3, may skew

luminal BC cells with a consequent ligand-independent or

SERM-modulated transcriptome, which is further promoted via

H-FOXA1-induced multiple oncogenic GFR signaling.20 In

androgen-responsive prostate cancer cells, ectopic FOXA1 OE

increased androgen receptor (AR) genomic gain binding associ-

ated with a castration-resistant phenotype.35 However, in endo-

crine-sensitive BC cells, we found that H-FOXA1 induced a small

portion of ER gain binding, which was not further enhanced in

TamR cells. Whether this is due to a discrepancy in FOXA1 inter-

play with ER vs. AR in hormone-related cancers, as suggested

previously,61 remains to be seen. Moreover, the cellular

response to transient H-FOXA1 in P cells vs. FOXA1 accumula-

tion in acquired TamRcellsmay also account for the discrepancy

in hormone-related chromatin binding and interactions of ER and

FOXA1, as suggested previously.26–28

Our integrative data analyses identified the H-FOXA1-

induced CGS highly represented in other H-FOXA1 cell models

of prostate and pancreatic cancers. All of these models shared

a transcriptomic commonality associated with tumor aggres-

siveness and metastasis, suggesting a general role of

H-FOXA1 in regulating pro-metastatic gene expression in can-

cers sharing an original endoderm lineage identity.34 In ER+

BC, we identified the ER-dependent Secretome14 as a subset

of the CGS enriched for genes encoding secretory proteins.

Proteins secreted from cancer cells, collectively termed the

cancer secretome, play a crucial role in tumor progression

and therapy resistance.62,63 We found that Secretome14 is
e14 genes in ER+ mets and ER+ primary tumors. Scaled color (split in white

man correlation coefficient test.

also Figure S11.
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Figure 7. Enhanced ER binding and reprogramming occurs at the Secretome14 gene loci in ER+ cell models and clinical tumors

(A) Average ER binding intensity at the Secretome14 gene enhancers in MCF7 cells upon E2 or E2 vs. ED in the presence of Dox inducing ectopic Mut ER (Y537S

or D538G) OE.

(B) Dot plots showing Secretome14 expression in MCF7 cells ±Dox to induce ectopic Mut ER (Y537S or D538G) OE in full medium (FM) or upon E2 or ED

treatment.

(C) Schematic of the ChIP-seq experiments using MCF7 cells and clinical BC samples (as in Ross-Innes et al.13).

(D and E) Average ER binding intensity at the Secretome14 gene enhancers in MCF7 cells treated with cocktail and in the BC cohort.

(F) Heatmap of hierarchical clustering of the aggregated ER binding intensity at the single Secretome14 gene enhancers across ER+mets, ER+ tumors with poor

or good prognosis, and ER� tumors.

(G) Model depicting ER-dependent (dep) reprogramming activated by the H-FOXA1/ER transcriptional axis to promote BC EndoR and metastasis.

For (A), (D), and (E), the p value was determined using a paired two-sample t test. See also Figure S12.
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highly dependent on ER in TamR vs. P cells and activated in

ER+/PR� EndoR cell models. Notably, AP-1 is also engaged

in H-FOXA1/ER-dependent Secretome14 activation by accu-

mulating at FOXA1-bound genomic regions in TamR vs. P cells,

confirming the importance of AP-1 in ER-dependent transcrip-

tional reprogramming.15,20 Our findings suggest a role of

H-FOXA1 in activating genes encoding secretome factors in

EndoR and metastatic BC, reminiscent of previously described

FOXA1 functions in metabolic and secretory activities of

pancreas b cells and intestinal epithelium.64,65 S100P and

CTGF, two Secretome14 factors, have been shown to activate

integrin and downstream AKT/ERK signaling to promote lung

and BC cell migration and invasion.66,67 Because the cancer

secretome is involved in many hallmarks of cancers,68 Secre-

tome14 could convey H-FOXA1-induced GFR and integrin

signaling20 to support tumor metastasis, as observed in our

xenograft mouse model. Additional studies will be required to

delineate mechanistically how different Secretome14 members

collectively amplify H-FOXA1/ER signaling to promote EndoR

ER+ metastatic BC.

The clinical relevance of our findings was validated by the

fact that Secretome14 predicts a poor prognosis of ER+ BC

patients treated with endocrine therapy. Elevated serum and

tumor-associated IL-8 has been shown to correlate with

enhanced intratumor neutrophils and reduced clinical benefit

of immune checkpoint inhibitors in patients with advanced can-

cers.69,70 Using multivariate regression modeling, we identified

S100P and CD55 as two independent risk factors contributing

to a poor outcome for ER+ BC patients. S100P belongs to the

calcium-binding S100 family, and its plasma level is useful in

predicting a poor prognosis of metastatic BC.71 CD55 is a

membrane-bound glycoprotein protecting cells from comple-

ment-mediated lysis.72 CD55 OE is an independent risk factor

for recurrence in BC patients receiving adjuvant trastuzumab,73

and targeting CD55 has been shown to potentiate antibody-

based anti-HER2 therapies.74 We noticed that, whereas CD55

basal levels in ER+ primary tumors predict a poor patient

outcome, it is one of the few secretome genes downregulated

in ER+ mets vs. primary tumors, suggesting an inconsistent

expression pattern of individual Secretome14 genes with

discrete functionalities in ER+ disease progression, a finding

that needs further investigation. Our findings indicate clinical

relevance and potential values of Secretome14, individually or

collectively as a molecular signature, when treating ER+ EndoR

metastatic BC or circumventing the development of micro-

metastasis in the adjuvant setting.

