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Abstract

Estrogen receptor alpha (ER/E£SR) mutations occur in 30-40% of endocrine resistant ER-positive
(ER+) breast cancer. Forkhead Box Al (FOXAL) is a key pioneer factor mediating ER-chromatin
interactions and endocrine response in ER+ breast cancer, but its role in £SRZ mutant breast
cancer remains unclear. Our previous FOXA1 ChlP-seq identified a large portion of redistributed
binding sites in T47D genome-edited Y537S and D538G £SRI mutant cells. Here, we further
integrated FOXAL genomic binding profile with the isogenic ER cistrome, accessible genome

and transcriptome data of T47D cell model. FOXAZ1 redistribution was significantly associated
with transcriptomic alterations caused by £S5/ mutations. Furthermore, in £SRZ mutant cells,
FOXAL1 binding sites less frequently overlapped with ER, and differential gene expression was
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less associated with the canonical FOXA1-ER axis. Motif analysis revealed a unique enrichment
of retinoid X receptor (RXR) motifs in FOXAL binding sites of £5/1 mutant cells. Consistently,
ESR1 mutant cells were more sensitive to growth stimulation with the RXR agonist LG268.

The mutant-specific response was dependent on two RXR isoforms, RXR-a and RXR-p, with a
stronger dependency on the latter. In addition, T3, the agonist of thyroid receptor also showed

a similar growth-promoting effect in £SRZ mutant cells. Importantly, RXR antagonist HX531
blocked growth of £S5/ mutant cells and a patient derived xenograft (PDX)-derived organoid
with an £ESR1 D538G mutation. Collectively, our data support evidence for a stronger RXR
response associated with FOXAL reprogramming in £SRI mutant cells, suggesting development
of therapeutic strategies targeting RXR pathways in breast tumors with £S5/ mutation.

Introduction

Estrogen receptor-a. (ER/ESRI) is expressed in more than 70% of breast cancers and has an
essential role in breast cancer tumorigenesis and progression (1-3). Endocrine therapy is the
mainstay therapy to treat patients with ER+ breast cancer, including depletion of estradiol
(E2) by aromatase inhibitors (Als) or antagonizing ER activity by Selective Estrogen
Receptor Modulators/Degraders (SERMs/SERDSs) (4-6). The emergence of resistance to
these therapies, however, is inevitable over time in a subset of patients, which remains a
clinical and social challenge (7,8).

Previous studies have uncovered various pivotal mechanisms driving endocrine resistance,
among which are hotspot £5/1 missense mutations that occur in approximately 30-40% of
advanced breast cancers (9-12). £SR1 mutations cluster in the ligand binding domain, with
Y537S and D538G being the most frequent variants, leading to a stabilized agonist state

in the absence of E2 (13,14). Multiple studies have revealed a role for £S5/ mutations

in causing constitutive ER activity and diminished sensitivity towards ER antagonists

both /n vitroand in vivo (15-20), as well as association with poor clinical outcomes in
patients with advanced disease (21-23). Therefore, there is an urgent need to develop novel
therapeutic strategies targeting tumors with £5/1 mutations. Recent studies have reported
that the cyclin-dependent kinase 7 (cdk7) inhibitor THZ1 can block growth of £S5/ mutant
cells (17), and cdk?7 as a target was subsequently validated in a separate study using /n
vitro and /n vivo approaches (24). Mao et al. described that the ER modulator BHP1 can
hyperactivate the unfolded protein response and inhibit growth in £SRZ mutant cells (25).
Gelsomino et al. uncovered enhanced IGF1 pathway activity in £S5/ mutant cells, which
our group confirmed, suggesting co-targeting ER and IGF1R as a potential strategy (26,27).
Yu et al. showed a key role of Myc pathway hyperactivation in the proliferation of £5R2
mutant cells (28). In addition, recent results by Dustin et al. and Gu et al. suggested the
potential of a RON inhibitor (29) and androgen receptor (AR) agonist (30), respectively,

to inhibit metastasis of mutant £SRZ PDX. Despite these exciting pre-clinical findings,

no effective therapy targeting £S5/ mutations is approved for clinical application, and it
remains imperative to identify novel therapeutic targets with clinical actionability.

Forkhead protein FOXAL is a key pioneer factor mediating ER-chromatin interactions,
and its impact on ER global binding, endocrine response and resistance has been broadly
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reported in ER+ breast cancer (31-33), but limited studies have examined a role in £SR1
mutant disease. Jeselsohn et al. revealed weaker FOXAL binding in the Y537S mutant

ER cistrome (24), while Arnesen et al. found FOXAL bound to a significant fraction

of accessible chromatin regions in both Y537S and D538G mutant cells (15). Recently

our group has shown enhanced migration in T47D D538G cells dependent upon FOXA1-
mediated Wnt pathway activation, and FOXA1 ChlP-seq indicated a distinct FOXA1
cistrome in T47D ESRI mutant cells compared to £SRZ WT cells (34). Other than these
limited data, the role of FOXAL in ER mutant breast cancer has not been well characterized.

We set out to understand the impact of FOXAL1 redistribution in £SRI mutant cells.
Integrative analysis with multi-omic datasets suggests that FOXAZ1 impacts transcriptional
reprogramming, especially the expression of novel target genes in the context of an £SRI-
mutant background. We show that FOXAL interacts less with ER but confers potential RXR
binding sites in mutant cells. Our /in vitro experiments demonstrate that RXR agonist LG268
can promote growth and survival of £SRI mutant cells, which can be inhibited with the
RXR antagonist HX531. Our study provides novel mechanistic and therapeutic insights
including blocking RXR activation in £SRI mutant breast cancer.

Materials and Methods

Cell culture

Two genome-edited T47D E£SRI mutant cell models (Oesterreich and Gertz models)

were established as previously described (15,18), and the parental T47D cells (RRID:
CVCL_0553) were obtained from the American Type Culture Collection (ATCC). Cells
were maintained in RPMI, supplemented with 10% FBS, 100pg/mL penicillin and
100mg/mL streptomycin, at 37°C in a humidified incubator with 5% CO2. Hormone
deprivation was performed for all experiments, unless otherwise stated, by washing and
maintaining cells in phenol-red-free IMEM (Gibco, A10488) with 10% charcoal-stripped
serum (CSS, Gemini, #100-119), twice a day for three days. Clones with the same genotypes
were equally pooled for subsequent experiments. All data were generated with Oesterreich
T47D cells unless otherwise stated.

