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Abstract

Breast cancer subtypes and their phenotypes parallel different stages of the mammary epithelial
cell developmental hierarchy. Discovering mechanisms that control lineage identity could provide
novel avenues for mitigating disease progression. Here we report that the transcriptional
corepressor, TLE3, is a guardian of luminal cell fate in breast cancer and operates independently
of estrogen receptor. In luminal breast cancer, TLE3 actively repressed the gene expression
signature associated with highly aggressive basal-like breast cancers (BLBC). Moreover,
maintenance of the luminal lineage depended on appropriate localization of TLES3 to its
transcriptional targets, a process mediated by interactions with FOXAL. By repressing genes
that drive BLBC phenotypes, including SOX9and 7GFB2, TLE3 prevented the acquisition of

a hybrid epithelial-mesenchymal state and reduced metastatic capacity and aggressive cellular
behaviors. These results establish TLE3 as an essential transcriptional repressor that sustains the
more differentiated and less metastatic nature of luminal breast cancers. Approaches to induce
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TLE3 expression could promote the acquisition of less aggressive, more treatable disease states to
extend patient survival.

Statement of Significance—Transcriptional co-repressor TLE3, actively suppresses SOX9
and TGF- transcriptional programs to sustain luminal lineage identity of breast cancer cells and
inhibit metastatic progression.

Introduction

Over two decades ago, the transformational studies conducted by Perou and colleagues
shifted our understanding of breast cancer by classifying this disease into subtypes using
transcriptomic signatures that were also prognostic of patient outcomes (1). Subsequent
studies identified key genetic drivers of each subtype, with luminal breast cancers driven
by estrogen receptor (ER)-stimulated programs and HER2 amplification/overexpression
promoting HER2-enriched disease (2,3). However, no single driver has been identified

for basal-like breast cancers (BLBC), a subtype that lacks receptors for estrogen and
progesterone as well as HER2 overexpression. The transcriptomes of BLBC dictate their
stem-like and aggressive nature compared to the more differentiated luminal tumors

(4). Recent single-cell sequencing studies have revealed the highly fluid nature of these
subtypes, with individual cells residing along a continuum of epigenetic and transcriptomic
profiles ranging from basal to luminal (5). Coupled with studies demonstrating that
mammary cell fate can be altered by an imbalance in chromatin modifiers, these findings
reveal remarkable plasticity, even in more differentiated cell states (6-8). However,
mechanisms by which transcriptional regulators and chromatin modifiers cooperate to
establish these fates, including the relatively differentiated luminal breast cancer phenotype,
even in the absence of ER, are not well understood.

Chromatin modifiers play crucial roles in the maintenance of epigenetic barriers that control
lineage-restrictive transcriptional programs. In breast cancer, these include the polycomb-
repressive complex members BMI1 (9,10) and EZH2 (11,12), and histone modifiers
PYGO2 (13) and JARID1B (14). Pioneering factors such as GATA3 and FOXA1 can also
modulate chromatin accessibility and enable ER recruitment to drive programs associated
with the luminal cell fate (15,16). Recently, a collaborative mechanism involving FOXA1
and the SWI/SNF chromatin remodeling complex has been identified that promotes the
luminal fate in ER+ breast cancer cells (7,17). Specifically, recruitment of SWI/SNF and
ER by FOXAL1 at luminal-defining genes drives their transcription. Mutation or loss of

the SWI/SNF subunit, AR/D1A, decreases chromatin accessibility at luminal signature
genes, desensitizing cells to endocrine therapies (7). Thus, the integrity of the FOXA1-ER-
SWI/SNF complex is required to maintain the gene expression program within hormone-
responsive cells. In addition to stimulating luminal gene expression, FOXAL also prevents
the acquisition of BLBC phenotypes by directly binding to and repressing BLBC genes in
luminal breast cancer cells (18). Importantly, this function of FOXAL is independent of ER.
FOXAZ1 lacks a repression domain, thus previously uncharacterized molecular interactions
must facilitate its repressive functions including the repression of genes characteristic of
less-differentiated basal-like cells that drive pro-metastatic phenotypes.
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Here we identify the transcriptional corepressor protein, TLE3, as a novel driver of both
ER-positive and -negative luminal breast cancer lineages. Members of the Groucho/Grg/
Transducin-like enhancer of split (TLE) family are key regulators of cellular identity,

where they govern transcriptional programs to suppress stem cell features and drive
differentiation (19). TLE proteins do not bind DNA directly; rather, they facilitate short-

and long-range chromatin condensation through protein-protein interactions. These include
direct interactions between TLE proteins and histone tails, as well as TLE-mediated
recruitment of HDAC proteins or the Polycomb repressive complex (PRC) that results in
chromatin condensation (20). TLE proteins are recruited to specific sites of DNA through
interactions with sequence-specific transcription factors, including those of the FOX family
(21-24), TCF/LEF (25), and HES (26) proteins. In breast cancer, TLE3 can partner with
FOXAZI and ER at ER-target genes to prevent their expression in the absence of estrogens
(21). Additionally, TLE3 and FOXAL interact in ER-negative apocrine cells to repress the
ErbB2 downstream signaling gene, RELB (27), indicating that the FOXAL/TLE3 interaction
exhibits ER-dependent and -independent roles in this disease. Nonetheless, the full spectrum
of ER-independent functions of TLE3 and its role in controlling breast cancer cell fate are
not yet known.

By identifying ER-independent genes that are repressed by TLE3, we discovered that

TLE3 is a critical modulator of breast cancer cell differentiation. In association with its
transcriptional binding partner, FOXAL, TLE3 directly represses the expression of a set of
genes associated with the BLBC subtype such as 7GFB2and SOX9that are associated with
poor patient outcomes. Consequently, TLE3 averts the acquisition of aggressive phenotypes
associated with BLBC, including migration, invasion, and metastasis. Together, these data
establish TLE3 as a key governor of the luminal breast cancer lineage that suppresses breast
cancer metastatic phenotypes.

METHODS

Statistical Methods

Statistical analyses were performed using two-tailed #test for all /n vitro data unless
otherwise stated. Significance was concluded if the p-value was less than 0.05. Unless noted
otherwise, all /n vitro data are represented as a means with standard deviations of three
independent experiments each completed in triplicate.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Ruth Keri (kerir@ccf.org).

Materials Availability

Cell lines generated in this study are available upon request.
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REAGENTS
Reagent Supplier Catalog number RRID number
TLE3-antibody Proteintech 11372-1-AP RRID:AB_2203743
FOXA1-antibody Santa Cruz Sc-6553 RRID:AB_2104865
SOX9-antibody Millipore Sigma AB5535 RRID:AB_2239761
ER-antibody Santa Cruz Sc-542 RRID:AB_631470
B-actin antibody Millipore Sigma A2228 RRID:AB_476697
N-cadherin antibody Cell Signaling 13116 RRID:AB_2687616
Snail antibody Cell Signaling 3879 RRID:AB_2255011
IRDye 800CW Goat anti-mouse IgM | LI-COR Biosciences 926-32280 RRID:AB_2814919

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

MDA-MB-453, SKBR3, MDA-MB-468, and T47D cell lines were obtained from The
American Type Culture Collection (ATCC). TLE3-WT and TLE3-KO MDA-MB-453 and
TA47D cells were generated by Synthego using CRISPR-Cas9 gene editing to target the
5t exon of 7LE3 T47D and MDA-MB-453 TLE3-KO cells had 97% and 79% editing
efficiency, respectively, and were maintained as cell pools.

MDA-MB-468 and T47D cells were cultured in RPMI 1640 cell culture medium containing
10% fetal bovine serum and 1% Pen-strep. T47D cells were additionally supplemented

with 0.2 units/ml insulin. MDA-MB-453 cells were cultured in DMEM containing 2mM
L-glutamine, 10% FBS, and 1% Pen-strep. SKBR3 cells were cultured in McCoy’s 5
medium with 1.5mM L-glutamine, 10% FBS, and 1% Pen-strep. All cells were incubated

at 37 degrees Celsius in 5% CO,. Cells were monitored for mycoplasma contamination
monthly and cell lines were authenticated using STR analysis in 2022 (Labcorp, Burlington,
NC).

Animal Models

All in vivo experiments were performed with approval from the Institutional Animal Care
and Use Committees at Case Western Reserve University or Cleveland Clinic. NOD Scid-y
(NSG) female mice were obtained from Jackson Laboratories. For metastasis studies using
TLE3 overexpression, mice were anesthetized with 2-3% isoflurane. MDA-MB-468 stable
TLE3-GFP and TLE3-OE cells were injected into the inguinal mammary fat pads at 1
million cells/pad (10 mice per group). Primary tumor volume was measured 1-2 times per
week with calipers. Lungs were collected for histology 50 days after cells were injected into
the fat pads.
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METHOD DETAILS

Gene silencing and overexpression

RNAi—Transient silencing was achieved using reverse transfection. siRNA targeting 7LE£3,
FOXA1, SOX9, or a nontargeting SiRNA (siNS) directed to firefly luciferase mMRNA

were diluted in Opti-MEM medium at a final concentration of 100nM, mixed with
Lipofectamine 2000 at a 1:100 dilution and incubated for 20 min at 37°C. Cells were
resuspended in pen-strep-free complete medium and mixed with the sSiRNA/Opti-MEM/
Lipofectamine mix at a concentration of cells that would achieve 70-80% confluency at
endpoint. The following siRNAs were purchased from Horizon Discovery and used in

this study: ON-TARGETplus Human TLE3 siRNA Smartpool (L-019929-00-0010); ON-
TARGETplus Human TLE3siRNA (J-019929-07); siGENOME Human FOXAL siRNA
Smartpool (M-010319-01-0010); siGENOME Human FOXA1 siRNA (D-010319-04-0010).

