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Loss of BPTF restores estrogen response and
suppresses metastasis of mammary tumors
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Context-specific epigenetic dependencies, shaped by chromatin remodeling
can create exploitable vulnerabilities for cancer therapies that are unique to
tissue types and cellular identities. Here, we show that loss of BPTF (Bromo-
domain PHD Finger Transcription Factor), a core component of the NURF

(Nucleosome Remodeling Factor) complex, results in the emergence of estro-
gen-responsive, tamoxifen-sensitive, Estrogen Receptor alpha (ER«a) positive

mammary tumors without altering cancer cell state and tumor pathology. Ele-
vated ERa levels in BPTF*® mammary tumor cells are linked with decreased TGF-
[ activity and limited metastatic spread of mammary tumor cells to the lungs.
Loss of ERa is sufficient to restore TGF-3 activity and the metastatic potential in

BPTF*° tumors. These findings highlight a mechanism through which BPTF
regulates tumor development and progression in mammary epithelial cells,
offering insights into the interplay between chromatin remodeling, estrogen
signaling, and their resultant adjuvant therapeutic potential in breast cancer.

Among the various therapeutic targets being interrogated for their
role and dependency in cancer development and progression, those
associated with epigenetic factors have recently been of high interest
since they operate within transcriptional regulatory cues that are often
specific to cancer cells. To test the ability of epigenetic perturbations
to suppress tumor development, the scientific community has lever-
aged in vitro and ex vivo genetic loss of function studies, genetically
engineered pre-clinical models, and small molecule inhibitors of epi-
genetic factors. Through these studies, several epigenetic perturba-
tions have been described to deprive cancer cells of their growth and

motility in several models of mammary carcinoma'™. Yet, it is plausible
to assume that assessing gross properties of the tumor, such as tumor
size, can only partially inform the dependency of epigenetic factors in
breast tumorigenesis. Therefore, understanding how perturbations to
epigenetic factors modulate the expression of genes that define the
identity of various cell populations within a tumor can reveal selective
effects on tumor initiation, progression, and therapeutic resistance.
Endocrine therapies, such as tamoxifen (TAM), are a mainstay for
treating Estrogen Receptor-positive (ERa+) breast cancers, which
represent the most common type of breast cancer diagnosed in
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women. While endocrine therapies have been partially responsible for
the drastic decrease in breast cancer-related mortality, resistance to
endocrine therapies and the recurrence of breast cancer pose sig-
nificant obstacles to their efficacy. Several mechanisms have been
identified as drivers of endocrine therapy resistance and recurrence,
including the persistence and outgrowth of endocrine therapy-
resistant subclones as well as alterations in transcription factor activ-
ity and lineage plasticity>°. Given the importance of ERa activity and
cell states in mediating susceptibility to endocrine therapies, there has
been growing clinical interest in exploring the use of drugs targeting
epigenetic modifiers to reprogram endocrine therapy-resistant cell
states and enable greater therapeutic efficacy’®. In this study, we
demonstrate how loss of function of the epigenetic factor bromodo-
main PHD finger transcription factor (BPTF) drives alterations to the
epigenome of breast cancer cells that simultaneously induce ERa
expression, TAM sensitivity, and metastasis inhibition.

BPTF is the largest and essential subunit of the NURF chromatin
remodeling complex®'°, known to form an alternative NURF complex
with SMARCAS and BAP1S in leukemia cells" and to play a major role
in c¢cMYC transcriptional regulation™. In the mammary gland,
BPTF deletion has been shown to alter mammary epithelial stem cell
(MaSC) proliferation, self-renewal, transcriptional output, and
differentiation®. BPTF has also been implicated in regulating the sur-
vival of human breast cancer cell lines, and BPTF knockdown slows the
progression of mammary tumors in vivo'*">. However, many of the
molecular mechanisms of BPTF inhibition in governing cancer cell
states, tumor heterogeneity, and disease progression are yet to be
elucidated. To address this, we crossed an inducible BPTF loss-of-
function mouse model” with the classic mammary tumorigenesis
model, MMTV-PyMT",

We found that loss of BPTF delayed the onset of mammary
tumorigenesis and suppressed the development of lung metastasis.
Single-cell RNA sequencing (scRNA-seq) of pre-malignant mammary
tissue revealed enrichment of ERa-regulated transcriptional processes in
BPTF-deficient epithelial cells, and tissue analysis further confirmed
elevated ERa expression in BPTF*® mammary tumors. Organoid analyses
revealed enhanced responsiveness to estrogen and increased expression
of estrogen-regulated genes in BPTF® tumor organoids. Consistently,
loss of BPTF function restored sensitivity to TAM treatment in tumor
organoid systems, human breast cancer cell lines, and in vitro and in vivo
models characterized as resistant to endocrine therapy”.