Organoid culture

Reagents

All the organoid culture procedures and medium recipe followed the previous published
protocol with the addition of E2 (35). Briefly, PDX tumor was digested in the dissociation
medium, incubated on the rotator, sheared and filtered to collect organoids. For regular
culture, organoids were embedded in Cultrex RGF Basement Membrane Extract (R&D
Systems™ 353301002) in 24-well suspension culture plates (Greiner, M9312), passaged
every 2 weeks.

17B-estradiol (E2, #E8875), LG100268 (#SML0279), HX531 (#SML2170), SR12813
(#S4194), 1a.,25-Dihydroxyvitamin D3 (Vitamin D3, #D1530), Citco (#C6240), 3,3’,5-
Triiodo-L-thyronine sodium salt (T3, #T6397), GW4064 (#G5172), GW3965 hydrochloride
(#G6295), retinoic acid (#R2625), WY 14643 (#C7081) were obtained from Sigma-Aldrich,
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and ICI 182,780 (Fulvestrant, #1047), GW0742 (#2229) was purchased from Tocris.

For knockdown experiments, SMARTpool siRNAs against FOXAL (#M-010319), RXRA
(#L-003443) and RXRB (#L-003444) were obtained from Horizon Discovery. All sSiRNA
sequences are indicated below:

FOXAL siRNAs 1#: CCUCGGAGCAGCAGCAUAA; 2#: GCGCUGAGCCCGAGCGGCA,;
3#: CGGGAAGACCGGCCAGCUA,; 4#: GUGUAGACAUCCUCCGUAU.

RXRA siRNAs 1#: GCGCCAUCGUCCUCUUUAA,; 2#: GCAAGGACCGGAACGAGAA,;
3#: AGACCUACGUGGAGGCAAA; 4#: UCAAAUGCCUGGAACAUCU.

RXRB siRNAs 1#: GGGCAAUCAUUCUGUUUAA; 2#: GCAAACGGCUAUGUGCAAU;
3#: CGAAGAGGAUCCCACACUU; 4#: CCGCAAAGACCUUACAUAC.

Growth assay

4,000 T47D cells or 3,000 organoid cells were seeded into either regular 96-well plates

(for 2D growth) (Corning, #353072), or round bottom 96-well ultra-low attachment plates
(for 3D growth) (Corning, #353227). Cell numbers were quantified after the desired growth
time course with either FluoReporter Blue Fluorometric dsDNA quantification kit (for

2D growth) (Invitrogen, F2962) or the Celltiter Glo luminescent cell viability kit (for 3D
growth) (Promega, G7573). 100nM RXR agonist LG268 and 2uM RXR antagonist HX531
were used in the experiment. In the nuclear receptor (NR) screen part, the tested RXR
partners and their agonist doses are indicated below: Retinoid Acid Receptor (RAR), 100nM
retinoic acid; Thyroid Receptor (TR), 20nM T3; Vitamin D Receptor (VDR),10nM Vitamin
D3; Liver X Receptor (LXR), 100nM GW3965; Peroxisome Proliferator-Activated Receptor
Alpha (PPAR-a), 100nM WY 14643; Peroxisome Proliferator-Activated Receptor Delta
(PPAR-8), 100nM GW0742; Farnesoid X receptor (FXR), 100nM GW4064; Constitutive
Androstane Receptor (CAR), 100nM CITCO; Pregnane X Receptor (PXR), 100nM
SR12813.

Clonogenic survival assay

gRT-PCR

5,000 T47D cells were seeded into 12-well plates, and formed colonies in 14 days under
different treatment conditions. After that, cells were stained with 0.05 % crystal violet for
20min and scanned to get raw images. Then the crystal violet was dissolved in 10% acetic
acid for 20min, absorbance was acquired using GloMax® Microplate Reader (Promega) at
OD560. The raw absorbance OD560 was normalized to Veh group and presented as fold
change.

TA47D cells were seeded in triplicates into 6-well plates with 100,000 cells per well
respectively. RNA was extracted after desired treatments, and then synthesized to cDNA
using PrimeScript RT Master Mix kit (#RR036, Takara Bio). gRT-PCR reactions were
performed with SybrGreen Supermix (#1726275, BioRad), and the AACt method was used
to analyze relative mRNA fold changes with RPLP0as the internal control. All primer
sequences are indicated below:
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RPLPO (Forward): 5’-TAAACCCTGCGTGGCAATC-3’;
RPLPO (Reverse): 5’-TTGTCTGCTCCCACAATGAAA-3’;
SERPINAI (Forward): 5’- ACCTGGAAAATGAACTCACCC-3’;
SERPINAI (Reverse): 5°- ACCTTAGTGATGCCCAGTTG-3’
RXRA (Forward): 5’- AGGACTGCCTGATTGACAAG-3’;
RXRA (Reverse): 5’- GACTCCACCTCATTCTCGTTC-3’
RXRB (Forward): 5’- GACCTTACATACTCTTGCCGG-3’;
RXRB (Reverse): 5°- CTTGTCCTTTCCCCGCTG-3’
RXRG (Forward): 5’- CAGATGGACAAGTCGGAACTG-3;
RXRG (Reverse): 5’- GGATACTTCTGCTTGGTGTAGG-3’
GREBI (Forward): 5’- GGTTCTTGCCAGATGACAATGG-3;
GREBI (Reverse): 5’- CTTGGGTTGAGTGGTCAGTTTC-3’
TFF1 (Forward): 5’- AGAACAAGGTGATCTGCGC-3;

TFF1 (Reverse): 5’- TTATTTGCACACTGGGAGGG-3’