Overexpression—Adenovirus expressing TLE3 and GFP (Ad-hTLE3-Ef1aGFP cat#
S1100) or GFP alone (cat# VV1040), as a control, were obtained from Welgen Inc.
MDA-MB-468 cells were plated in complete media containing 1x108 viral particles/mL

at a concentration to achieve 60-70% confluency at endpoint. Virus-containing media

was replaced with complete media at 24 hours and cells were collected at 48 hours.

For stable overexpression of TLE3, we obtained lentiviral particles overexpressing TLE3
(pLenti-CMV-hTLE3-IRES-GFP-PGK-Puro; 1x1012 LP/mL) and GFP (pLenti-CMV-GFP-
PGK-Puro; 1x102 LP/mL) from Welgen Inc. MDA-MB-468 cells were plated at 20k/mL
in a 24 well plate in pen-strep-free RPMI containing 10ug/mL polybrene (Millipore

Sigma #TR-1003-G) solution. Lentiviral particles were added to the cell suspension at a
1:100 dilution for TLE3-expressing particles and 1:200 for GFP control particles. Medium
was changed 24 hours later and selected and maintained in media containing 1.5ug/mL
puromycin (Gibco #A1113803). Infection efficiency for both transient and stable TLE3
overexpression models was observed using an immunofluorescence microscope to determine
the percent of cells expressing GFP at 48 hours post-transduction and western blot to
confirm overexpression of TLE3 protein.

Western blots

Cells were lysed in RIPA buffer containing protease (Millipore Sigma #539138) and
phosphatase (PhosSTOP; Millipore Sigma #4906845001) inhibitors for 30 min on ice and
then cleared by spinning at 10,000 rpm for 10 min. DNA pellets were removed and lysates
were stored at —80°C. Protein concentration was determined using BioRad Protein Assay
and diluted to 2ug/uL in Laemmli buffer plus p-mercaptoethanol. After boiling, 80-100ug
of protein lysate and molecular weight marker (LI-COR, #928-60000) were run in a 4-20%
Tris-glycine gel (Invitrogen #XP04200BOX) and transferred onto an Immobilon-FL PVDF
membrane (Millipore Sigma #IPFL00010) at 80 V for 120 min. Total protein was stained
using REVERT total protein stain (LI-COR #926-11011) and imaged using a LI-COR
Odyssey Fc. All membranes were blocked in 5% nonfat milk in TBS with 0.05% Tween-20,
with the exception of those probed for TLE3 protein in which Intercept Blocking Buffer
(L1-COR #927-60001) was used. The following antibodies were used for immunoblotting:
anti-TLE3 (1:250), Proteintech #11372-1-AP; anti-FOXA1 (1:500) Santa Cruz #sc-6653;
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SOX9 (1:500) Millipore Sigma #AB5535, anti-ER-a (1:250) Santa Cruz #sc-542; B-Actin
(1:10,000) Millipore Sigma #A2228; B-Catenin (1:500) Cell Signaling #8480; anti-Snail
(1:500) Cell Signaling #3879. Following overnight incubation, membranes were incubated
for 1 hr in fluorophore-bound secondary antibodies (IRDye 800CW IgM at 1:20,000) in the
dark. Westerns were imaged using a LI-COR Odyssey Fc and quantified using Image Studio
v5.2. Relative protein levels were quantified in relation to total protein levels or B-actin.

Tissue Staining and Pathology

Lung tissue was fixed overnight in 4% paraformaldehyde and embedded in paraffin. Tissue
was serially sectioned at 5um and collected every 30um throughout the lungs. Sections
were stained with H&E, de-identified, and submitted to two board-certified pathologists for
quantitation of metastases.

Quantitative PCR and RNA-sequencing

RNA isolation and cDNA-synthesis—RNA was isolated using either TRIzol Reagent
(ThermoFisher #15596026) followed by DNase treatment (Invitrogen DNA-free kit
#AM1906) or RNeasy Plus minikit (Qiagen #74004). RNA concentration and quality

was measured using a NanoDrop One® (Thermo Scientific # 13-400-519). SuperScript

IV reverse transcriptase (ThermoFisher #18090010) with random primers (ThermoFisher
#48190011) was used to generate complementary DNA according to the manufacturer’s
protocol.

qPCR—~Quantitative real-time PCR (qRT-PCR) experiments were performed on a
StepOnePlus real-time PCR machine (ThermoFisher 4376600). Gene expression was
normalized to GAPDH. All experiments were performed in triplicate with two
replicates. The following TagMan realtime assays were purchased from ThermoFisher:
SOX9(Hs00165814 _m1l); TLE3(Hs01032572_m1l), EGFR (Hs01076090_m1), FOXAI
(Hs04187555_m1), KRT4Hs00361611_m1), UBE2E3 (Hs00961488).

RNA-seq—MDA-MB-453, SKBR3, and T47D cells were reverse transfected with
SMARTpool siRNAs against 7LE3, FOXAL, or siNS for 48 hr as described above.

RNA was isolated using RNAeasy Plus Minikit. Novogene Corporation Inc. conducted
library preparation, sequencing, and analyses. Sequencing was performed using the Illumina
NovaSeq 6000 platform with paired-end (150 bp) reads that were mapped to hg19.
Reliability of sample variability was tested with correlation analysis of FPKM values and
PCA. The DESeqg2 R package was used to determine differential gene expression using a
Benjamini-Hochberg adjusted p-value cutoff of 0.05.

Gene set enrichment—GSEA software was utilized to assess enrichment of basal,
luminal, and mesenchymal gene sets using the following gene signatures deposited within
the MSigDB database: SMID BREAST CANCER BASAL UP (28); CHARAFE BREAST
CANCER LUMINAL VS BASAL DN (29); CHARAFE BREAST CANCER LUMINAL
VS BASAL UP (29); CHARAFE BREAST CANCER LUMINAL VS MESENCHYMAL
DN (29); KOINUMA_TARGETS_OF_SMAD2_OR_SMAD3 (30). The BL1 signature was
downloaded from the supplemental files provided by Lehmann et a/ (31).
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To assess whether loss of TLE3 enriches for SOX9 targets, we first generated a list of

direct SOX9 gene targets using publicly available SOX9 ChlIP-seq (32) data. We then filtered
this list to contain those genes that are negatively correlated with 7. £3within the TCGA
PanCancer database. This core set of 342 genes was then used as a signature to perform
GSEA analysis.

To determine enrichment of Molecular Functions and Biological Processes, gene lists of
interest were queried using Gene ontology (http://geneontology.org/) online software.

TLE3-Repressed Gene Set—Commonly upregulated genes in response to TLE3
silencing [determined by RNA-seq (p-adj < 0.05)] across all three cell lines were filtered
to those with a Log, fold change value >1. The 80 most highly upregulated genes were
then queried within all breast cancer patients in the TCGA or METABRIC dataset using
cBioPortal. A Pearson correlation coefficient was calculated for each breast cancer patient
by comparing Log, fold change values from the RNA-seq data to z-score expression levels
reported within the TCGA or METABRIC. Patients were divided into those with high and
low correlation coefficients as determined by quartiles (low = 25t percentile; high = 75t
percentile) and progression-free survival curves were generated. To ensure the rigor of the
TLE3-R signature, we randomly selected 80 genes expressed in the siNS samples from the
RNA-seq dataset as a negative control. This gene set was evaluated in the same manner as
the TLE3-R repressed gene set.

Evaluation of TLE3, FOXA1, and SOX9 expression in the Breast Cancer Atlas data

Raw counts data was obtained from the Broad Institute’s Single Cell Portal from Wu et al
2021 (33), and the metadata delineating cell identities was obtained from the publication.
The data was filtered for cancer epithelial cells and processed using Seurat (Version 4.1.1)
(34). The subset count data was normalized again using the SCTransform algorithm (\Version
0.3.3) (35). Epithelial cells with a “cycling” profile were removed to eliminate confounding
results. TSNE (t-distributed stochastic neighbor embedding) projection was used to visualize
the data. The expression data for FOXA1, TLE3, and SOX9, and the expression differences
of TLE3and SOX9, and FOXA1 and SOX9were visualized on the TSNE plots. The

plots for the cell type subsets were also visualized to evaluate the differences between the
expression of these genes.