Moreover, we demonstrated that Secretome14 was further

increased in ER+ mets vs. ER+ primary tumors. Compared

with their corresponding primary tumors, Secretome14 was

elevated in the ER+ mets harboring WT-FOXA1 irrespective

of the ESR1 mutations. ChIP-seq analyses of the ESR1-mutant

cell models suggest that Secretome14 is also activated by the

mutant ER, particularly the Y537S allele, which has been re-

ported to be associated with more aggressive phenotypes

and a poor prognosis of ER+ BC.55,57 Because the ESR1 muta-

tions have been found to be largely mutually exclusive to the

FOXA1 aberrations in ER+/HER2� metastatic BC,23,29 these

findings might suggest a shared mechanism whereby genetic/
14 Cell Reports 42, 112821, August 29, 2023
epigenetic aberrations of FOXA1 or ESR1 activate Secre-

tome14 as a part of ER reprogramming in EndoR BC progres-

sion. Notably, genetic aberrations may also adopt epigenetic

mechanisms to modulate the ER-dependent transcriptome.

Recent studies have revealed that ARID1A-inactivating muta-

tions, enriched in ER+/HER2� metastatic BC, modulate the

SWI/SNF chromatin remodeling complex to promote an ER-

dependent but less luminal-specific transcriptional pro-

gram.30,31 It will be interesting in future studies to investigate

whether ER reprogramming induced by H-FOXA1, including

via activating FOXA1 mutations, can be epigenetically modu-

lated via interplay with the SWI/SNF complex.

In summary, our results demonstrate the important role of

H-FOXA1 in promoting ER+ BC metastasis and provide, at least

partly, a molecular basis by which H-FOXA1-induced ER reprog-

ramming activates a pro-metastatic secretome. Because of the

evolving role of ER in mediating high FOXA1 signaling, our find-

ings suggest that blocking H-FOXA1/ER reprogramming with

more potent ER degraders and potential epigenetic interventions

may be an attractive approach to prevent and treat EndoR ER+

metastatic BC.

Limitations of the study
Although we were able to link Secretome14 expression to re-

programmed H-FOXA1/ER signaling and their clinical impor-

tance, our study did not fully address the role of Secretome14

in promoting H-FOXA1-induced EndoR tumor metastasis as

shown in our mouse model. The underlying mechanisms of Se-

cretome14, as a whole or individuals, influencing adjacent

epithelial and other cell types, including the immune cell popula-

tions in ER+ tumormetastasis, are still unclear. Further functional

and genomic studies in preclinical models and clinical speci-

mens will help to determine how Secretome14 mediates

H-FOXA1 signaling, including by engaging the TME in advanced

ER+ BC.
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Mouse monoclonal anti ER Leica Biosystems Cat#NCL-L-ER-6F11; RRID:AB_563706

Mouse monoclonal anti PR DAKO Cat#M3568; RRID:AB_2252608

Rabbit polyclonal anti IL8 Serotec Cat#AHP781B; RRID:AB_2126224

Mouse monoclonal anti ER Invitrogen Cat#MA5-13304; RRID:AB_11002193

Rabbit polyclonal anti PR Santa Cruz Biotechnology sc-7208; RRID:AB_2164331

Rabbit monoclonal anti b-actin Cell Signaling Technology Cat#4970; RRID:AB_2223172

Mouse monoclonal anti IL-8

neutralizing antibody

R&D Systems Cat#MAB208-100; RRID:AB_2249110

Mouse monoclonal IgG isotype R&D Systems Cat#MAB002; RRID:AB_357344

Bacterial and virus strains

One ShotTM Stbl3TM Chemically

Competent E. coli

Invitrogen Cat#C737303

Biological samples

MCF7 xenograft tumors This paper N/A

Chemicals, peptides, and recombinant proteins

Slow-release estrogen (E2)

(0.36 mg/60 days) pellet

Innovative Research SE-121

Tamoxifen (Tam, 30 mg/kg in corn oil) Sigma-Aldrich T9262

D-Luciferin Gold Biotechnology, St. Louis, MO LUCK-100

b-Estradiol Sigma-Aldrich E2758

4-OH-tamoxifen Sigma-Aldrich CAS: 68047-06-3

Fulvestrant Sigma-Aldrich CAS: 129453-61-8

Doxycycline hyclate Sigma-Aldrich CAS: 24390-14-5

Critical commercial assays

ELISA anti-IL8 kit Raybiotech ELH-IL-8

ELISA anti-S100P kit Raybiotech ELH-S100P

ELISA anti-EDN1 kit Raybiotech ELH-EDN1

ELISA anti-ANG kit Raybiotech ELH-ANG

ELISA anti-GOLM1 kit Raybiotech ELH-GOLM1

RNeasy Mini Kit Qiagen Cat# 74104

TruSeq RNA Sample Preparation Kit Illumina Cat# RS-122-2001

TruSeq ChIP Sample Prep Kit Illumina IP-202-1012

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat# Q32851

KAPA Hyper Library Preparation Kit Roche Cat# 07962347001

Deposited data

RNA-seq raw and analyzed data This paper GSE175401

ChIP-seq raw and analyzed data This paper GSE175418

MCF7/FOXA1 �/+Dox: FOXA1

ChIP-seq

Fu et al.29 GSE124654

MCF7-P/TamR: FOXA1 ChIP-seq Fu et al.20 GSE75201

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MCF7-P/TamR: ER ChIP-seq Jeselsohn et al.12 GSE86538

MCF7/T47D/ZR75-1 P/endocrine-

resistant lines: RNA-seq

De Angelis et al.75 GSE150997

MCF7-P/TamR: cJun ChIP-seq Biet al.48 GSE128445

ER + metastatic cohort: RNA-seq

and whole-exome seq

dbGaP https://www.ncbi.nlm.nih.gov/projects/

gapprev/gap/cgi-bin/study.cgi?study_

id=phs001285.v1.p1

METABRIC gene expression dataset synapse.sagebase.org ID: syn1757063

Experimental models: Cell lines

Human: MCF7 cells Marc Lippman (Georgetown

University Medical Center)