Chromatin Immunoprecipitation-sequencing (ChlP-seq) analysis

ChIP experimentation, peak calling and differentially binding analysis were performed

as previously described (34). Additionally, Principal Component Analysis (PCA) plot,
heatmap and genomic distribution were obtained using DiffBind (36) and ChIPseeker (37)
package. Motif analysis including enrichment and scanning was performed on MEME
suite (38). Specifically, Analysis for Motif Enrichment (AME) (39) used JASPAR CORE
and UniPROBE Mouse database (2018) and identified significantly enriched motifs with
E-value < 0.05, and Find Individual Motif Occurrences (FIMO) analysis (40) scanned the
FOXA1 motif and output the significant matched ones with p-value < 0.0001. ERE motif
numbers were quantified using EREFinder algorithm (41) with default parameters. Briefly,
fasta files were converted from Bed format of each ChiP-seq profile using bedtools (RRID:
SCR006646) (42). Fasta sequences were then used as input sources for EREFinder which
scans ERE motifs under 10,000 bp of each slides window. ERE were defined as identified
ERE motifs with 1/Kd>0.04. FOXA1 gained peaks annotated genes of mutant cells were
input for Ingenuity Pathway Analysis (RRID: SCR008653) (43), and significantly enriched
pathways (p-value<0.05) were obtained from Tox list.

Rapid immunoprecipitation mass spectrometry of endogenous proteins (RIME) analysis

FOXA1 RIME experiment was performed in the previous study (44). Briefly, proteins from
MCF7 cells were immunoprecipitated, digested and measured by the mass spectrometer.
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Maximum allowed missed cleavage was 2, the peptide threshold was 95% and the protein
false discovery rate (FDR) was set to 0.5%. Proteins with more than 2 unique peptides

in the FOXAL antibody group but no unique peptide in IgG group were classified as
FOXAZl-interacting proteins.

Binding and Expression Target Analysis (BETA)

BETA was performed as previously described (45). Briefly, differentially expressed (DE)
genes were first computed using DESeq2 (RRID: 015687) and used as one of the inputs.
DE genes between WT+E2 cells and WT cells were defined as FC>1.5, padj<0.01, and DE
genes between mutant and WT cells were defined as FC>1.5, padj<0.005. In mutant cells,
they were further divided into two groups: ligand-independent and novel target genes, the
former were derived from intersection with E2-regulated genes in WT cells, while the latter
not. In addition, gained or lost FOXAL1 peaks were derived from DiffBind analysis with
|FC|>2. BETA basic modules were used to compute the statistical associations between DE
genes and DB peaks using 100kb as the ranges to link gene TSS to each peak. P values were
derived using one-tailed Kolmogorov-Smirnov test for up-regulated and down-regulated
genes respectively.

Statistical analysis

All statistical analyses were performed by GraphPad Prism software version 7 (RRID:
SCR002798) and R version 3.6.1. All experimental results included biological replicates and
were indicated as mean + standard deviation, unless otherwise stated. Specific statistical
tests were highlighted in corresponding figure legends.

Data availability

Results

The ER and FOXA1 ChlP-seq data has been deposited onto the Gene Expression Omnibus
database (RRID: SCR005012) (GSE125117 and GSE165280). Other data resources used in
this study are summarized in Supplementary Table S1. All raw data and scripts are available
upon request from the corresponding author.

Redistribution of FOXA1 in ESR1 mutant cells is associated with altered ER-FOXA1

interaction.

Given that FOXAL1 is an important epigenetic regulator which determines ER-chromatin
interactions (31-33), we sought to compare the global FOXA1-ER genomic occupancy

in ESRIWT and mutant cells. We previously performed FOXAL ChIP-seq (34) and ER
ChlIP-seq analysis (46) in T47D Y537S and D538G genome-edited cells (Supplementary
Table. S2). Intersecting ER and FOXAL binding sites, we found that 1,628 ER binding sites
(56%) overlapped with FOXAL binding sites in WT cells after E2 treatment, consistent with
previous studies (32,47). However, the ER/FOXA1 binding overlap was decreased to 403
(39%) and 325 (25%) in Y537S and D538G cells respectively despite a larger number of
total FOXAZ1 binding sites (Fig. 1A). To build on this finding, we further performed FIMO
(Find Individual Motif Occurrences) analysis (40) to quantify FOXAL1 motifs enriched in
ER binding sites and found that FOXA1 motifs were less frequently detected in mutant
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cells (Fig. 1B). We observed a similar pattern using FOXAL and ER ChlIP-seq data from
other £ESR1 mutant cell models (24,46) (Supplementary Fig. SIA-B). To further delineate
the differences between FOXA1-dependent and independent ER action, we divided all ER
binding sites into two groups based on intersection with FOXAL binding sites. Unsupervised
clustering revealed that ER binding sites overlapping with FOXAL binding sites clustered
together irrespective of £S5/ mutant status, but ER binding sites not overlapping with
FOXAZ1 binding sites clearly segregated among WT and the two mutants (Fig. 1C and
Supplementary Fig. S1C). Analysis of genomic feature distribution showed that ER binding
sites that overlapped with FOXA1 binding sites were more enriched in promoter regions in
both Y537S and D538G cells compared to WT cells, whereas ER binding sites that were
distinct from FOXAL sites were enriched in promoter regions in both WT and Y537S cells
(Supplementary Fig. SID-E). In £SR1 D538G cells, FOXAL Non-overlapping ER binding
sites were largely distinct with an enrichment in distal intergenic regions especially. There
were fewer Estrogen Response Element (ERE) motifs in ER binding sites in the ER mutant
compared to WT cells, independent of overlap with FOXAL binding sites (Fig. 1D).