ChlP-sequencing

ChlIP—~Parental MDA-MB-453, T47D, and SKBR3 cell lines were grown to 70%
confluency and approximately 28 million cells were collected for each biological replicate.
For siFOXAL vs. siNS ChIP-seq, MDA-MB-453 cells were reverse transfected with
SiFOXAL (Dharmacon #D-010319-04-0010) as described above for 48 hours. ChlIP was
performed using the iDeal ChIP-seq kit for Transcription Factors (Diagenode #C01010055)
according to the manufacturer’s protocol. For TLE3-ChIP, cells were crosslinked using
Crosslink Gold (Diagenode #C01019027) prior to fixation with formaldehyde. Chromatin
shearing was performed using a QSonica Sonicator Ultrasonic Processor (PN Q125) at the
following settings: Time = 04:10; Pulse = 25 on/59 off; Ampl = 50%. Immunoprecipitation
was carried out using the following antibodies: Proteintech (#11372-1AP) anti-TLE3 at
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4.69/1P; Diagenode (#C15410231-100) anti-FOXA1 at 2ug/IP; Diagenode (#C15410206)
Rabbit IgG at 1ug/IP). Input samples were pooled prior to sequencing. ChIP-PCR was used
to confirm TLE3 and FOXAZ1 binding sites using the following primers for parental T47D,
MDA-MB-453, and SKBR3 cells:

TRIM2: Left 5 GTGTGCCCAGGGTAGTGTTT 3’

Right 5 TGACTGCCACTCCTCAACAG 3’

SOX9: Left 5 GCACCTTTGGCAATCCTAGA 3’

Right 5° GCCAGAGAGGTTGGACTCTG 3’

For siFOXAL vs. siNS MDA-MB-453 ChlIP-PCR, the following primers were used:
SOX9: Left 5 CTCTGCCTTCATCTTCACGC 3’

Right 5 CTGGTTAGTCTTGCAGGCAC 3’

PAXT: Left 5° CTAGCCAATCACAGAGCCCT 3’

Right 5 ACCCTTCTCAATGACCCCAG 3’

Sequencing, alignment, and peak calling—Sequencing, alignment, and peak calling
were completed by Diagenode. Briefly, paired-end sequencing was performed using a
NovaSeq 6000 with NovaSeq Control Software version 1.6.0. FastQC was used for quality
control of sequencing reads and reads were aligned using BWA to the hg38 reference
genome deposited in the UCSC genome browser. PCR duplicates and multimapping reads
were filtered using Samtools. Data was filtered to include only reads that aligned to human
DNA. Next, ENCODE blacklisted regions were removed using BEDTools v.2.17 and peak
calling was completed using MACS2.

Data analysis—Unless otherwise mentioned, all analyses were implemented in R (https://
www.r-project.org, v4.1.1). The quality of the ChIP-seq data was assessed using ChIPQC
(v1.25.1).

IDR analysis. To measure consistency between the ChIP replicates, we incorporated the
irreproducibility discovery rate (IDR) framework (36), which evaluates a pair of ranked
lists of peaks or ranges and assigns values that reflect its reproducibility. A single set

of high confidence peaks from the two biological replicates was derived for each unique
combination of cell line (MDA-MB-453, T47D or SKBR3) and transcription factor of
interest (FOXA or TLE3). Peak detection was applied in the paired-end reads setting at IDR
g < 0.01, using IDRfilter in the ChlPpeakAnno R package (v3.27.7). The resultant peaks
were then used for overlaps between and across different cell lines and transcription factors.

Peak overlap: Peak overlaps between two or multiple peak sets were determined using the
default settings of ChiPpeakAnno findOverlapsOfPeaks, namely, peaks are considered as
overlapping if the maximum gap between peaks is —1 (gap is considered to be -1 if one
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range has its start or end strictly inside the other) and the minimum number of positions
that overlap between them is 0 for any types of overlap between genomic ranges. If multiple
peaks are involved in any group of connected/overlapping peaks in any input peak list, the
“keepAll” option was set for the connected peaks, which will add the number of involved
peaks for each peak list to the corresponding overlapping counts, but only add the minimal
involved peaks in each group of connected/overlapped peaks to the overlapping counts.

Peak annotation: Peaks are annotated to the nearest genes and genomic features over

the regions within 3 kb upstream and downstream from the transcription start sites (TSS)
using the ChlPseeker R package (v1.29.2). The distribution of annotated genomic features
is visualized in a bar plot, also generated by ChlIPseeker. To compare functional annotations
of the target genes between FOXA1 and TLE3, KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment analysis was performed using the clusterProfiler R package
(v4.1.4). The top 15 significantly enriched categories (Benjamini-Hochberg multiple testing
correction; P-adj < 0.01) are visualized in a dot plot generated by the same package.

Moatif discovery: For the de novo motif discovery of TLE3 ChlIP-seq data in T47D, MDA-
MB-453 and SKBR3, we applied the GADEM method(37) using the rtGADEM R package
(v2.42.0). Briefly, tGADEM is an unsupervised and stochastic motif discovery tool that
combines sampling with subsequent enrichment analysis to find over-represented sequence
motifs. The extracted motifs of interest are compared with JASPAR2020 database using
TFBSTools (v1.32.0) and JASPAR2020 R packages. Putative binding sites were declared
with P value < 0.0002 and motifs selected with a cutoff value at O for the logarithm of the
E-value. The Pearson correlation coefficient between the position weight matrix (PWM) of
the unknown motif and the PWM of the JASPAR motif was computed for each discovered
motif, and used as its similarity index to the known motifs. For motif analysis of siNS vs.
SiIFOXAL TLE3-ChlP-seq data, we used HOMER (v4.11.1) de novo motif analysis with
default parameters.

Differential binding affinity analysis: To determine differential binding between siNS and
siFOXAL TLE3-ChIP-seq samples, we utilized the DiffBind R package (v3.4.11). Only
overlapping peaks present in all samples were used to generate the consensus peak set for
analysis. Sites that were differentially bound between the siNS and siFOXA1 groups were
identified using the DESeq2 method with an FDR cutoff of 0.05. The MA plot generated
from these data indicate statistically significantly differentially bound sites as pink dots.
Blue dots indicate binding sites with non-significant differences, and regions of the plot
containing many blue dots close together are instead represented by a blue cloud to reduce
clutter.

Summary plotsand heatmaps of ChlP-seq data: To generate a visual representation

of TLE3 binding density for siNS and siFOXA1 samples at basal signature genes, we
utilized deepTools (v2.5.2). Briefly, bam files for each sample were normalized against
matched input, filtered for ENCODE hg38 blacklisted regions, and converted into bigwig
files, all using bamCompare. These normalized bigwig files were used with computeMatrix
to generate a matrix comparing TLE3 binding intensity for each sample in a 4 kb window

Cancer Res. Author manuscript; available in PMC 2023 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anstine et al.

Page 10

centered at the TSS of each basal signature gene identified by Smid and Charafe-Jauffret.
Basal gene hg38 coordinates were downloaded in bed format from UCSC Genome Table
Browser, using the nchiRefSeqSelect table. Heatmaps and density plots were created from
the binding matrix using plotHeatmap.

Overlap of ChlP-seg and RNA-seq data: The potential target genes that were bound and
regulated were proposed from the subset of genes that are both significantly differentially
expressed, as detected from RNA-seq analysis, and bound by transcription factors of
interest, as detected from ChlP-seq analysis. The gene expression profile of the potential
target genes was visualized in a volcano plot generated by the EnhancedVolcano R package
(v1.12.0).

For certain analyses, the basal gene subsets from either the ChIP-seq data or from combined
ChlIP-seq/RNA-seq were filtered and evaluated. The cross tabulation of the overlap of TLE3
and FOXAL peaks was generated by the use of gplots R package (v3.1.1). Other plots were

generated using ggpubr package (v0.4.0), if not otherwise specified.

In vitro assays

Invasion and migration—Parental T47D and MDA-MB-453 cells were transiently
transfected as described earlier with ON-TARGETplus Human 7LE3siRNA (J-019929-07)
or siNS 48 hr prior to plating for migration and invasion assays. Cells with stable (TLE3-
WT or TLE3-KO) or transient silencing were suspended in serum-free media and plated at a
concentration of 8x10° cells/mL into modified Boyden chambers (Corning #3422) to assess
migration or into matrigel-coated invasion chambers at a concentration of 4x10° cells/mL
(Corning #354480). Cells were allowed to migrate or invade in response to serum as a
chemoattractant for 72 hr. To assess migration and invasion of MDA-MB-468 cells with
transient overexpression of TLE3, cells were infected with 1x108 Ad-GFP or Ad-TLE3 for
24 hr, at which point media was changed and cells were cultured for another 24 hr. The next
day, cells were plated into migration or invasion chambers at 7.5x10° cells/mL and allowed
to migrate for 24 hr in response to serum as a chemoattractant. Chamber inserts were

fixed and stained with Diff-Quick and mounted onto slides. Migration and invasion were
quantified by calculating the average number of cells per field of view (20x magnification)
across five images/insert. Three independent experiments were conducted for each cell line
with two or three replicates.

Cell growth—~Parental T47D and MDA-MB-453 cells were transiently transfected as
described earlier with siNS or ON-TARGETplus Human 7LE3siRNA (J-019929-07) in

24 well plates. Stable T47D and MDA-MB-453 TLE3-KO and TLE3-WT, and stable MDA-
MB-468 TLE3OE and GFP cells were plated at equal concentrations in 24 well plates. Cells
were stained with 0.05% crystal violet on days ranging between 2-7 post-plating. Crystal
violet was solubilized using 10% acetic acid and absorbance was read on a GloMax Explorer
(Promega #GM3500) plate reader at 600nm.
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Analysis of publicly available data

Results

Kaplan-Meier Curves—Kaplan-Meier curves using metadata from TCGA, GEO, and
EGA were generated using KM plotter (https://kmplot.com/analysis/) for breast cancer.
JetSet status was set to best probe set for all genes analyzed. Cutoff number for high vs. low
expression was determined by lower and upper quartiles, and number of patients is noted

in the figure legends for each plot. Kaplan-Meier curves for TCGA or METABRIC data
were generated using cBioPortal to extract data, and GraphPad Prism was used to graph and
run statistical analyses. Metastasis data from the METABRIC cohort was extracted using
Oncomine. Patient metastatic data was overlaid with patient 7L E£3 expression data extracted
from cBioPortal and 7LE3-high vs. low expressing patients were divided at the median.