N/A

Human: MCF7 tamoxifen-resistant cells Morrison et al./Fu et al.20,76 N/A

Human: MCF7 estrogen deprivation-

resistant cells

Morrison et al./Fu et al.20,76 N/A

Human: MCF7 fulvestrant-resistant cells Nardone et al.38 N/A

Human: T47D cells Morrison et al./Nardone et al.38,76 N/A

Human: T47D tamoxifen-resistant cells Nardone et al.38 N/A

Human: T47D estrogen deprivation-

resistant cells

Morrison et al./Nardone et al.38,76 N/A

Human: T47D fulvestrant-resistant cells Nardone et al.38 N/A

Human: ZR75-1 cells ATCC CRL-1500; RRID:CVCL_0588

Human: ZR75-1 tamoxifen-resistant cells Fu et al./De Angelis et al.20,75 N/A

Human: ZR75-1 estrogen deprivation-

resistant cells

Fu et al./De Angelis et al.20,75 N/A

Human: ZR75-1 fulvestrant-resistant cells De Angelis et al.75 N/A

Human: 600MPE cells Joe Gray (Oregon Health and

Science University)77
N/A

Human: 600MPE tamoxifen-resistant cells Fu et al.20 N/A

Human: 600MPE estrogen deprivation-

resistant cells

Fu et al.20 N/A

Human: luciferase/GFP-tagged MCF7 cells This paper N/A

Human: doxycycline-inducible YFP-

tagged MCF7 cells

This paper N/A

Human: doxycycline-inducible DN-cJun-

overexpression MCF7-TamR (1m)

This paper N/A

Human: doxycycline-inducible DN-cJun-

overexpression MCF7-TamR (1c)

This paper N/A

Human: doxycycline-inducible sh-cJun

MCF7-TamR cells

Biet al.48 N/A

Human: doxycycline-inducible FOXA1-

overexpression MCF7

Fu et al.20 N/A

Human: doxycycline-inducible FOXA1-

overexpression T47D

This paper N/A

Human: doxycycline-inducible FOXA1-

overexpression ZR75-1

Fu et al.20 N/A

Human: doxycycline-inducible IL8-

overexpression MCF7

Fu et al.20 N/A

Experimental models: Organisms/strains

Mouse: female ovariectomized mice:

Hsd:Athymic Nude-Foxn1nu

Envigo (Indianapolis, IN) 069 - US

(Continued on next page)

Cell Reports 42, 112821, August 29, 2023 21

Article
ll

OPEN ACCESS

https://www.ncbi.nlm.nih.gov/projects/gapprev/gap/cgi-bin/study.cgi?study_id=phs001285.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gapprev/gap/cgi-bin/study.cgi?study_id=phs001285.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gapprev/gap/cgi-bin/study.cgi?study_id=phs001285.v1.p1
http://synapse.sagebase.org


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

siRNA FOXA1_ #1 Invitrogen HSS104880

siRNA FOXA1_ #2 Invitrogen HSS179280

siRNA ER_ #1 Invitrogen VHS40912

siRNA ER_ #2 Invitrogen VHS40913

AllStars Neg. Control siRNA Qiagen Cat#1027281

Recombinant DNA

pXP-FOXA1-geneticin (TetOn) Fu et al.20 N/A

Dual-tag (luciferase and GFP) vector This paper N/A

pInducer-dominant-negative

(DNeg) c-Jun (TetOn)

This paper N/A

Software and algorithms

IncuCyte live-cell analysis system Essen BioScience https://www.sartorius.com/en/

applications/life-science-research/

cell-analysis/live-cell-assays/

The IVIS� Spectrum in vivo

imaging system

PerkinElmer https://www.perkinelmer.com/

product/ivis-instrument-spectrum-

120v-andor-c-124262

Celigo Image Cytometer Nexcelom Bioscience https://www.nexcelom.com/

nexcelom-products/cellometer-

and-celigo-image-cytometers/

ChemiDoc Touch Imaging System Bio-Rad Cat# 1708370

Allred nuclear IHC staining

scoring method

Harvey et al.78 N/A

ImageJ Schneider et al.79 https://imagej.nih.gov/ij/

Bowtie2 Langmead and Salzberg80 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Samtools Li et al.81 http://samtools.sourceforge.net

HOMER v4.9.1 Heinz et al.82 http://homer.ucsd.edu/homer/

deepTools2 Ramirez et al.83 https://deeptools.readthedocs.io/

en/develop/

R v4.0.0 The R Project for Statistical

Computing

https://cran.r-project.org/bin/

windows/base/old/4.0.0/

Other

Diagenode’s Bioruptor� Standard Diagenode https://www.diagenode.com/en/documents/

bioruptor-standard-manual
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaoyong

Fu (xiaoyonf@wecurecancer.org).

Materials availability
Plasmids and cell lines generated in this study are available upon request via a material transfer agreement (MTA).

Data and code availability
d RNA-seq and ChIP-seq data generated in this study have been deposited at GEO under accession number GSE175401 and

GSE175418, and are publicly available as of the date of publication. Accession numbers of sequencing data that were previ-

ously generated by us were listed in key resources table. Microscopy data reported in this paper will be shared by the lead con-

tact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell culture
Human breast cancer (BC) cell lines MCF7, ZR75-1, and T47D were purchased from American Type Culture Collection (ATCC).