Since the regulation of ER-FOXAL interaction is mainly reflected through the nexus of
ER, FOXAL, and chromatin accessibility, in which FOXAL increases accessibility of certain
chromatin regions and then ER binds to the open chromatin (31-33), we next intersected
ER and FOXAZ1 binding sites with accessible chromatin regions previously identified
through ATAC-seq analysis in ESRZ WT and mutant T47D cells (34). We observed distinct
binding patterns comparing WT and each mutant ER: ER bound to FOXA1-associated
open chromatin at a rate of ~30% in WT and Y537S cells, but this rate was decreased

to only 14% in D538G cells (Fig. 1E, Supplementary Fig. S1F). Notably, Y537S cells
showed 28% of ER binding localized to open chromatin without FOXAL binding sites
suggesting that this part of ER-chromatin interactions is independent of FOXA1 and may
rely upon other factors. D538G cells had 64% of ER binding sites mapped to closed
chromatin without FOXA1 binding, suggesting that a large portion of mutant ER binds

to chromatin with low accessibility. Given the more prevalent noncanonical ER binding
pattern (i.e. exclusive from FOXA1 and open chromatin) observed in ER mutant cells,

we next questioned whether the transcriptomic alterations are also less associated with
mutant ER binding. We defined differentially expressed (DE) genes between WT+E2 cells
and WT cells as |FC|>1.5, padj<0.01, and DE genes between mutant and WT cells as |FC|
>1.5, padj<0.005 from previous T47D cell RNA-seq data (Supplementary Table. S3) (18),
intersected the genes associated with ER binding sites with those DE genes and checked
the proportion of the overlapped part in either of them respectively. Both analyses showed
that mutant ER binding sites were less associated with DE genes (Fig. 1F-G), suggesting
mutant ER likely hijacks other factors to reshape transcriptomes in additional to the known
ligand-independent binding. Collectively, our findings suggest that in the context of £SRZ
mutation, FOXA1 plays a less dominant role in facilitating the binding of ER on accessible
chromatin and further regulating canonical downstream genes.
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ESR1 mutant-specific de novo transcriptomic alterations are associated with FOXA1-RXR

nexus.

Since the actual number of FOXA1 binding sites was significantly higher in £SR1 mutant
compared to WT cells, these data suggested that FOXA1 may have gained novel functions in
the mutant cells which are independent of ER-FOXAL interaction on chromatin. To test this
hypothesis, we first directly examined the role of FOXAL in regulation of gene expression.
Our recent FOXAZ1 binding analysis identified 2,447, 15,870, and 10,451 binding sites

with increased intensity (FC>2) and 3,732, 4,064, and 2,687 binding sites with decreased
intensity (FC<-2) in WT+E2, Y537S and D538G cells, respectively, compared to WT+veh
(34). To test the association between the differential FOXA1 binding sites and DE genes

in mutant cells, we applied the Binding and Expression Target Analysis (BETA) algorithm
(45). In this analysis, DE genes in mutant cells were further divided into two groups: ligand-
independent and novel target genes, the former were derived from intersection with E2-
regulated genes in WT cells, while the latter are genes not regulated by E2 in WT cells. First
in WT+E2, Y537S, and D538G cells, gained FOXA1 binding sites (FC>2 versus WT+Veh
cells) were preferentially associated with upregulated genes and lost FOXA1 binding sites
(FC<-2 versus WT+Veh cells) were associated with downregulated genes, confirming

that FOXA1 binding allows transcriptional activators to induce gene expression (Fig. 2A,
and Supplementary Fig. S2A). Notably, lost FOXA1 binding sites were associated with
upregulated genes in WT+E2 cells but not mutant cells, indicating £5/ mutation might
change the impact of FOXAL binding on transcription regulatory directionality. In addition,
gained FOXAZ1 binding sites were significantly associated with both ligand-independent and
novel target genes, in Y537S but not D538G mutant cells, suggesting that FOXA1 might
play a more pivotal role in Y537S mutant specific transcriptomic reprogramming.

Given the reduced functional interaction between FOXAL and ER in £SRZ mutant cells, we
next focused on novel target genes with gained FOXA1 binding sites. We found >30% of
novel target genes are associated with gained FOXA1 binding sites in £SRI mutant cells,
suggesting a de novo FOXA1-driven transcriptional program (Fig. 2B). For example, we
identified a Y537S-ungiue novel target gene SERPINAI with increased FOXA1 but not ER
binding intensity at SERPINAL proximity (30 kb from TSS) in Y537S cells (Supplementary
Fig. S2B). Consistent with this, SERPINAI was upregulated in Y537S cells, but showed
weak, if any, response to E2 stimulation in WT cells from two independent £SRZ mutant
cell models (Supplementary Fig. S2C). In addition, depletion of FOXAL but not ER
significantly dampened SERPINAI expression in Y537S cells (Supplementary Fig. S2D-
E), suggesting that the expression is regulated by a FOXA1-dependent but ER-independent
mechanism. Importantly, SERPINAI was also consistently upregulated in £S5/ mutant
metastatic tumors in four publicly available cohorts (24,48-52) (Supplementary Fig. S2F).
Taken together, FOXAL redistribution in £SR1 mutant cells causes alterations in the
transcriptome, especially effecting expression of novel target genes (i.e. genes that are not
regulated by E2 in WT cells but show differential expression in £S5/ mutant cells).

To further delineate alternative FOXAZ1 downstream pathways uniquely involved in £SR1
mutant tumors, we performed motif enrichment analysis in FOXA1 binding sites of WT and
mutant cells (Fig. 2C and Supplementary Table. S4). The intersection of the significantly
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enriched motifs (E<0.05) confirmed Fork Head motifs as the top shared targets among

all groups. In addition, there were 102 motifs uniquely enriched in both mutants, and
among those, motifs corresponding to retinoid X receptors (RXR) were among the top
five. In addition, RXR motifs were also identified as being enriched in £SRI mutant
T47D cells when compared to WT+E2 (Supplementary Fig. S3A and Supplementary
Table. S4), although this was not seen analyzing data from FOXAZ binding sites in an
independent MCF7 Y537S cell model, possibly due to model differences as previously
described (24). Analysis of previous FOXA1 rapid immunoprecipitation mass spectrometry
of endogenous proteins (RIME) in MCF7 cells to screen for FOXAl-interacting proteins
confirmed FOXA1-RXR interaction (44). The results showed that both RXR-a and RXR-
B had 6 unique peptides in the FOXAL antibody group which was similar to the ER-a.-
FOXAL1 interaction (Supplementary Fig. S3B), confirming the specific FOXA1-RXR-a/p
interactions in ER+ breast cancer cell line.