Multivariate analysis—Multivariate analysis for 7LE3, ESRI, MK167, and ERBBZ2
expression was conducted using KM plotter (https://kmplot.com/analysis/) for breast cancer.

Correlation plots—Spearman correlation values for genes correlated with 7LE£3within
the Luminal A/B tumors of the TCGA dataset were downloaded from cBioPortal.

Genes with correlation values between —0.01 and 0.01 were removed for visualization
purposes. All negatively correlated genes with a Pearson correlation value of <-0.01 were
queried within the MSigDB-GSEA website (https://www.gsea-msigdh.org/gsea/msigdb/) for
enriched pathways. Spearman correlation values of 7.L£3or known corepressors (38) with
FOXAI, were obtained using cBioPortal. For FOXAZ and TLE3 correlation in cell lines,
expression data was downloaded from Heiser 2012 (39) dataset using UCSC-Xenabrowser
(https://xenabrowser.net/) website.

Data Code and Availability: The RNA-seq data generated in this study are publicly
available at NCBI GEO (GEO accession number GSE205356).

The ChlP-seq data generated in this study are publicly available at NCBI GEO. TLE3 and
FOXA1 ChlP-seq data in T47D, MDA-MB-453, and SKBR3 cells are available under GEO
accession number GSE204667. TLE3 ChIP-seq data in siFOXA1 MDA-MB-453 cells are
available under GEO accession number GSE205862.

The scRNA-seq data referenced in this study and published by Wu, et a/. (33) are publicly
available at NCBI GEO (GEO accession number GSE176078).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
upon request.

TLE3 expression is associated with breast cancer differentiation status and increased
recurrence-free survival

To discern the potential role of TLE3 in breast cancer, we first assessed its expression
across subtypes by querying the TCGA (Fig. 1A) and METABRIC (Fig. 1B) datasets.
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TLE3expression was significantly higher in more differentiated Luminal A and B tumor
subtypes compared to all others. We also analyzed 7L E3expression patterns using publicly
available scRNA-seq data of 130,246 single cells isolated from 26 primary patient tumors
spanning ER+, HER2+ and TNBC subtypes (33) (Fig. 1C). Isolated tumor epithelial cells
were segregated by intrinsic subtypes including Basal, HER2, Luminal A, and Luminal

B. The most differentiated and highly treatable Luminal A tumors had the highest mean
TLE3expression and both luminal A and B tumors had the highest percentage of cells
expressing this gene (Fig. 1D-E). In contrast, BLBCs exhibited the lowest expression levels
in a smaller fraction of cells. Assessment of TLE3 protein expression across a panel of
human breast cancer cell lines further revealed that TLE3 is generally more highly expressed
in luminal compared to basal lines, and that TLE3 expression is not dependent on ER (Fig.
1F). We further found that 7. £3is prognostic of patient outcomes using the TCGA dataset
(40) . Patients whose breast tumors had higher 7LE3expression had longer progression-
free survival (PFS) compared to those with low 7LE3 (Fig. 1G). These data support a
previous study examining TLE3 protein expression and survival reporting that breast cancer
patients with high TLE3-expressing tumors had longer RFS (41). Lastly, examination of
subtype-specific outcomes using the KM plotter meta-analysis tool revealed that 7LE3
levels were also prognostic in patients with Luminal A breast cancer (SFig. 1A). A similar,
but non-significant, trend was observed in Luminal B patients (SFig. 1B).

ER signaling is a major determinate of breast cancer outcomes (1,42) and the association
of 7LE3with recurrence-free survival could be confounded by ER co-expression. Thus, we
examined whether 7L E3is prognostic of patient outcomes independently of ER using a
multivariate proportional hazard model of breast cancer patient metadata from KM plotter
(Fig. 1H). Tumors with lower 7LE3 levels were significantly associated with ~28% lower
recurrence-free survival independently of £5/1 (HR=0.72, 95% CI: 0.59-0.86, p=0.0004).
As MKI67and ERBBZ levels are associated with poor patient outcomes in basal and
HER2+ tumors, respectively, we also included these factors in the analysis and found that
low 7LE3remained prognostic of worse outcomes when these factors were considered.

To begin discovering the functional role of TLE3 in luminal breast cancer, we identified the
set of genes in Luminal A and B tumors whose expression is correlated with 7L E£3 using

the TCGA dataset (40). Pathway analysis of genes negatively correlated with 7LE3 (i.e.,
genes that may be repressed by TLE3) revealed enrichment for gene expression signatures
associated with BLBC (Fig. 11). These findings suggest that TLE3 may contribute to luminal
lineage tumor phenotypes by repressing BLBC genes through its canonical function as a
transcriptional corepressor.

TLE3 dictates breast cancer cell fate by directly repressing BLBC signature genes

To determine the extent to which TLE3 may repress BLBC signature gene expression,
we transiently silenced 7LE3in three luminal breast cancer cell lines (SFig. 2A), one

of which expresses ER (T47D) and two that do not (MDA-MB-453 and SKBR3) (Fig.
1F). RNA-seq analysis revealed 456 upregulated (Fig. 2A), and 280 downregulated (Fig.
2B), genes conserved across all three cell lines (p-adj < 0.05). Upregulated genes were
enriched for processes involved in transcriptional regulation and cellular adhesion (SFig.
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2B). More importantly, gene set enrichment analysis (GSEA) revealed that TLE3 loss
results in an induction of BLBC gene expression (28,29) (Fig. 2C-D and SFig. 2C). Hence,
TLE3 suppresses basal gene expression in luminal cells. Silencing TLE3 also resulted in a
coordinated decrease in luminal signature gene expression (Fig. 2E). Together, these data
indicate that TLE3 is necessary to sustain the luminal, and prevent basal, cell fates as
defined by their gene expression patterns. To further assess the role of TLE3 in sustaining
the luminal fate, we evaluated the impact of TLE3 suppression on genes comprising the
PAMDGO0 classifier that identifies tumors by intrinsic subtype. TLE3 silencing broadly shifts
the expression of basal and luminal genes, indicating partial subtype switching (SFig. 2D).
To confirm these findings, we generated TLE3-null luminal breast cancer cell lines, MDA-
MB-453 and T47D, using CRISPR-Cas9 (SFig. 2E). qPCR analysis of TLE3 knockout
(TLE3-KO) and wildtype controls (TLE3-WT) confirmed that TLE3 loss induces the
expression of genes associated with BLBCs, including EGFR, UBEZE3, SOX9, and KRT4
(SFig. 2F-G).

The upregulation of BLBC signature genes in response to TLE3 loss suggested that TLE3
may actively repress an expression program that promotes aggressive disease. We assessed
the association of the 456 genes that were upregulated in response to TLE3-silencing (‘e
TLE3-repressed genes) with different breast cancer subtypes in the METABRIC dataset. A
large subset (33.7%) were most highly expressed in BLBCs compared to all other subtypes
(Fig. 2F). By correlating the expression of the 100 most upregulated genes derived from the
RNA-seq data (conserved across all three cell lines) to expression levels in patients in the
TCGA dataset, we found that this gene set was associated with reduced progression-free
survival (PFS) (SFig. 2H). Using just the top 80 of the most upregulated genes conserved
across all three cell lines [‘'TLE3-R’ (TLE3-repressed) signature (Fig. 2G Top, Sup.Table

1)] was still significantly associated with outcomes. This result contrasted with a negative
control gene set comprised of 80 randomly-selected genes that are expressed in breast cancer
(Fig. 2G Bottom). The association of the set of TLE3-repressed genes with worse outcomes
was confirmed in the METABRIC dataset (SFig. 21). Together, these data indicate that TLE3
represses a core set of genes in aggressive breast cancers. GO biological processes that

are enriched in the TLE3-R gene set include “Protein Localization”, “Cell Migration”, and
“Locomotion” (SFig. 2J), notable cellular features associated with BLBC.

As TLE3 is a canonical co-repressor (19), we postulated that it may directly bind to BLBC
genes to inhibit their expression in luminal cells. Using ChlIP-sequencing, we identified
TLE3 binding sites in T47D, MDA-MB-453, and SKBR3 luminal breast cancer cell lines.
Approximately 75% of global TLE3 binding sites mapped to intragenic regions, while ~25%
mapped to distal intergenic regions (SFig. 3A), suggesting that TLE3 may have both short-
and long-range corepressor activity. Consistent TLE3 binding sites were identified at 1169
regions across all three cell lines (Fig. 2H). Regarding associations of binding with gene
regulation, T47D cells exhibited the greatest number of TLE3 peaks, with ~40% mapping to
genes that were also differentially expressed upon TLE3 silencing (p-adj < 0.05, SFig. 3B).
Genes that were both bound and regulated by TLE3 were also identified in MDA-MB-453
and SKBR3 cell lines, albeit at lower frequency (~22% and 11%, respectively). The lower
percentage in these two cell lines is likely due to the ability of TLE3 to modulate ER-target
genes in T47D cells (19,21), while TLE3 targets in MDA-MB-453 and SKBR3 cells are
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independent of ER as they lack this receptor (Fig. 1F) (43). Similar to previous reports,
we also found that TLE3 peaks mapped to genes that were both up- and downregulated

in response to TLE3 silencing, suggesting that it both represses and activates transcription
(21,25) (SFig. 3C-E).