600MPE cell line was obtained from the laboratory of Joe Gray (Oregon Health and Science University). All the parental (P) cells

were grown in full medium, comprised of RPMI/1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% peni-

cillin/streptomycin/glutamine (PSG) (GIBCO) (for MCF7, ZR75-1, and T47D), or DMEM/high-glucose medium supplemented with

10% FBS and 1% PSG (for 600MPE). EndoR cell models were established as described previously20,38,76 and maintained in phenol

red-free medium supplemented with 10% charcoal-stripped FBS and 1% PSG, without (for EDR) or with the addition of 100 nM

4-OH-tamoxifen (Sigma) or 100 nM fulvestrant (Sigma) for TamR or FulR cells, respectively. Dox-inducible FOXA1-overexpressing

MCF7-P/FOXA1 cells were infected with lentivirus packaging a dual tag (luciferase and GFP) vector obtained from Xiang Zhang (Bay-

lor College of Medicine), sorted by GFP, and maintained as described.20 The yellow fluorescence protein (YFP) and dominant-nega-

tive (DNeg) c-Jun TAM67 sequences, as we used previously,47 were cloned into the Dox-inducible lentiviral vector, whichwas used in

virus packaging and infection into MCF7-P or TamR cells, respectively, as we described previously.20,84 Two individual MCF7-TamR

cell clones (1c and 1m) engineered with Dox-inducible DNeg c-Jun overexpression were selected and maintained in geneticin

(100 mg/mL). Cells were grown at 37�C, under a humidified atmosphere, with 5%CO2. Cells have been authenticated by short tandem

repeats DNA profiling and are routinely tested for mycoplasma status using the MycoAlert Mycoplasma Detection Kit (Lonza). All cell

lines used here were established from female subjects.

Xenograft mouse model
Four to five-week-old female ovariectomized athymic nude (Foxn1nu/Foxn1nu) mice were obtained from Envigo (Indianapolis, IN) and

housed in the Baylor College of Medicine Transgenic Mouse Facility. Mice were group housed under a 12:12 light/dark cycle with

access to food and water ad libitum. All procedures were performed in accordance with a Baylor College of Medicine Institutional

Animal Care and Use Committee-approved protocol.

METHOD DETAILS

In vivo tumor growth and metastasis modeling
Prior to cell injection, female athymic Foxn1nu nudemice were anesthetized by isoflurane vaporizer, and a slow-release estrogen (E2)

(0.36 mg/60 days) pellet was implanted subcutaneously on the dorsal side below the shoulder blades. Two days later, log phase

MCF7-P/FOXA/luc_GFP cells (8 3 106) were injected (in a 1:4 mixture of serum-free medium and Matrigel) subcutaneously under

the second nipple. Tumor diameters and mouse weights were measured twice weekly, and tumor volume (vol; mm3) was calculated

as vol (mm3) = (width)2 3 length/2. When the tumor reached a size of approximately 200 mm3, mice were randomized to six exper-

imental treatment groups (n = 12/group) which included continuous treatment with E2, estrogen deprivation (ED) alone (by removing

the E2 pellet), or estrogen deprivation (ED) plus tamoxifen treatment (Tam, 30mg/kg in corn oil, s.c., 5 times weekly). Each group was

subsequently subdivided to�/+Dox (200 mg/mL) added in drinking water to test Dox-induced ectopic FOXA1 overexpression (OE). In

ED and Tam groups, if tumor volume reached >600 mm3, bioluminescence imaging (BLI) was performed 15–20 min after intraper-

itoneal injection of 75 mg/kg D-Luciferin (Gold Biotechnology, St. Louis, MO) using an IVIS Spectrum in vivo imaging system

(PerkinElmer, Waltham,MA). Following imaging, survival surgery was performed on anesthetizedmice to remove the primary tumors.

After the surgery, mice treated with ED or Tam continued with their respective treatments. All the mice after surgery were monitored

daily for health status, and BLI was performed twice monthly to monitor metastatic onset/status. Mice were euthanized by cervical

dislocation under anesthesia when either a relapsed tumor reached a size of 1,500 mm3, signs of morbidity defined by the animal

protocol were evident, or the end of the experiment was reached. A detailed necropsy was performed after euthanization, and

BLI was performed on the harvested lymph nodes, lung, and liver. All these tissues were chopped both for snap-freezing and for fix-

ation in 10% formalin. Paraffin-embedded tissues were sectioned and stained with hematoxylin & eosin, and with antibodies in

immunohistochemistry.

ChIP-seq
Cells were seeded in a 15cm dish in regular growth medium with �/+Dox (1 mg/mL) and split for two generations for 5 days. When

cells were in their logarithmic growth phase, and at approximately 95%confluence, they were cross-linked with 1% formaldehyde for

10 min at room temperature and quenched with 125 mM glycine solution for 5 min. Cells were then rinsed twice and collected by a

rubber scraper in ice-cold PBS supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), pelleted at 4�C, 4,000 rpm for 5 min,

and snap-frozen in liquid nitrogen for storage at�80�C. Cell pellets were resuspended at 4�C in ice-cold Cell Lysis Buffer containing

5 mM PIPES(pH 8.0), 85 mM KCl, 1% NP-40, protease inhibitor (Roche), and 1 mM PMSF. Cells were homogenized using a glass

Douncer on ice and pelleted at 4�C, 4,000 rpm for 5 min. The nuclei pellets were then resuspended in Nuclei Lysis Buffer containing