RNA expression analysis showed that RXRA (RXR-a) and RXRB (RXR-B) but not
RXRG (RXR-vy) were robustly expressed in £SRZ WT and mutant cell models and

tumor specimens (Supplementary Fig. S3C-D). In support of the results from the motif
enrichment analysis, Ingenuity Pathway Analysis (IPA) identified three RXR-related
pathways, PPARa/RXRa activation, VDR/RXR activation and TR/RXR activation, which
are significantly associated with genes linked to gained FOXAL binding sites in both
ESR1 mutant cells (Fig. 2D and Supplementary Table. S5). Furthermore, a gene set
enrichment screen of all 187 KEGG pathways between £SRZ WT and mutant metastatic
tumors from four clinical cohorts (24,48-52) revealed RETINOL_METABOLISM pathway
as the 214 consistently increased pathway in £SR mutant tumors (Supplementary Fig.
S3E), suggesting the hyperactivated metabolism of multiple precursors of RXR ligands.
Collectively, these findings encouraged us to further study RXR related phenotypes in the
setting of £SRI mutations.

ESR1 mutant cells show stronger response to RXR agonist LG268-mediated survival and

2D growth.

Because RXR is a subclass of ligand-dependent nuclear receptors which regulate a variety
of cellular processes including proliferation and apoptosis (53,54), we tested whether £ESR1
WT and mutant cells show different response in survival and growth under RXR agonist
stimulation. After treatment with pan-RXR agonist LG268 at 100nM in hormone deprived
condition for 14 days, both T47D ESR1WT and mutant cells showed significantly stronger
clonogenic survival compared to \Vehicle (\eh) treatment, and this effect was significantly
more pronounced in Y537S cells (Fig. 3A-B and Supplementary Fig. S4A). Consistent
with this, dose response studies showed that Y537S cells exhibited greater sensitivity and
maximal response towards LG268 (Supplementary Fig. S4B-C). In addition, we compared
the clonogenic stimulation effect between LG268 and E2, and we observed both of them
could promote the clonogenic survival in WT and mutant cells (Supplementary Fig. SAD-
E). Interestingly, the response towards E2 and LG286 was negatively correlated across the
three groups, and Y537S cells showed the strongest effect of LG268 normalized to E2
(Supplementary Fig. S4F). To test the reproducibility of the phenotype in an independent
model, we performed the same experiments using Gertz T47D cell model (15), and the
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results showed that £SRZ mutant cells uniquely developed more colonies after LG268
treatment (Fig. 3C-D). 2D growth of both mutant cells in hormone deprived condition was
promoted by LG268 with a more pronounced enhancement in Y537S cells, while it had no
effect on WT cells (Fig. 3E and Supplementary Fig. S4G), and again the same phenotype
was reproduced in an independent T47D model (Fig. 3F). Furthermore, dose response assays
showed that both Oesterreich and Gertz T47D ESRI mutant cells were more sensitive
towards LG268 stimulated growth (Fig. 3G—H). We also performed the same assays in Park
and Gertz MCF7 cell models, but only observed the similar phenotype in Gertz MCF7
D538G cells (Supplementary Fig. SSA-F). Together, these results suggest that T47D £SR1
mutant cells have stronger response to RXR agonist-mediated survival and 2D growth.

The response to RXR agonist in ESR1 mutant cells depends on RXR-a and RXR-B, RXR
partner TR can also promote ESR1 mutant cell growth.

To examine which receptor(s) was causing the observed RXR agonist response, we

knocked down RXRA, RXRB, or the combination using sSiRNA. RXR subtype-specific
knockdown was validated using gRT-PCR (Fig. 4A). Knockdown of RXRA alone slightly
but significantly reduced clonogenic survival induced by LG268, whereas it was completed
abolished by knockdown of RXRB alone or both RXRA and RXRB (Fig. 4B-C).
Comparison of fold change further validated the significant reduction of cell colonization

in all RXR siRNA knockdown groups (Fig. 4C). Similar results were obtained with a growth
assay in hormone deprived condition (Fig. 4D). Taken together, these data demonstrate that
the responses to RXR agonist LG268 are dependent upon both RXR-a and RXR-B, with a
relatively stronger dependency on RXR-f.

We also tried to test whether the RXR agonist stimulated growth was dependent on FOXA1,
but FOXA1 knockdown drastically attenuated the base line growth of both ESRZ WT

and mutant cells, with stronger effects observed in mutant cells (Supplementary Fig. S6).
Given FOXAL’s essential role in ER+ breast cancer cells growth through its regulation of
multiple cell proliferation-related factors (55-57), it is challenging to specifically examine
the specific impact of FOXA1 knockdown on RXR agonist-induced cell growth phenotype.

Since RXR is known to form heterodimers with other nuclear receptors (NR) in a ligand-
dependent manner (53,54,58), we treated our T47D cells with agonists of nine NRs widely
reported to form heterodimers with RXR (58,59), and tested their impact on cell growth. The
screen revealed that the addition of 20nM of thyroid hormone T3, the agonist for thyroid
receptor (TR), could significantly promote growth of £5/1 mutant cells to an equivalent
level as the RXR agonist (Fig. 4E), suggesting a potential role of TR as a binding partner
with RXR in this setting, warranting further investigation.

RXR antagonist HX531 can inhibit the response of ESR1 mutant cells and a patient-derived
xenograft organoid (PDXO) to RXR agonist.

Given that multiple endogenous RXR agonists have been identified (60), we speculated that
ESRI mutant breast cancer cells may utilize these physiological RXR agonists to gain an
additional survival and proliferation advantage in the absence of estrogen. Thus, blocking
the endogenous RXR pathway might be a novel therapeutic strategy to treat patients with
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ESR1 mutant breast cancer, and thus we tested the effect of a highly-selective RXR
antagonist HX531 (61). As shown in Fig. 5A-B, 2uM HX531 diminished LG268-promoted
colonization. In addition, combinations of varying doses of agonist/antagonist showed that
the response to 10nM LG268 could be completely blocked by 2uM HX531. 5uM HX531
blocked the response to 10nM or 100nM LG268 but also decreased baseline levels of growth
(Supplementary Fig. S7). In addition, in the presence of 100nM LG268, £SRI mutant cells
were significantly more sensitive to antagonist inhibition compared to WT cells (Fig. 5C).