When examining TLE3 binding specifically to basal signature genes, we detected peaks
within all three cell lines at basal signature genes defined by Smid (28) and Charafe-
Jauffret (29) (18.4-28.9% and 22.7-33.5%, respectively, Fig. 21). Many of these genes were
upregulated upon TLES3 silencing (Fig. 2J-K and SFig. 3F-1). Hence, TLE3 binds to genes
that drive BLBC phenotypes, such as £ELK3and MYQO1B, and represses their transcription
in luminal breast cancer cells (Fig. 2L-M) independently of ER. These data establish TLE3
as a transcriptional repressor of genes associated with poor outcomes from breast cancer.

TLE3 suppresses migration and invasion of luminal breast cancer cells

As a group, BLBCs are more migratory, invasive, and metastatic than their luminal
counterparts (42,44). These phenotypes are often driven by an epithelial to mesenchymal
transition (EMT). Several genes induced by TLES3 silencing are established EMT
modulators, including TUFT1and CGN (45) (SFig. 4A-B), suggesting that TLE3 may
actively repress the mesenchymal phenotype of BLBCs. While no overt morphological
changes were observed in response to TLE3 silencing or knock-out (data not shown),
GSEA analysis of RNA-seq data (SiTLE3 vs. siNS) revealed that TLE3-silenced cells
increase the expression of EMT-associated genes (Fig. 3A). Moreover, protein markers

of EMT, B-catenin and SNAIL, were induced in MDA-MB-453 and T47D cells following
transient TLE3 silencing (Fig. 3B). TGF- signaling drives EMT during development and
carcinogenesis. TGF-p ligands (TGFp1-3) bind their cognate receptors, induce downstream
signaling, and activate SMAD transcription factors that then stimulate the expression of
mesenchymal genes (46). Notably, 7GFB2 expression was upregulated following TLE3
silencing and consistent TLE3 binding sites were detected at the 7GFB2locus in all

three lines (Fig. 3C), suggesting that TLE3 represses TGFp signaling in luminal cells.

As an indicator of activated TGF- signaling, we assessed the expression of SMAD2/3
target genes (30) following TLE3 silencing in the RNA-seq dataset. The majority of
SMAD2/3 targets were upregulated in response to TLE3 silencing in both MDA-MB-453
and SKBR3 cell lines, indicating activation of this signaling pathway (Fig. 3D). In contrast,
a similar proportion of SMAD targets were up- and downregulated in T47D cells, potentially
reflecting a role of ER in this pathway (47). Together, these data suggest that TLE3 directly
represses TGFPB2 expression, signaling, and EMT in luminal cells and upon TLE3 removal,
they acquire a partial mesenchymal gene signature that is more typical of BLBC cells.

The transcriptional shift to a more BLBC gene expression pattern and upregulation of EMT
genes upon TLE3 silencing suggested that TLE3 may repress aggressive cell phenotypes
associated with BLBC. Indeed, transient (Fig. 3E-H) and stable (Fig. 3I-L) suppression of
TLE3 resulted in increased migration and invasion of cells relative to TLE3-intact controls.
These changes were not due to differences in proliferation as TLE3 loss did not increase cell
growth (SFig. 4C-G). As expected, orthogonal studies using a viral vector to overexpress
TLE3 in basal MDA-MB-468 cells (Fig. 3M) revealed reduced migration (Fig. 3N) and
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invasion (Fig. 30) compared to cells infected with an empty vector control (AdGFP).
Similar to TLE3 silencing, transient TLE3 overexpression did not affect cell growth (SFig.
4H). Together, these data indicate that TLE3 represses the invasive and migratory capacity
of luminal breast cancer cells in the absence of major changes in proliferation and that these
phenotypes are associated with an enhanced EMT-like transcriptional program.

TLE3 suppresses breast cancer metastasis

EMT gene signatures and elevated migration and invasion are commonly associated with
metastatic progression. To determine if TLE3 expression is associated with breast cancer
metastasis, we evaluated metastatic outcomes of patients in the METABRIC dataset.
Consistent with the migration and invasion studies, patients whose tumors expressed high
TLE3had a reduced probability of metastatic relapse, both to the lung and liver (Fig.
4A-B). To directly determine if elevated TLE3 is sufficient to repress metastasis, TLE3
was stably overexpressed in MDA-MB-468 basal breast cancer cells, a line that readily
metastasizes to the lungs in mice (48) (Fig. 4C). No difference in primary tumor growth
was observed 50 days after TLE3-overexpressing (TLE3-OE) or GFP-expressing control
cells were orthotopically injected into the mammary fat pads of female mice (Fig. 4D-E).
In contrast, the lungs of mice with TLE3-overexpressing tumors had significantly reduced
numbers of metastatic nodules compared to controls (Fig. 4F-G). Combined with the patient
data, these results indicate that TLE3 is a metastasis suppressor in breast cancer.

TLE3 represses expression of the metastatic driver SOX9

Interrogation of the RNA-seq dataset revealed that TLE3 silencing significantly upregulates
SOX9in all three cell models (Fig. 5A). In addition to being a basal signature gene, SOX9
is a transcription factor essential for mammary gland development that also drives breast
cancer progression (28,49,50). Upregulation of SOX9 protein was confirmed following
transient (Fig. 5B-C) and stable (Fig. 5D) loss of TLE3. Moreover, transient overexpression
of TLE3 in the basal breast cancer cell line, MDA-MB-468, significantly suppressed SOX9
protein expression (Fig. 5E-F). Examination of TLE3 ChlP-seq data further showed that
TLE3 directly binds to a region approximately 30kb downstream of the SOX9 gene locus
in T47D, MDA-MB-453, and SKBR3 cell lines (Fig. 5G), indicating that TLE3 directly
represses SOX9expression. This is likely due to the ability of TLE3 to tether and condense
surrounding chromatin (51).

To assess the functional impact of SOX9repression by TLE3, we queried whether TLE3
silencing would result in the upregulation of SOX9 transcriptional targets in luminal breast
cancer cells. Using a publicly available SOX9 ChlP-seq dataset, we identified a set of direct
SOX9 gene targets (32). We then asked which of these genes were negatively correlated with
TLE3in the TCGA PanCancer dataset to develop a core set of genes that are downstream
targets of the TLE3/SOX9 pathway in breast cancer. Notably, we found that this signature
set of genes is enriched in the RNA-seq analysis of TLE3-silenced cells (Fig. 5H). Thus,
TLE3 suppression of SOX9 in luminal breast cancer cells prevents the expression of SOX9
targets. Moreover, SOX9 target genes are highly dynamic and can be rapidly activated when
TLE3 expression is blocked. Together, these data indicate that the direct repression of SOX9
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by TLE3 in luminal cells as one mechanism for its ability to suppress basal gene expression
and promote luminal lineage phenotypes.

To determine if the inverse relationship between TLE3 and SOX9 is conserved in patient
tumors, we queried gene expression data for Luminal A and Luminal B breast cancers in
the TCGA and METABRIC datasets and found that tumors with high 7LE3expression had
significantly lower SOX9expression while low 7LE3was associated with higher SOX9
(Fig. 51-J). The inverse expression patterns of 7.£3and SOX9were also observed at

the single cell level. Basal breast cancer cells expressed high SOX9and very low TLE3
(Fig. 5K a), whereas a large portion of Luminal B cells expressed high 7LE3and low
SOX9(Fig. 5K f). Of note, we observed three different populations of Luminal A cells
(Fig. 5K c-e). The first was comprised of roughly equal populations of 7ZE£3"9hsoxdow
and 7LEFWSOX99N cells (Fig. 5K c). The second primarily contained cells that were
TLEZPWSOXJ9N (Fig. 5K d). Lastly, a third cluster of cells was identified that is
predominantly 72E319NSOXJW (Fig. 5K e). This aligns with the reported heterogeneity of
Luminal A tumors when examined at the single cell level (33). Moreover, these data affirm
the inverse relationship of 7.E£3and SOX9in many cells, supporting the conclusion that
TLE3 is a core repressor of SOX9in luminal breast cancer.

TLE3 and FOXA1 expression are highly correlated in breast cancer

Due to its lack of a DNA binding domain, TLE3 interacts with partnering transcription
factors to impact gene expression (26,51). We noted that TLE3 loss in luminal breast cancer
cells conveys a phenotype similar to that observed with FOXA1 silencing (18), specifically
an increase in migration and invasion (Figure 3). FOXAL is a pioneering transcription
factor that promotes luminal breast cancer phenotypes by activating luminal as well as
repressing BLBC genes (18,52). Importantly, FOXA1 and TLE3 have been reported to
co-regulate subsets of genes in breast and prostate cancer models (51,53,54). Thus, we
postulated that TLE3 repression of BLBC genes in luminal cells may require interactions
with FOXAL. Supporting this possibility, TLE3 binding sites identified by ChlP-seq were
enriched in forkhead box protein binding motifs (SFig. 5A). Analysis of the METABRIC
dataset also revealed that, of the 43 corepressor that are expressed in breast cancer (38),
TLE3is in the top five that are positively correlated with FOXAZ across all breast cancer
subtypes (SFig. 5B). Of these five corepressors, low 7LE3expression was also associated
with the largest decrease in recurrence-free survival [HR=0.52 (0.42-0.65), metadata from
KM plotter] (SFig. 5C-G). Interrogation of individual datasets also revealed that 7.£3and
FOXAImRNA expression are positively correlated in breast tumors in the METABRIC
(SFig. 5H) and TCGA (SFig. 51) datasets. 7LE3and FOXAI are also highly correlated in
breast cancer cell lines (39) (SFig. 5J, r = 0.8137). These data suggest that FOXA1 may be a
core mediator of TLE3 function in breast cancer.