50 mM Tris-HCl (pH 8.0), 10 mM EDTA, plus 1% SDS supplemented with protease inhibitor and 1 mM PMSF, and were sonicated

using the Diagenode Bioruptor Standard instrument at a high amplitude and 30 sec-on/off program at 4�C for 20 min. Sheared chro-

matin was cleared from precipitates by centrifuging at 20,000 rpm for 10 min and then diluted using Dilution Buffer containing 20mM
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Tris-HCl (pH 8.0), 150mMNaCl, 1 mMEDTA, 1% Triton X-100, and 0.01%SDS, plus protease inhibitor and 1mMPMSF. The diluted

chromatin was cleared from background binding using 40 mL Protein A/G Plus agarose beads (Santa Cruz Biotechnology) at 4�C for

30 min, and then incubated with antibodies against ER (Santa Cruz Biotechnology, sc-543X) or FOXA1 (Abcam, ab23738) in a rotator

at 4�Covernight.We added spike-inDrosophilamelanogaster chromatin (ActiveMotif) alongwith the antibody against histone variant

H2Av (Active Motif, # 61752) as a ChIP-seq data normalization method. After an additional 1 h incubation with Protein A/G Plus beads

at 4�C, the immunoprecipitates were washed consecutively twice in each type of buffer including the Low-Salt Wash Buffer con-

taining 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, and 1 mM PMSF; High-Salt Wash

Buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, and 1 mM PMSF; LiCl Wash

Buffer containing 20 mM Tris-HCl (pH 8.0), 250 mM LiCl, 1 mM EDTA, 1% NP-40, 1% Na-deoxycholate, and 1 mM PMSF; and

TE buffer containing 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1 mM PMSF. Following washes, precipitates were eluted in Elution

Buffer (50 mM NaHCO3 and 1% SDS) at 45�C and then supplemented with 300 mM NaCl. Crosslink reversal, including the 2.5% of

chromatin input before ChIP, was done at 67�C for 12 h. ChIP DNA isolation was performed by RNA clearance using 0.2mg/mL RNa-

seA at 37�C for 1.5 h, and then using a PCR purification kit (Qiagen). DNA concentration wasmeasured using the Quant-iT PicoGreen

dsDNA Assay Kit (Thermo Fisher Scientific).

Indexed libraries were prepared from ChIP DNA using the KAPA Hyper Library Preparation Kit (Kapa Biosystems). Libraries were

amplified by 12 cycles of PCR, and then assessed for size distribution using the 4200 TapeStation High Sensitivity D1000 ScreenTape

(Agilent Technologies), and quantified using theQubit dsDNAHSAssay Kit (Thermo Fisher Scientific). The indexed libraries weremul-

tiplexed, 10 libraries per pool. The pool was quantified by qPCR using the KAPA Library Quantification Kit (KAPA Biosystems) and

afterward sequenced on the Illumina NextSeq500 using the high-output 75-bp single-read configuration.

RNA-seq
Total RNA was extracted using the RNeasy Mini Kit (Qiagen). RNA was treated on columns with DNase I (Qiagen) prior to elution to

remove DNA contamination. RNA-seq of the metastatic biopsies of ER + lesions from patients was guided by the Dana-Farber/

Harvard Cancer Center Institutional Review Board protocol (DF/HCC 05–246). These samples were de-identified prior to use in

this study. RNA-seq libraries were prepared using the TruSeq RNA Sample Preparation Kit (Illumina) adapted for use on the Sciclone

(PerkinElmer) liquid handler, and sequenced on the Illumina NextSeq500 with single-end 75 bp reads. For samples from the MCF7-P

cells treated with E2 or Tam and BC cells with ectopic H-FOXA1 OE, the RNA-seq libraries were prepared using the TruSeq RNA

Sample Preparation Kit (Illumina) and sequenced on the Illumina HiSeq or Illumina NovaSeq6000, respectively, with paired-end

100 bp reads.

Immunohistochemistry
Immunohistochemistry was performed as described previously.20 Briefly, freshly cut 3-mm sections from paraffin-embedded tissue

blocks were deparaffinized and subjected to epitope retrieval in boiling citrate buffer (pH 6.0) or Tris buffer (pH 9.0) for 20 min. After

blocking in 3% (v/v) hydrogen peroxide for 5 min, slides were incubated with normal IgG control (Santa Cruz Biotechnology), or anti-

body against GFP (1:500; A-11122, Molecular Probes, Invitrogen), FOXA1 (1:400; #ab23738, Abcam), ER (1:200; #NCL-L-ER-6F11,

Leica Biosystems), PR (1:1,600; #M3568, DAKO), or IL-8 (1:500; #AHP781B, Serotec), all incubated at room temperature for 1 h,

except for GFP, which was incubated at 4�C overnight. Immunodetection was performed with either the EnVision+ System

(DakoCytomation), or the M.O.M. (Mouse on Mouse) Immunodetection Kit (Vector Laboratories) for GFP. The stained slides were

independently reviewed by two researchers. The nuclear FOXA1 and paranuclear IL-8 staining was assessed using an Allred scoring

method.78

Western blotting
Cells were seeded in 6-well plates in culture media described above. After 2 days when cells were still in their logarithmic growth

phase and at 95% confluence, cells were washed in ice-cold PBS twice and lysed in RIPA Buffer containing 150 mM NaCl,

10 mM Tris-HCl (pH 7.2), 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and 5 mM EDTA, supplemented with protease in-

hibitor cocktail (Roche) and PhosSTOP phosphatase inhibitor cocktail (Roche) by rotating at 4�C for 15 min. Protein concentration

wasmeasured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to themanufacturer’s instructions. Equiv-

alent amounts of protein (20–25 mg) from each sample were resolved by NuPAGE 10% Bis-Tris gels (Life Technologies) and trans-

ferred using the iBlot2 Dry Blotting System (Life Technologies) onto nitrocellulose membranes. The membranes were first stained

with Ponceau S (Thermo Fisher Scientific) to confirm uniform loading and transfer, and then blocked with 3% non-fat milk powder