We sought to evaluate the impact of RXR antagonist using additional £S5/ mutant models.
We generated an organoid IPM-PDXO-073 from a patient derived xenograft (CTG-1260)
which has an ESR1 D538G mutation. Droplet digital PCR on genomic DNA revealed 50%
D538G mutation allele frequency (Supplementary Fig. S8A). E2 stimulation significantly
induced two classical downstream genes GREB1 and TFF1, which could be inhibited by
ICI 182,780 (ICI) treatment (Fig. 5D). gRT-PCR indicated robust expression of RXRA, but
weak or no expression of RXRB and RXRG (Supplementary Fig. S8B). Taken together,
these molecular characterizations verified the IPM-PDXO-073 organoid as a heterozygous
D538G ESRI mutant model with estrogen response suitable for our studies. We next
exposed IPM-PDX0-073 to RXR agonist and antagonist and consistent with cell line data,
the growth of the mutant organoid was promoted by 100nM LG268, whilst 2uM HX531
attenuated growth in the absence and presence of LG268 (Fig. 5E-F). Taken together, these
data suggest that RXR antagonists such as HX531 might have therapeutic potential to treat
ESR1 mutant breast cancer.

Discussion

Hotspot £SR1 mutations are recognized as frequent mechanisms of resistance to

endocrine therapy in recurrent ER+ breast cancers. It is imperative to uncover therapeutic
vulnerabilities by deciphering mechanisms of growth and survival endowed by £SRI
mutation. In this study, we identified unique roles of FOXA1 in £SR1 mutant cells including
regulation of novel target gene expression and provision of novel RXR binding sites leading
to enhanced response to the RXR agonist LG268. In contrast, the role of FOXAL in
canonical ER signaling as seen in WT cells is diminished in £SR1 mutant cells (Fig. 6).

It is plausible that £SRZ mutant cells may benefit from RXR activation, which can be
inhibited by antagonists such as HX531, providing a novel idea for potential treatment of
ESR1 mutant breast cancers.

We have comprehensively characterized the impact of FOXAL reprogramming in £ESR?
mutant cells. FOXA1 modulates chromatin structure and increases accessibility of DNA
binding elements, augmenting the recruitment of multiple nuclear receptors (62-64).
Arnesen et al. have reported the significant enrichment of to FOXAL motif in D538G-
specific open chromatin regions, suggesting the potential role of FOXA1 in remodeling
chromatin structure in ESR1 D538G cells (15). We further revealed the impact of FOXAL
on chromatin structure and the binding of other transcriptional factors under £5/1 mutant
background, and found in both £SR1 Y537S and D538G cells, a redistributed FOXA1
regulates novel target gene expression at least in part through recruitment of RXR. The
mechanisms of how mutant ER alters the FOXA1 cistrome remains unclear. Some studies
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have suggested that ER could reciprocally act as initiating factors for FOXAL. Caizzi

et al. found that transient ER silencing resulted in a significant decrease in FOXA1

binding events in close proximity to ER-bound sites (65). It is plausible that mutant ER
serves as an FOXAL pioneer factor to rewire FOXAL global binding and thus reshapes a
divergent chromatin landscape. Our previous results identified a larger number of FOXAL
differentially binding (DB) peaks in £SR1 mutant cells than WT cells after E2 treatment
(34), which supports the concept that the FOXAL cistrome redistribution in mutant cells

is likely an £SRI mutant-specific gain of function. Some transcription factors have been
described as upstream regulators of FOXAL, which may impact FOXA1 binding, such as
CTCF and GATA3 (32,66). Notably, we recently reported CTCF cistrome was associated
with differential chromatin accessibility and gene expression in £SR1 mutant cells (15,46).
Moreover, other epigenetic changes such as histone H3 lysine 4 methylation were also
revealed to define FOXAL binding (67,68). It is likely that mutant ER can impact the
FOXAU1 cistrome by cooperating with these FOXA1 regulators or by remodeling epigenetic
features, another possibility that the activated RXR signaling recruit FOXAL should not be
ignored, but these possibilities require further research. It is necessasy to apply additional
biochemical assays like RIME to characterize the FOXA1 and RXR interactions in £SR1
WT and mutant cells.

Our phenotypic data with cell models from multiple laboratories supports that £S5/ mutant
cells with redistributed FOXA1 cistrome can acquire proliferation and survival advantages
through RXR activation. RXR agonists are recognized as anti-cancer agents and multiple
studies have suggested their potential in breast cancer prevention and treatment (69-72). In
our study, we found that RXR agonist stimulation enhanced growth and survival in mutant
cells with no or limited agonist activity in WT cells. Indeed, both RXR agonist effects

and basal proliferation and colonization were suppressed after #X~B knockdown in both
WT and mutant cells. While we find the RXR agonist able to stimulate growth, in other
models it has been noted to potentiate apoptotic response to other chemotherapeutic drugs
(73,74). It is possible that a novel function gained by £SRI mutation through FOXA1
reprogramming dictated this RXR growth stimulatory response. Importantly, while some
preclinical data suggested anti-cancer efficacy (75), the therapeutic activity of RXR agonists
in clinical trials has been minimal. Esteva et al. reported limited efficacy of RXR agonist
bexarotene in patients with refractory metastatic breast cancer (76). In addition, some studies
reported that high expression of RXR was associated with worse prognosis in breast cancer
patients (77,78). Therefore, we surmise that the effects of RXR agonists are likely context-
dependent, and that cancer cells with different genetic backgrounds may have different RXR
response. For a subset of tumors with an £SRZ-mutant background which can hijack RXR
response to proliferate, it is plausible to include RXR antagonist as a treatment option,
highlighting the need for a precision medicine approach to treatment taking into account
ESRI mutation status.