TLE3 collaborates with FOXA1 to repress BLBC signhature genes

To assess the extent to which TLE3 and FOXA1 co-regulate target genes, we first identified
the FOXA1 up-regulated transcriptome in T47D, MDA-MB-453, and SKBR3 cell lines
following transient FOXAL silencing (Fig. 6A). Similar to our prior report (18), luminal
signature gene expression is reduced in T47D and MDA-MB-453 cells (SFig. 6A) while
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BLBC gene expression is increased (SFig. 6B-C) in all cell lines tested, when FOXAL

is lost. When comparing the TLE3- and FOXA1-regulated transcriptomes, ~50% of genes
regulated by TLE3 were also modulated by FOXAL, in the same direction (SFig. 6D).
Restricting the analysis to BLBC signature genes defined by Smid (28) or Charafe-Jauffret
(29), revealed that the majority (60-89%) of TLE3-repressed genes were also repressed by
FOXAZ1 (Fig. 6B). In contrast, <35% of FOXA1-regulated genes were co-regulated by TLE3
(with the exception of T47D cells where ~50% of genes were co-regulated) (SFig. 6E).
When specifically examining BLBC genes, ~50% of genes repressed by FOXA1 were also
inhibited by TLE3 (Fig. 6C). Together, these data indicate that FOXA1 co-regulates the
majority of TLE3-regulated BLBC genes, whereas about half of FOXAL BLBC gene targets
are co-regulated by TLE3.

To explore whether TLE3 and FOXAZ1 collaboratively and directly regulate BLBC genes,
we assessed their overlapping binding patterns. Using ChlP-seq for FOXA1, we identified
16,748 conserved peaks in T47D, MDA-MB-453, and SKBR3 cells (SFig. 6F). Integrating
TLE3 and FOXA1 peak sets revealed that the vast majority (82-99%) of TLE3 binding sites
overlap with FOXAZ1 sites in each cell line (Fig. 6D and SFig. 6G). The overlap was lower
when comparing across cell lines (=54%), but still constituted a majority. Hurtado, et a/.
reported similar binding patterns between FOXA1 and ER, highlighting the cell line-specific
binding activity of FOXA1 (55). In contrast to TLE3-bound sites, the majority of FOXA1
binding sites do not overlap with TLE3 bound regions (Fig. 6D and SFig. 6G). Thus, most
TLE3-bound sites reside in regions that also bind FOXAL, while FOXAL interacts with

a much broader set of sites across the genome. A similar trend was observed at BLBC
signature genes. Nearly all TLE3 peaks reside at sites that also bind FOXAL, whereas
FOXAZ1 binds many additional sites in the absence of TLE3 (Fig. 6E-F; examples of genes
that bind both FOXA1 and TLE3 are shown in Fig. 6G-H). Together, these data indicate that
TLE3 binding almost always coincides with FOXAL, both globally and at basal signature
genes, whereas the majority of FOXA1 binding sites are independent of TLE3.

The expression of many BLBC genes that were bound by TLE3 and FOXAL was also
regulated by both proteins, underscoring the functional significance of co-binding (Fig.
61-L and SFig. 6H-0O). For example, FOXAL silencing increased SOX9 mRNA and protein
expression in SKBR3 and MDA-MB-453 cells (SFig. 7A-B), similar to that observed with
TLE3 loss (Fig. 5A-C). Moreover, TLE3 and FOXAL binding sites at the SOX9locus

are nearly identical (SFig. 7C). As indicated above, overexpression of TLE3 in the MDA-
MB-468 BLBC cell line represses SOX9expression (Fig. 5E-F). Notably, these cells have
very low, but detectable FOXA1 (SFig. 7D), raising the possibility that TLE3 repression
of SOX9in BLBC cells may require endogenous FOXAI Transient FOXA1 silencing
blocks the ability of TLE3 to suppress SOX9expression in MDA-MD-468 cells that were
engineered to overexpress TLE3 (SFig. 7D-G), indicating that low levels of FOXA1 are
indeed necessary and sufficient to facilitate SOX9repression by TLE3. Similar to the inverse
expression of TLE3with SOX9that occurs in individual human tumor cells (Fig. 5K),
FOXAIand SOX9are also inversely correlated (SFig. 7H), supporting the likelihood that
TLE3 and FOXAL co-repress SOX9in human tumors.
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TLE3 binding sites are dictated by FOXA1

TLE3 associates with chromatin by interacting with histone tails or transcription factors
(51). The extensive overlap of TLE3 binding sites with FOXA1 sites suggests that FOXA1
may be the primary binding partner of TLE3 at its target genes in luminal breast cancer.
Indeed, FOXAL is necessary for TLE3 recruitment to the ERa target gene, 7FF1, in

the ER+ breast cancer cell line, MCF-7 (21). However, the extent to which FOXAL is
required for genome-wide TLE3 binding in breast cancer cells, independently of ER, is
currently unknown. We transiently silenced FOXAL and quantified its impact on genome-
wide binding of TLE3 using MDA-MB-453 cells that lack ER [Fig. 7A and (43)]. TLE3
binding was significantly changed at 1,461 genomic sites following FOXAL silencing (Fig.
7B). The vast majority of TLE3 binding to BLBC genes was eliminated with the loss of
FOXAL1 (Fig. 7C), including TLE3 binding to the SOX9locus (Fig. 7D). Thus, FOXAL is an
obligate partner required for TLE3 binding to most chromatin sites in luminal breast cancer
cells that lack ER. This interaction is functionally significant as many genes that lose TLE3
binding in response to FOXAL1 silencing also undergo changes in their transcription (Fig.
7E). Interestingly, a similar number of genes were up- and downregulated, suggesting that
the TLE3/FOXAL interaction may also have activating properties at a subset of sites.

A relatively small number of shared/common peaks remained unchanged in response to
FOXAU1 silencing, indicating that TLE3 must utilize a FOXAL-independent mechanism for
binding at these loci (Fig. 7F). In addition, 5,607 new TLE3-bound peaks were detected
after FOXAL loss, suggesting that TLE3 may utilize a different binding partner to interact
with other sites in the genome when FOXAL1 is absent. Motif analysis of these novel TLE3
binding sites identified the transcription factors AP-2y, GATA, and other FOX factors as
potential partners (SFig. 8). As a whole, these results demonstrate that TLE3 maintains
luminal lineage fidelity of breast cancers by interacting with FOXAL and repressing the
expression of a cohort of BLBC genes.

Discussion

Cancer cell phenotypic plasticity facilitates the establishment of tumor subpopulations
capable of driving therapeutic resistance and metastasis (56). Here, we report the discovery
that TLE3 is a gatekeeper of luminal cell identity in breast cancer. We demonstrate that
TLE3 promotes luminal breast cancer epithelial cell lineage fidelity through transcriptional
repression of a cohort of BLBC genes that can drive aggressive tumor phenotypes including
metastatic outgrowth. Additionally, TLE3 serves as a critical determinant of FOXAL target
gene repression in both ER-dependent and -independent contexts. This includes repression
of SOX9, an established driver of breast cancer metastasis (49). Moreover, this study
identifies a core set of genes coordinately repressed by TLE3 that are functionally significant
in human tumor samples. Many of these genes have not been extensively studied in breast
cancer. Thus, these results provide new targets for investigation relevant to tumor cell
plasticity.

A well-studied mechanism underlying tumor cell plasticity is EMT. EMT is often considered
a binary conversion where cells lose epithelial and gain mesenchymal traits, providing
the ability to migrate and invade. The mesenchymal state has also been associated with

Cancer Res. Author manuscript; available in PMC 2023 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anstine et al.

Page 19

cancer stem cells (57) and increased tumorigenesis, metastasis, and therapeutic resistance
(58). More recent data have revealed that EMT can gradually progress through intermediate
hybrid states (partial EMT) that generate heterogeneous populations in cancer and during
normal mammary morphogenesis (59,60). Partial EMT states defined by the simultaneous
expression of epithelial and mesenchymal markers have been associated with increased
invasive and metastatic potential in multiple cancer types (56). Data presented herein
demonstrates that TLE3 suppression results in increased expression of mesenchymal genes
including CDHZ2, CTNNBL1, and SNA/1, whereas expression of the epithelial markers,
CDHI1and CLDN1, remained unchanged. Thus, TLE3 regulates partial/hybrid EMT states
(61) that have been shown to be necessary for BLBC tumorigenicity (62) and have been
identified in patient tumors (63). We also identified 7GFB2, an established activator of
EMT and hybrid states (64), as a direct downstream target of TLE3. TLE3 silencing
induced 7GFBZ2expression and activation of SMAD2 and SMAD3 target genes, including
SOX9. Together, these data implicate an EMT-regulatory switch involving opposing signals
between TLE3 and SMADs on a subset of EMT-associated genes. TLE3 normally represses
expression of these genes in luminal cells and its loss induces 7GFB2 gene transcription and
subsequently, SMAD signaling. Thus, the ability of luminal breast cancer cells to undergo
EMT may ultimately be defined by TLE3 expression. Future studies are needed to directly
assess the extent to which TLE3 controls TGF-p signaling and expression of its downstream
target genes, both /n vitroand in vivo.