(Santa Cruz Biotechnology) at room temperature for 1 h, and incubated overnight at 4�C in PBST buffer (13 PBS, 5% BSA,

0.05% Tween 20) with primary antibodies against FOXA1 (1:1,000; #ab23738, Abcam), ER (1: 1,000; #MA5-13304, Invitrogen), PR

(1:200; #sc-7208, Santa Cruz Biotechnology), or b-actin (1:2,000; #4970, Cell Signaling Technology). After washes with the PBST

buffer, the membranes were incubated for an additional 1 h at room temperature with the appropriate horseradish peroxidase

(HRP)-linked secondary antibodies (Cell Signaling Technology). Immunoblots were developed by the Amersham ECL Prime Detec-

tion Reagent (GE Healthcare) and scanned by the ChemiDoc Touch Imaging System (Bio-Rad). Densitometry analysis of the blots

was performed using ImageJ 1.52q.79
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Preparation of conditioned medium
The conditioned media (CM) were collected fromMCF7-P, MCF7-TamR, andMCF7-P cells with Dox-inducible YFP (used as a nega-

tive control), FOXA1, or IL-8 OE. Briefly, MCF7-P and TamR cells were cultured for 48 h before being subjected to RPMI/1640 phenol

red-freemedium, supplementedwith 10%charcoal-stripped FBS andwith E2 (1 nM, for P cells) or 4-OH-tamoxifen (100 nM, for P and

TamRcells), for an additional 24 h. TheMCF7-P cells engineeredwith controllable geneOEwere cultured under�/+Dox (1 mg/mL) for

72 h before being subjected to replenished media for an additional 24 h. CMwere collected after 24 h incubation and centrifuged, ali-

quoted, and stored at�80�C for later ELISA andmigration assays. Before collecting CM,we used the imaging-based cytometer (Cel-

igo, Nexcelom) to count cell number, which was used for the normalization in the following ELISA and migration assays.

ELISA
The secretion levels of 5 secretome factors (IL-8, S100P, GOLM1, EDN1, and ANG) were measured with a human ELISA kit (Raybio-

tech) according to the manufacturer’s instructions. Briefly, the ELISA microplate precoated with antibody against secretome factors

was incubated with CM collected from cells and the standard samples at room temperature for 2.5 h. The wells were washed three

times with washing buffer and then incubated with the biotinylated antibody for 1 h. After removal of unbound biotinylated antibody

with washing buffer, the wells were incubated with HRP-conjugated streptavidin for 45 min, followed by the addition of the substrate

solution for additional 30min of incubation. The reactionwas then stopped by addition of the stop solution and the absorbance values

were measured at 450 nm on a microplate reader (Thermo Scientific). The concentration of secretome factors in CM was calculated

based on the standard curve and normalized by the number of cells giving rise to the CM.

Migration assay
For assays using CM,MCF7-P cells were seeded at 30,000–35,000 cells/well into a 96-well ImageLock plate (Essen BioScience) 24 h

before treatment with 50 ng/mL mitomycin C (Sigma) for 2 h to inhibit proliferation. Cells were scratched with a WoundMaker (Essen

BioScience), washed once with freshmedia, and then cultured in CM collected fromMCF7-P cells�/+Dox with ectopic OE of YFP or

IL-8. For assays using neutralizing antibody, the woundedMCF7-P and TamR cells were incubated with media containing mitomycin

C along with the IL-8 neutralizing antibody (2 mg/mL) (MAB208–100, R&D Systems) or IgG isotype control (MAB002, R&D Systems).

Images were obtained with the IncuCyte live-cell analysis system (Essen BioScience) every 4 h for up to 72 h, during which the media

includingmitomycin C�/+ neutralizing antibodywere changed every 24 h. The capacity of cell migrationwas assessed by calculation

of the ratio of wound density within vs. outside of thewound area, as previously described.85 For assays using CM, the relative wound

density was further normalized by the number of cells giving rise to the CM.

ChIP-seq data analysis
Reads from ChIP-seq experiments were mapped to the reference genomes of human (hg19) and Drosophila melanogaster (dm3) us-

ing Bowtie 2 v2.3.4.1.80 Uniquely mapped reads with no more than two mismatches were retained for further analysis. Samtools

v1.1081 was used to index the BAM files and get the read count (RC). The scaling factor was calculated for each BAM file in the

same target ChIP-seq experiments using the formula: (RCtarget/RCspike-in)/[RCtarget/RCspike-in]max. The BAM files were then down-

sampled using Picard v2.17.8 (http://broadinstitute.github.io/picard/) for ChIP-seq spike-in normalization.

We used the getDifferentialPeaksReplicates.pl command line in HOMER v4.9.182 with the arguments of ‘‘-fdr 0.001 -F 2 -L 2 -f 2 -q

0.05’’ to call the FOXA1 peaks against the input DNA as a background control. As ER ChIP-seq in cells grown in full medium without

estrogen supplementation yielded a smaller number of peaks, we used a lesser stringent setting of ‘‘-fdr 0.05 -F 2 -L 2 -f 2 -q 0.1’’ in

the command line for peak calling. The differential peaks (gain, share, and loss) between samples in comparison were obtained using

the bedtools v2.29.2.86 The ChIP-seq overall quality was assessed using ChIPQC v1.30.0.87

Genome signal tracks of TF binding were generated using the bamCoverage command line in deepTools283 by converting the

downsampled BAM files to a bigWig format with a fixed bin size of 10 bp. To produce the heatmaps, we generated a score matrix

of genomic coverage centered at the peak summit with ±2 kb flanking regions in 50 bp bins, and visualized thematrix in scaled colors

and in a descending order within clustered peak regions, using the computeMatrix and plotHeatmap command lines in deep-

Tools2,83 respectively. All metaplots of binding signals were produced by computing the average coverage scores for each 50 bp

bin within ±500 bp or 2 kb from the peak summit in the given set of genomic regions.