Notably, although the enhanced responses to RXR agonist were observed in both two £SR1
mutant cells, it was more pronounced in Y537S cells than D538G cells. Under the LG268
treatment, the clonogenic survival ability of Y537S and D538G cells could increase to 5.7
times and 1.9 times respectively, which may attribute to the essential difference between
the two mutant subtypes uncovered by multiple studies. Firstly, the crystalized structure

Mol Cancer Res. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

Page 13

analysis revealed that Y537S and D538G mutations could cause different conformational
change to the helix 11-12 of ER, and Y537S ER had stronger constitutive activity than
D538G ER (79). Secondly, their differences in downstream gene regulation were reflected
by distinct ER cistrome, chromatin accessibility and transcriptome (15,18,24). Notably, we
have identified mutant ER binding sites were less associated with DE genes, as mutant

ER could induce differential gene expression not only through direct ER binding but also
through indirect actions (34), additional time course experiments need to be performed for
further characterization. Thirdly, some phenotypes were reported to be uniquely acquired
by certain mutant, like the Y537S induced epithelial-mesenchymal transition (EMT) (30)
and D538G increased migratory ability (34). Indeed, £SRI mutant breast cancer is a highly
heterogenous disease that can have different behaviors conferred by different mutation
subtype and background, pressing the need to establish more £SR1 mutant models with
extensively different backgrounds for future pre-clinical investigation.

We sought to address the specific molecular mechanism explaining the response to RXR
agonist in ESR1 mutant cells. Recognized as the obligate partner for various nuclear
receptors, RXR usually forms heterodimers to regulate downstream gene expression in a
ligand-dependent manner. Permissive heterodimers can be activated by agonist of either
RXR or the other receptors, while nonpermissive heterodimers can be only activated

by agonists of the other receptor, but can be enhanced in addition with RXR agonists
(53,54,58). From an agonist screen, we found the TR agonist T3 can promote growth of
ESRI mutant cells similar to the RXR agonist, suggesting potential crosstalk between TR
and RXR which should be further explored. Intriguingly, T3 stimulated proliferation of ER+
breast cancer cells has been reported by others (80,81). These data reveal the potential to
co-target RXR and TR, meanwhile we cannot exclude other possibilities, such as RXR
homodimers or other NR-RXR heterodimers requiring higher agonist concentrations than
we have explored in this study.

Taken together, our study provides comprehensive analysis of FOXAL in £SR1 mutant
breast cancer cell models, identifying its roles in regulating novel target genes and
facilitating RXR binding. With the potential RXR binding sites provided by FOXAL binding
sites redistribution, £SR2 mutant cells gain survival advantage through enhanced RXR
response, suggesting that this signaling axis should be further studied with a potential to
personalized therapy for patients with £5/1 mutant breast cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Implications:

It provides comprehensive characterization of the role of FOXAL in £SRI mutant breast
cancer and potential therapeutic strategy through blocking RXR activation.
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Figure 1. Redistribution of FOXA1in ESR1 mutant cellsis associated with altered ER-FOXA1
interaction.

(A) Stacked bar plot showing the intersection of ER and FOXA1 binding sites in Oesterreich
T47D cells. Percentages of each group of ER binding sites were indicated on each bar.
Number of ER binding sites was shown on Y-axis, and number of total FOXA1 binding sites
was shown below X-axis. Fisher’s exact test was performed to compare the overlapped part
between WT and mutant cells.

(B) Bar plot representing the percentage of FOXA1 motifs present in the ER binding sites in
Oesterreich T47D cells.

(C) PCA plot showing the similarity among FOXA1 Overlappping ER and FOXA1 Non-
Overlapping ER binding sites in T47D £SRI WT and mutant models.

(D) Bar plot comparing ERE motif occurrence per binding site among FOXA1
Overlappping ER and FOXA1 Non-overlapping ER binding sites in T47D ESRIWT and
mutant models.

(E) Stacked bar plot showing the intersection of ER peaks with FOXAL and ATAC peaks,
Percentages of each group of ER peaks are indicated on each bar.

(F, G) Stacked bar plot representing the intersection between ER binding sites annotated
genes and differentially expressed genes. F) shows the percentage of ER binding sites
annotated genes which have overlap with differentially expressed genes, G) shows the
percentage of differentially expressed genes which have overlap with ER binding sites
annotated genes. Fisher’s exact test was performed to compare the overlapped part between
WT and mutant cells. (** p<0.01)
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Figure 2. ESR1 mutant-specific de novo transcriptomic alter ations are associated with FOXA1-
RXR nexus.

(A) Bar plot showing the regulatory potential of gained/lost FOXAL peaks on ligand
independent and novel target genes in T47D £SR1 Y537S and D538G cells. p values were
obtained by one-tailed Kolmogorov-Smirnov test from BETA. (* p<0.05)

(B) Venn diagram showing the overlap between novel target genes and FOXA1 gained
binding sites annotated genes in Oesterreich T47D £SR1 Y537S can D538G cells.

(C) Motif enrichment analysis of FOXAL binding sites in Oesterreich T47D ESRIWT

and mutant cells. Venn diagram shows the overlap of significantly enriched motifs (E-
value<0.05, obtained by Fisher’s Exact Test from MEME-Suite) in WT, Y537S and D538G
cells. The top shared motifs and mutant-enriched motifs were shown on each side, motifs of
RXR subtypes were highlighted.

(D) Venn diagram showing the overlap of significantly enriched pathways (p-value<0.05,
obtained by Fisher’s Exact Test from IPA) in genes with gained FOXA1 binding sites
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between T47D E£SR1Y537S and D538G cells. Among the 27 overlapped pathways, 3
RXR-related pathways were highlighted on the right side.
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Figure 3. ESR1 mutant cells show stronger responseto RXR agonist L G268 promoted survival.
(A, C) Representative images of colonies formed after Veh or 100nM LG268 treatment in

hormone deprived condition with Oesterreich (A) and Gertz (C) models for 14 days.