The FOX family of transcription factors are most well recognized for their pioneering
functions. Upon DNA binding, FOX proteins relax surrounding chromatin, allowing for
the binding of other transcriptional regulators, including corepressors (52). This enabling
property permits control of gene expression programs by context-specific binding partners.
We found that FOXAL is essential for TLE3 to bind to its target genes. Given the ability of
FOXAZ1 to open chromatin sites in breast cancer, it is conceivable that the loss of FOXA1
could induce the formation of heterochromatin and would indirectly prevent TLE3 binding.
However, direct interactions between TLE and FOX proteins have previously been reported
in multiple cell types (21-24,27). Moreover, the loss of TLE3 binding that occurs with
FOXAU1 silencing results in an induction of gene expression, indicative of open, rather

than closed, chromatin states. As a specific example, silencing TLE3 or FOXAL induces
expression of the metastatic driver, SOX9. Affirming the ability of TLE3 and FOXAL to
bind and regulate the SOX9gene, we previously reported that FOXAL directly represses
SOX9expression in breast cancer cells (18). In addition, previously published TLE3-ChlIP-
seq data confirms that TLE3 binds to the SOX9gene in MCF-7 breast cancer cells (22) as
well as prostate cancer cells (65).

In addition to its ability to recruit TLE3, FOXAL can also recruit ARID1A, a subunit of

the SWI/SNF chromatin remodeling complex, to a set of target genes (7). Like TLE3, this
represses BLBC signature gene expression. While FOXAL can recruit ARID1A to sites
prior to ER binding (17), the majority of FOXA1/ARID1A binding overlaps with ER upon
exposure to ligand. Importantly, the effect of the FOXAL/ARID1A interaction in the context
of luminal cells devoid of ER has not been explored. To our knowledge, the current study

is the first to identify a genome-wide mechanism by which FOXAL promotes luminal
identity in the context of both ER-positive and -negative luminal breast cancer cells. The
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data reported herein utilized two ER~ cell lines, leading us to conclude that a set of BLBC
signature genes are repressed by TLE3/FOXAL independently of ER. To further explore the
potential for ER to mediate the effects of TLE3 on BLBC genes, we interrogated a dataset
of ER-regulated genes in T47D cells (66). Only a minority (9.15%) of TLE3-regulated genes
across all three cell lines are established ER targets (data not shown), further indicating that
TLE3 repression of BLBC genes is independent of ER.

Because TLE3 has also been associated with ER transcriptional complexes (22), it is
plausible that it may collaborate with FOXA1, ARID1A, and ER to repress BLBC

targets in ER+ cells but interacts with alternate binding partners, such as androgen or
glucocorticoid receptors (AR or GR, respectively) in ER- luminal cells. Supporting this
possibility, TLE3 co-localizes with FOXA1 and AR to modulate target gene expression and
anti-androgen responsiveness in prostate cancer cells (53). Significant overlap between AR
and glucocorticoid receptor (GR) cistromes has also been reported and many of these sites
include FOXAL motifs (67). Lastly, it is notable that TLE3 can be expressed in non-luminal
cells (Fig. 1F), suggesting that it has a different function in these cells. Indeed, TLE3 has
been suggested to regulate the functions of EN1, a key modulator of triple-negative breast
cancer cell growth (68). Together, these results suggest that the varying partners of TLE3 are
critical for defining its role in regulating breast cancer cell fates.

Our study revealed that approximately 25% of conserved TLE3 binding sites in luminal
breast cancer cells are intergenic (SFig. 3A). Of note, a greater percentage (~50%) of
binding sites for other lineage determinants (/.e., FOXAL and GATAZ3) are intergenic
(69,70). This likely reflects the expanded ability of these proteins to collaborate with
additional binding partners other than TLE3 (52). We also discovered that TLE3 silencing
upregulates FOXAI expression (GEO dataset GSE205356), an observation that was recently
reported during p-cell development (71). These results suggest that TLE3 regulates FOXA1
activity through two distinct processes to ensure both the appropriate levels and function of
FOXAL in luminal breast cancer.

ChIP-seq analysis led to the unexpected finding that TLE3 becomes redistributed to sites
containing AP-2 (TFAP) motifs following FOXAL loss. TFAP2C can promote luminal
identity of normal mammary epithelial cells as well as breast cancer cells (72) and loss

of TFAP2C in luminal breast cancer induces BLBC gene expression. Additionally, AP-2
interacts with FOXAL1 to facilitate long-range chromatin interactions (73). Thus, FOXA1,
TLES3, and AP-2 may function in a coordinated fashion to maintain proper lineage fidelity.
Although FOXAL1 is highly expressed in most breast cancers, mutations in FOXA1 can
alter its activity (24). FOXA1 is mutated in ~4% of all breast cancers and this incidence is
increased in the metastatic setting (74). The majority of FOXAL mutations in breast cancer
occur within the C-terminal forkhead domain, the region required for interaction with TLE3
(24). Thus, mutations in this region (termed Class 2) may disrupt the interaction between
FOXA1 and TLES3. If so, this could shift TLE3 to collaborate with AP-2 in the context of
FOXA1 mutations. Additional studies examining the role of TLE3 in the context of FOXA1
mutations should reveal the extent to which a TLE3/AP-2 interaction may drive tumor

cell phenotypes and uncover mechanisms by which disruption of normal FOXA1 activity
contributes to tumor progression.
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In summary, we identified the genome-wide regulatory landscape of TLE3 in luminal breast
cancer cells and discovered its key role in sustaining luminal lineage specification, even

in the absence of ER. This involves the definitive repression of basal signature genes that
are associated with partial/hybrid EMT as well as metastasis. FOXAL is required for the
majority of TLE3 binding. These data reveal that that TLE3 works closely with FOXA1

as a key repressor of aggressive phenotypes. Future studies that identify upstream inducers
of TLE3 expression may reveal novel pathways that could promote the acquisition of less
aggressive, more treatable disease states that extend patient survival.
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Figure 1: TLE3ishighly expressed in luminal breast cancersand is associated with increased
recurrence-free survival

A-B) Violin plots for 7LE3expression in breast tumor subtypes within the A) TCGA and B)
METABRIC datasets.

C) t-SNE visualization of cancer epithelial cell scRNA-seq data (GSE176078) (33). Cells
are clustered and colored by intrinsic molecular subtype.

D) t-SNE visualization of cancer epithelial cells. Top Row: each plot depicts cells classified
in distinct molecular subtypes. Bottom row: log-normalized expression of 7LE3in each
subtype, visualized by color intensity and size of data point (larger point = higher
expression).

E) 7LE3scRNA-seq expression levels in Basal, HER2, Luminal B, and Luminal A
subtypes. Distinct letters under p<0.05 indicate differences in expression of 7LE3between
groups.

F) Representative western blots for TLE3 and ER expression in breast cancer cell lines.
Numbers represent protein quantitation relative to -actin. There is no value where ER was
undetectable.

G) Kaplan-Meier plot of PFS for all breast cancer patients in the TCGA dataset with high vs.
low TLE3expression, corresponding to the top and bottom quartiles, respectively.
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H) Multivariate analysis accounting for 7TLE3, ESR1, MKI67, and ERBBZ2 expression in all
breast cancer patients using KM plotter.

I) Spearman correlation of 7LE3with all genes expressed in Luminal A and B tumors in the
TCGA dataset. Table inset shows the top five most highly enriched gene sets (C2) reported
by MSigDB when analyzing all negatively correlated genes.
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Figure 2. TLE3 directly represses basal signature genes
A-B) Venn diagram of significantly A) upregulated and B) downregulated genes following

TLE3 silencing for 48 hours in T47D, MDA-MB-453, and SKBR3 cells (p-adj < 0.05).
C-D) GSEA of changed gene expression from RNA-seq data using MDA-MB-453,

T47D, and SKBR3 cells (siTLE3 vs. siNS) for basal signature genes derived from

primary breast tumors C) SMID_BREAST_CANCER_BASAL_UP or from cell lines D)
CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_DN. GSEA for MDA-MB-453
are shown as representative enrichment plots.

E) GSEA of RNA-seq expression data from MDA-MB-453, T47D, and SKBR3 cell

lines (SITLE3 vs. siNS) for CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP
MSigDB luminal signature gene set. GSEA of MDA-MB-453 data is shown as a
representative enrichment plot.

F) Percent of genes upregulated with TLE3 silencing, classified as Basal, Claudin-Low,
Luminal A, Luminal B, or HER2+ based on their highest expression level in the
METABRIC dataset.