RNA-seq and microarray data analysis
Reads were mapped to the human genome (hg19) using STAR v2.5.188 followed by transcript assembly using cufflinks v2.2.1.89

RNA-seq quality control was done using RseQC v2.6.2.90 Relative transcript abundance (RPKM) was calculated using Cufflinks

v2.2.1.89 Prior to log2 transformation of RPKM values, a pseudo-count of 1was added to all RPKMvalues. RNA-seq of themetastatic

biopsies of ER + lesions from patients was analyzed as described previously.91 The FOXA1 amplification status and FOXA1/ESR1

mutational status of the metastatic ER + cohort were obtained from the whole exome-seq as described previously.92,93

We retrieved our published microarray dataset for the MCF7 xenograft tumors.49 We performed differential gene expression (DGE)

analysis using data from the E2/Tam-treated MCF7-P cells, MCF7-TamR cells upon ER/FOXA1 KD and MCF7-P cells upon FOXA1

OE, as we previously reported,20 and from the MCF7-TamR cells with Dox-inducible c-Jun KD. We used the gene count matrix data

(GSE128460)48 obtained in MCF7-TamR cells upon c-Jun KD to perform DGE analysis using the limma R package (3.46.0). The
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METABRIC gene expression dataset51 was downloaded fromSynapse (synapse.sagebase.org) via authorized access. Expression of

a gene represented multiple times in METABRIC and in the gene expression mega-set KM-plotter52 on a given platform was deter-

mined by selecting the probe with the greatest variation across samples. Expression levels of the target genes were compared

among tumors grouped by pathological ER/PR/HER2 status annotated in the METABRIC molecular dataset.50

Motif enrichment analysis
For motif discovery, the findMotifsGenome.pl command line in HOMER v4.9.182 was used to search the regions with 200 bp up-

stream and downstream of the peak summit, based on the cumulative hypergeometric distribution model with random matched

genomic control regions used as background sequence.

Genomic motif scanning and positional gene expression analysis
Formotif scanning analysis, we first generated a fasta file representing all genomic enhancer regions inMCF7-P/FOXA1�/+Dox cells

by merging the regions marked with H3K27ac and H3K4me1 (data fromGSE12465429). We then used an eleven position-weight ma-

trix (from JASPAR: MA0148.1)94 to map the FOXA1 motif reservoir across these enhancer regions using FIMO v4.11.295 with an

assignment significance of p < 13 10�4. To correlate the number of FOXA1-bound FOXA1motif and gene expression, we first deter-

mined the genes harboring the FOXA1-bound FOXA1 motif within ±250 kb from the transcription start site (TSS), and then stratified

the genes based on the net FOXA1 motif change between MCF7-P/FOXA1 +Dox vs. -Dox cells.

Binding and Expression Target Analysis (BETA)
To infer TF direct target genes, we correlated the TF-bound peaks identified by ChIP-seq and the TF perturbation-induced differen-

tially expressed genes determined by RNA-seq using BETA v1.0.7.33 The direct UP and DN target genes were selected from the

BETA output gene lists using the cutoff of rank product (p value) < 0.01 and expressional log2(fold change) > 1 and <�1, respectively.

Ontology annotation, gene set enrichment analysis (GSEA), and single-sample (ss) GSEA
Functional annotation of target gene sets was done by Gene Ontology (GO) analysis using DAVID v6.8.36 The top 11 GO terms en-

riched in the Biological Process database were plotted in bar charts indicating both the number of overlapping genes and the trans-

formed p value calculated by DAVID modified Fisher’s exact test.

GSEA of target gene sets in a preranked gene list was performed using an algorithm of adaptive multilevel split Monte Carlo im-

plemented in fgsea v 3.11.96 Preranked gene lists were generated by sorting the differentially expressed genes between two condi-

tions in RNA-seq using the statistic t value calculated by Cuffdiff.97 To evaluate the significance of FOXA1-CGS in comparison to

other pathways, we performed GSEA using a custom set of pathways including the 50 hallmark gene sets from MSigDB v6.2.98

The normalized enrichment score (ES) and transformed adjusted p value were presented using volcano plots.

For ssGSEA, the target gene sets andGCT file generated from the RNA-seq data were loaded into the ssGSEA v10.0.1module40 in

GenePattern v 3.9.11.99 The analysis was run using the default settings with the combine.add mode to calculate a combined ES for

UP and DN gene sets for each sample. The output values of ES were normalized by z-transformation and used to evaluate the acti-

vation status of the target pathway across variant cell models.

Unsupervised hierarchical clustering
Hierarchical cluster analysis was performed using the hclust function in the R Stats v3.6.2 package. The clustering was run using the

z-transformed gene expression data by the complete linkage method based on the similarities calculated by (1 – correlation coeffi-

cient) among genes and samples. The results of clustering were visualized in heat maps using the R pheatmap v1.0.12 package, with

the dendrogram trees cut by k = 2 to differentiate the clusters of the FOXA1-CGS UP/DN gene sets and the cell models.

Secretome enrichment analysis
The FOXA1-CGS UP/DN genes were assigned to five groups encoding proteins distributed across different subcellular compart-

ments of MCF7 cells.41 The compartment enrichment analysis was performed using the chi-square test with the Bonferroni multi-

comparison adjustment, with the expressional no-change genes predicted by BETA (n = 1,093) as the control gene set.