(B, D) Bar plot showing the quantification of A and C with raw absorbance OD560 of each
group after crystal violet staining. Each bar represents mean + SD with three biological
replicates. Student’s t test was used to examine the effects of treatment between each
group’s OD560. (** p<0.01)
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(E, F) Growth curve of Oesterreich (E) and Gertz (F) T47D cells under Veh or 100nM
LG268 treatment in hormone deprived condition. Cell amount quantified by FluoReporter
kit at day 7 was normalized to day O and presented as fold change (FC). Each bar represents
mean + SD with five biological replicates. Two-way ANOVA was performed to compare the
100nM LG268 group and Veh group. (** p<0.01)

(G, H) LG268 dose response curve of Oesterreich (G) and Gertz (H) T47D cells. Cell
amount quantified by FluoReporter kit at day 7 of all dose groups was normalized to Veh
and presented as fold change (FC). Each bar represents mean + SD with five biological
replicates. EC50s were shown on the right side. Two-way ANOVA test was performed to
compare the dose response between mutant and WT cells. (** p<0.01)
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Figure4. Theresponseto RXR agonist in ESR1 mutant cells depends on RXR-a. and RXR-,
RXR partner TR can also promote ESR1 mutant cell growth.

(A) gRT-PCR validation of RXRA and RXRB mRNA levels in T47D WT and mutant

cells with RXRA and RXRB siRNA knockdown. mRNA fold changes were normalized to
RPLPO and further normalized to WT scramble group. Each bar represents mean + SD with
three biological replicates. Dunnett’s test was used to compare the gene expression between
scramble and knockdown groups. (** p<0.01)

(B - C) Colony formation assay result after RXRA and RXRB siRNA knockdown in
hormone deprived condition. (B) Representative images of colonies formed after \eh or
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100nM L G268 treatment; (C) Bar plot showing the raw absorbance OD560 of each group
after crystal violet staining and acetic acid dissolving. Each bar represents mean + SD with
three biological replicates. Student’s t test was used to examine the effects of treatment
between LG268 group and Veh group. Dunnett’s test was used to compare the fold change
between scramble and knockdown groups. (* p<0.05, ** p<0.01)

(D) Growth assay result after RXRA and RXRB siRNA knockdown in hormone deprived
condition. Cell amount quantified by FluoReporter kit at day 7 was normalized to day 0 and
presented as fold change (FC). Bar plot showing the fold change of each group. Each bar
represents mean + SD with five biological replicates. Student’s t test was used to examine
the effects of treatment between LG268 group and Veh group. Dunnett’s test was used to
compare the fold change between scramble and knockdown groups. (* p<0.05, ** p<0.01);
(E) Growth assay screen for agonists of RXR partners in hormone deprived condition.

Cell amount of nuclear receptor (NR) agonist group quantified by FluoReporter kit at day

7 was normalized to day 0 and further normalized to Veh group as fold change (FC),
represented by three-dimensional plot for T47D WT, Y537S and D538G cells respectively.
The agonists of following nuclear receptors have been used for the screen: Retinoid

Acid Receptor (RAR), Thyroid Receptor (TR), Vitamin D Receptor (VDR), Liver X
Receptor (LXR), Peroxisome Proliferator-Activated Receptor Alpha (PPAR-a), Peroxisome
Proliferator-Activated Receptor Delta (PPAR-8), Farnesoid X receptor (FXR), Constitutive
Androstane Receptor (CAR), Pregnane X Receptor (PXR). Student’s t test was used to
examine the effects of treatment between agonist group and Veh group (p<0.05). Agonists
significantly increased growth in mutant cells were highlighted in red and labeled with its
receptor name. Agonists not significantly increased growth in mutant cells were highlighted
in grey and labeled with its receptor name.
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Figure 5. RXR antagonist HX531 can inhibit the response of ESR1 mutant cells and organoidsto

RXR agonist.

(A, B) Colony formation assay result after RXR agonist or antagonist treatment. (A)
Representative images of colonies formed after \eh or 100nM LG268 treatment or 2uM
HX531 or 100nM LG268 + 2uM HX531 treatment; (B) Bar plot showing the raw
absorbance OD560 of each group after crystal violet staining and acetic acid dissolving.
Each bar represents mean + SD with three biological replicates. Student’s t test was used
to examine the effects of treatment between LG268 group and \Veh group, and between
LG268+HX531 and LG268 group. (* p<0.05, ** p<0.01).
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(C) HX531 dose response curve of T47D cells under fixed 100nM LG268 treatment. Cell
amount quantified by FluoReporter kit at day 7 of all dose groups was normalized to 100nM
LG268 group and presented as fold change (FC). Each bar represents mean + SD with

five biological replicates. IC50s were shown on the right side. Two-way ANOVA were
performed to compare the HX531 dose response between mutant and WT cells. (** p<0.01)
(D) gRT-PCR measurement of GREB1 and TFF1 mRNA level in IPM-PDX0-073 organoid
with Veh or 1nM E2 or 1uM ICI or 1nM E2 + 1uM ICI treatment. mRNA fold changes were
normalized to RPLPO and further normalized to Veh group. Each bar represents mean + SD
with three biological replicates. Dunnett’s test was used to compare the expression between
Veh and E2, E2 and E2+ICI groups. (** p<0.01)

(E-F) Growth assay result on IPM-PDX0-073 organoid with Veh or 100nM LG268
treatment or 2uM HX531 or 100nM LG268 + 2uM HX531 treatment. (E) Representative
images of IPM-PDX0-073 organoid in round bottom 96-well ultra-low attachment plate
after 7 days’ treatment. The organoids were seeded with the initial density of 5,000 cells per
well. (F) Bar plot showing the organoid growth quantified by Celltiter-glo kit at day 7 was
normalized to day 0 and presented as fold change (FC). Each bar represents mean + SD with
ten biological replicates. Dunnett’s test was used to compare the expression between control
and treatment groups. (** p<0.01)
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Figure 6. Graphical presentation of less FOXA1-ER interaction and enhanced responseto RXR
agonist in ESR1 mutant cells.

In ESRIWT cells, FOXAL facilitates ER chromatin binding by increasing chromatin
accessibility of ER binding sites. In £S5/ mutant cells, the canonical FOXA1-ER
interaction is reduced, but the redistributed FOXA1 remodels chromatin structure to increase
accessibility for novel RXR binding sites.
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