G) RNA-seq data from T47D, SKBR3, and MDA-MB-453 cells transiently transfected

with siNS or siTLE3 for 48 hours was used to generate a TLE3-repressed (TLE3-R) gene
signature. Expression of the TLE3-R gene signature was correlated with human tumor
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expression levels and progression-free survival up to 60 months (top) is reported. Survival
curve for correlation with a random gene signature (negative control) (bottom).

H) Venn diagram of TLE3 ChlIP-seq peak overlap in T47D, SKBR3, and MDA-MB-453
cells. The total number of peaks detected in each cell line is shown in parentheses.

I) Percent of TLE3 peaks that mapped to basal signature genes (defined by Smid and
Charafe-Jauffret gene sets) in T47D, MDA-MB-453, and SKBR3 cells.

J-K) Wolcano plot of basal genes within the Smid (J) and Charafe-Jauffret (K) signatures that
are both bound (ChlP-seq) by TLE3 and significantly differentially expressed in response
to TLE3 silencing (RNA-seq) in MDA-MB-453 cells. Red and blue symbols indicate
statistically significant up- or downregulated expression, respectively (p-adj < 0.05).

L-M) ChlP-seq tracks of TLE3 binding in T47D, MDA-MB-453, and SKBR3 cells at basal
signature genes, L) £.K3and M) MYO1B. Height of peak tracks is shown in parentheses.
Log, fold changes as determined by RNA-seq (siTLE3 vs. siNS) are shown to the right.
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Figure 3. TLE3 suppresses cellular migration and invasion of luminal breast cancer cells
A) GSEA of RNA-seq data from MDA-MB-453, T47D, and SKBR3 cell lines (SiTLE3 vs.

siNS) for EMT genes reported by Vasaikar, et al (45). GSEA of MDA-MB-453 is shown as a
representative plot.

B) Representative western blots of mesenchymal markers, Snail and p-catenin, in SITLE3
vs. SiNS T47D and MDA-MB-453 cells after 96 hr.

C) ChlP-seq tracks of TLE3 binding in T47D, MDA-MB-453, and SKBR3 cells at the
TGFpB2locus. Height of peak tracks is shown in parentheses. Log, fold changes as
determined by RNA-seq (SiTLE3 vs. siNS) are shown to the right.

D) Bee swarm depicting siTLE3 vs. siNS RNA-seq log, fold change values of Smad2 and
Smad3 target genes [reported by Koinuma, et al (30)] in T47D, MB453, and SKBR3 cell
lines (p-adj < 0.05).

E-F) Representative western blots and quantitation of TLE3 expression in SiTLE3 vs. SiNS
E) T47D and F) MDA-MB-453 cells after five days. Westerns quantified relative to total
protein (*p < 0.05). n=3 in triplicate.

G-H) Relative G) migration and H) invasion of TLE3-silenced cells compared to control
after 72 hr (*p < 0.05). n=3 in triplicate.
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I-J) Western blot images and quantitation for TLE3 expression in ) T47D and J) MDA-
MB-453 TLE3-WT and TLE3-KO cells. Westerns quantified relative to total protein (*p <
0.05). n=3 in triplicate.

K-L) Relative K) migration and L) invasion of TLE3-KO vs. TLE3-WT cells after 72 hr (*p
< 0.05). n=3 in triplicate.

M) Western blot images and quantitation of TLE3 in MDA-MB-468 cells infected with
adenovirus expressing GFP (AdGFP) or TLE3 (AdTLE3) 72 hr after initial infection.
Western blots were quantified relative to total protein (*p < 0.05). n=3 in triplicate.

N-O) Relative N) migration and O) invasion of AdTLE3 vs. AdGFP MDA-MB-468 cells
after 24 hr (*p < 0.05). n=3 in triplicate.
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Figure 4. TLE3 suppresses breast cancer metastasis
A-B) Probability of distant recurrence to the A) lung and B) liver in patients with primary

tumors with high vs. low 7LE3expression in the METABRIC dataset. (High vs. low
expression determined by upper and lower 50% 71 E3expression).

C) Western blot for TLE3 in ZR751 (luminal) and MDA-MB-468 (basal) cells stably
transduced with control GFP or TLE3 overexpressing (TLE3-OE) lentivirus. Parental MDA-
MB-468 cells included for comparison.

D) Schematic of lung metastasis experiment using orthotopically injected tumor cells.
Created using BioRender.com.

E) Primary tumor volumes of MDA-MB-468 cells with stable overexpression of GFP or
TLES.

F) Average number of metastatic lung nodules. Student’s t-test (*p = 0.04). n=10 mice.

G) Representative images of H&E stained lung sections from mice harboring MDA-MB-468
GFP or TLE3-OE primary tumors. Arrowheads indicate metastases.
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Figure5. TLE3 represses expression of the metastatic driver SOX9
A) Fold change in SOX9expression (RNA-seq) following transfection with a non-silencing

SiRNA (siNS) or siRNA targeting TLE3 (SiTLE3) after 48 hr (*p-adj < 0.05).

B) Representative western blots of TLE3 and SOX9 expression following transient silencing
of TLE3 after 96 hr in T47D, MDA-MB-453, and SKBR3 cells. n=3.

C) Quantitation of SOX9 and TLE3 expression shown in B, relative to total protein. (*p <
0.05). n=3.

D) Representative western blots for TLE3 and SOX9 in TLE3-WT and TLE3-KO T47D and
MDA-MB-453 cell lines.

E) Western blots for TLE3 and SOX9 expression in MDA-MB-468 cells infected with
adenovirus expressing GFP (as a control) or TLE3 after 48 hr. Numbers 1,2,3 indicate
protein collected from three independent experiments. n=3.

F) Quantitation of SOX9 expression shown in E, relative to total protein (*p < 0.05). n=3.
G) ChlIP-seq tracks of the conserved binding site for TLE3 approximately 30kb downstream
of the SOX9gene locus in T47D, MDA-MB-453, and SKBR3 cells. Height of peak tracks is
shown in parentheses.

H) GSEA of RNA-seq data (siTLE3 vs. siNS) in T47D, MDA-MB-453, and SKBR3 cell
lines for SOX9 direct targets (32) that were also negatively correlated with 7LE3in the
TCGA dataset. GSEA of T47D is shown as a representative.
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I-J) SOX9levels in Luminal A and B tumors within the I) TCGA or J) METABRIC dataset
that have low (bottom quartile) or high (top quartile) 7LE3expression.

K) t-SNE visualization of sScRNA-seq data of individual cancer epithelial cells (GSE176078)
classified as Basal, HER2, Luminal A (LumA), or Luminal B (LumB). The difference of
TLE3and SOX9expression (TLE3-SOXY) is depicted by color intensity and size of the
point (larger point = larger expression difference). High 7LE3relative to SOX9 expression
is red while high SOX9relative to 7LE3is blue.
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Figure 6. TLE3 collaborates with FOXA1 to repress BLBC signature genes
A) Venn diagram of RNA-seq data for overlapping genes that are significantly upregulated

in siFOXA1 vs. siNS T47D, SKBR3, and MDA-MB-453 cells (p-adj < 0.05). Total number
of upregulated genes within each cell line are shown in parentheses.

B) Percent of TLE3-repressed (upregulated upon TLE3 silencing) BLBC signature genes
defined by Smid or Charafe-Jauffret that are also repressed by FOXAL (derived from
RNA-seq data, p-adj < 0.05).

C) Percent of FOXAL-repressed BLBC genes that are also repressed by TLE3 (p-adj <
0.05).

D) Venn diagram showing the number of overlapping TLE3 and FOXAL peaks in T47D,
MBA453, and SKBR3 cell lines.

E-F) Percent of basal signature genes bound by FOXAL, TLE3, or both in the E) Smid or F)
Charafe-Jauffret signature gene lists.

G-H) Examples of TLE3 and FOXA1 overlapping peaks mapped to representative basal
signature genes, G) GMZA and H) MT2A in T47D, MDA-MB-453, and SKBR3 cell lines.
Peak height is shown in parentheses. n=2.

I-J) Volcano plot of basal signature genes defined by I) Smid or J) Charafe-Jauffret co-bound
by TLE3 and FOXAL1 that were differentially expressed in response to TLE3 silencing
(RNA-seq data siTLE3 vs. siNS). Colored dots indicate significantly upregulated (red) or
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downregulated (blue) genes (p-adj < 0.05), while gray dots indicate genes not significantly
changed.

K-L) Same as I-J but in response to FOXA1 silencing (RNA-seq data siFOXA1 vs. siNS,
p-adj < 0.05).
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Figure7. TLE3 binding sites are dictated by FOXA1
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A) Representative western blot confirming FOXAL silencing in MDA-MB-453 cells after 48

hr.

B) Affinity plot showing 1,461 significantly different TLE3-bound regions between siNS
and siFOXAL samples (FDR < 0.05). Pink dots denote sites with significantly changed

binding.

C) Density plots and heatmaps of TLE3 binding at basal signature genes as defined by Smid
or Charafe-Jauffret in siNS vs. siFOXA1 (siAl) samples.
D) ChlIP-seq tracks of TLE3 binding in SiNS or siFOXA1 MDA-MB-453 cells at the SOX9

locus. Height of peak tracks is shown in parentheses.

E) VWolcano plot of peaks specific to the siNS group and their change in gene expression
following FOXAL1 silencing after 48 hr (RNA-seq, p-adj < 0.05).
F) Venn diagram depicting TLE3 peaks common and unique to siNS or siFOXA1 samples.
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