Calculation of average modified Z score (AveMZ)
We used themodified Z score to transform the gene expression data because it relies on themedian and is less influenced by outliers

when compared to the standard Z score based on the mean. The score was calculated by the formula of (X-MED)/(1.486*MAD),

where X is the log-transformed gene expression value (e.g., log2(1+RPKM) for RNA-seq data), MED is the median level of X across

samples, and MAD (s 0) is the median absolute deviation calculated by MAD = median(|X - median(X)|). The signature score of the

target gene set was presented as AveMZ by calculating themean of modified Z-scores of the signature genes for individual samples.

METABRIC and KM-plotter data analyses
Breast tumor gene expression profiles with clinicopathologic data were obtained fromMETABRIC50,51 via authorized access in Syn-

apse (synapse.sagebase.org) and from a mega-set KM-plotter.52 Kaplan-Meier plots were produced using the R survminer v0.4.8
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package to display the survival probabilities per group as a function of time. Groups of ER + BC cohorts were stratified by themedian

or top-tertile cutoff of single gene expression or gene signature score. Hazard ratio (HR) of stratum and p value were calculated using

theWald estimates and likelihood ratio test, respectively, in the Cox proportional hazardsmodel using the R survival v3.2-3 package.

A multivariate Cox proportional hazards model was computed using the R survival v3.2-3 package to assess simultaneously the

effect of clinicopathologic factors (e.g., tumor size, stage, and LN status) and the expression of target genes on specified patient out-

comes within a fixed time frame (5 or 15 yrs) of follow-up. The forest plots were used to display the HRwith 95% confidence intervals

for each factor included in the multivariate analysis, with p < 0.05 considered statistically significant.

Target gene set cis-regulatory TF binding analysis
To compare the intensity of TF binding at genomic regions of a target gene set across samples, we used a customized analytic

approach comprising (i) call peaks usingMACS2 v2.1.0100 with a bandwidth parameter of 150 bp; (ii) make a union of peaks identified

in all samples; (iii) scale BAM files across samples and convert the scaled BAM to a tag directory using the makeTagDirectory com-

mand line in HOMER v4.9.1;82 (iv) convert bedGraph files in tag directories to a bigWig format using kentutils v302.1;101 (v) assign

union peaks to the nearest TSS using the annotatePeaks.pl command line in HOMER v4.9.182 and subtract the peaks that are located

within 2 kb (for promoters) or 2–100 kb (for enhancers) of TSS of target genes; (vi) calculate tag densities across bigWig score files

over the subtracted peaks with ±2 kb flanking regions from peak summit in 50 bp bins, using deepTools2;83 (vii) calculate tag den-

sities across tag directories over the subtracted peaks using the annotatePeaks.pl command line with an argument ‘‘-d’’ in HOMER

v4.9.1 8882; and (viii) aggregate tag densities per gene, calculate mean across grouped samples, and make heat maps using the R

pheatmap v1.0.12 package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
All statistical analyses were performed using R v4.0.0. Quantitative data are presented as mean ± SEM from n samples as indicated.

Groups of data points were compared using a paired or unpaired two-sample t test, a Welch’s t test for samples with unequal

variance, a non-parametric Wilcoxon rank-sum test, or a two-sided Kolmogorov-Smirnov test to compare empirical cumulative

distributions of data points. Comparison among groups (n R 3) was performed using the one-way ANOVA test or the pairwise

t test with multiple test corrections. For comparing distribution of target genes or TF binding peaks among different groups, statistical

analyses were performed using the chi-square test with the Bonferroni multi-comparison adjustment. For tumor mRNA analyses, a

Pearson or Spearman correlation coefficient test was performed to determine the correlation between expression levels of target

genes or gene sets. For cell line experiments, biological duplicates were used for ChIP-seq and RNA-seq, and triplicates were

used for immunoblotting. Where appropriate, p < 0.05 was considered statistically significant.
Cell Reports 42, 112821, August 29, 2023 27


	High FOXA1 levels induce ER transcriptional reprogramming, a pro-metastatic secretome, and metastasis in endocrine-resistan ...
	Introduction
	Results
	Ectopic FOXA1 OE in a xenograft mouse model promotes TamR tumor metastasis
	H-FOXA1 coordinates ER to reprogram genome-wide ER and FOXA1 binding in endocrine-naive cells
	Ectopic FOXA1 OE induces a shared CGS across different H-FOXA1 cell models
	The FOXA1-CGS is highly represented in ER+ EndoR BC cell models
	The FOXA1-CGS is enriched for an H-FOXA1/ER-dependent secretome in ER+ EndoR cells
	High Secretome14 expression predicts poor outcomes of ER+ BC treated with endocrine therapy
	Secretome14 correlates with FOXA1 expression and escalates in ER+ metastatic tumors
	Enhanced cistromic ER binding is coupled with ER transcriptional reprogramming of Secretome14

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental models and subject details
	Cell culture
	Xenograft mouse model

	Method details
	In vivo tumor growth and metastasis modeling
	ChIP-seq
	RNA-seq
	Immunohistochemistry
	Western blotting
	Preparation of conditioned medium
	ELISA
	Migration assay
	ChIP-seq data analysis
	RNA-seq and microarray data analysis
	Motif enrichment analysis
	Genomic motif scanning and positional gene expression analysis
	Binding and Expression Target Analysis (BETA)
	Ontology annotation, gene set enrichment analysis (GSEA), and single-sample (ss) GSEA
	Unsupervised hierarchical clustering
	Secretome enrichment analysis
	Calculation of average modified Z score (AveMZ)
	METABRIC and KM-plotter data analyses
	Target gene set cis-regulatory TF binding analysis

	Quantification and statistical analysis
	Statistical analyses