Given that increased ERa protein levels have been reported to
inhibit the metastatic spread of breast cancer cells by inhibiting TGF-3
signaling®?, we sought to determine whether ERa expression in
BPTFX® mammary tumors played a role on suppressing the metastasis
development observe in our model. To do so, we developed an MMTV-
PyMT mammary tumorigenesis model bearing deletion of both Bptf
and Esrl. Loss of ERa expression in BPTFXC cells restored TGF-B sig-
naling activity and the metastatic potential of mammary tumor cells,
shedding light on a mechanism in which BPTF collectively orchestrates
hormone responses and metastatic progression during mammary
oncogenesis. Furthermore, our studies also demonstrated that phar-
macologic inhibition of BPTF with two distinct small-molecule inhibi-
tors was sufficient to induce gain of ERa expression, sensitivity to TAM
treatment, and inhibition of metastatic progression of hormone-
negative mammary tumor models. Together, these findings highlight
the strong potential of BPTF inhibition as a powerful and promising
therapeutic avenue for activating ERa expression and endocrine
therapy responses in hormone-negative breast cancer.

Results

Loss of BPTF alters initiation and metastatic development of
mammary tumors

High levels of BPTF expression have been reported in several cancer
types, including breast cancer®. Indeed, around 9% of the patients in

the Mercurio Laboratory Molecular Taxonomy of Breast Cancer
International Consortium and The Cancer Genome Atlas invasive
breast carcinoma cohorts (cbioportal.org) bear genetic alterations in
the BPTF gene, which are associated with poor prognosis (Supple-
mentary Fig. 1A-C)**. In agreement, analysis of patient-derived breast
tumor tissue arrays confirmed ten-fold higher BPTF protein levels over
normal breast tissue, thus supporting a link between high levels of
BPTF and breast cancer (Supplementary Fig. 1D, E). CRISPR-based loss
of function analysis indicated that BPTF depletion in human breast
cancer cell lines impacted cell proliferation, an observation that cor-
roborates previous studies that utilized either RNAi or small molecule
chemical inhibitors?>?**” (Supplementary Fig. 1F, G). Yet, these studies
did not elucidate the molecular mechanisms triggered by BPTF inhi-
bition that impact cancer cell growth, nor did they inform the effects of
BPTF loss of function during the early stages of breast cancer devel-
opment and progression. Therefore, to address these unresolved
questions, we crossed a spontaneous model of mammary tumorigen-
esis, MMTV-PyMT, with a TAM-inducible system previously shown to
effectively delete BPTF from Cytokeratin 5 positive (Krt5+) normal
mammary stem/progenitor cells”. Given that Krt5+ cells are also found
in the mammary tumors and lung metastases from MMTV-PyMT
models, this model allows for investigating the role of BPTF in both
mammary tumor initiation and progression (Supplementary Fig. 2A).
mRNA and protein analysis confirmed reduced BPTF levels in BPTF¥®
tumor cells (Supplementary Fig. 2B, C and Supplementary Table 1).

Tumor-free survival analysis demonstrated a significant delay in
tumor onset after BPTF deletion, with 100% of BPTF*° mice being
tumor-free 10 weeks post TAM-treatment, in contrast to 50% of BPTF""
and BPTFY*™ mice bearing tumors 10 weeks post TAM-treatment
(Fig. 1A, B). As aresult of delayed tumor initiation, BPTF*® mice reached
maximum tumor burden seven weeks after BPTF*™ and BPTFH™ mice.
Further analysis of mammary tumors at endpoint demonstrated that
BPTF"" and BPTF*° mice developed tumors with similar size spanning
the histological subtypes commonly observed in the MMTV-PyMT
model (adenocarcinoma, papillary and tubular/acinar), thus suggest-
ing that while BPTF loss delayed tumor onset, it did not alter the his-
topathological features of mammary tumors (Fig. 1C, D).

Mammary tumor development is heavily influenced by the
immune microenvironment, with certain populations of immune cells,
such as T cells and NK cells, playing a putative role in inhibiting tumor
growth?®*. In fact, previous reports showed that RNAi-knockdown of
BPTF in a syngeneic mouse breast cancer models mildly impacted
tumor growth and stimulated the infiltration of cytotoxic NK cells into
frank tumors®. Therefore, we next tested whether the delayed tumor
onset in BPTF*® mice was a consequence of changes in the mammary
immune microenvironment. To do so, we utilized a cell transplantation
approach, where non-TAM-treated MMTV-PyMT Krt5<eR12Bpef /A
mammary tumor cells (BPTF"") were injected into the mammary fat
pad of immunodeficient NOD/SCID female mice. NOD/SCID recipient
mice were then either TAM-treated to induce BPTF deletion in mam-
mary tumor cells or treated with oil as a control. Our analysis indicated
that even in immunodeficient conditions, BPTFX® mammary tumors
grew slower, reaching maximum tumor burden around 45 days, in
contrast to BPTF"" tumors, which reached maximum tumor burden by
day 35 (Fig. 1E). This suggests that loss of BPTF in MMTV-PyMT tumor
cells impacts mammary tumorigenesis even in an immunodeficient
microenvironment. We also performed flow cytometry analysis of
BPTF"T and BPTFXC tumors harvested from immunocompetent mice
and NOD/SCID mice to characterize the tumor immune micro-
environment in these models. Our flow cytometry analysis did not
identify changes in the abundance of macrophages (CD11b+, CD206+),
neutrophils (CD11b+, Ly6G+), dendritic cells (CD1lc+, CD103+), NK
cells (CD3-, NKL.1+), or T cells (CD3+) in tumors from immuno-
competent mice, and the same trends in the abundance of macro-
phages, neutrophils, dendritic cells, and NK cells were observed for
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tumors from NOD/SCID mice (Supplementary Fig. 2D-F). These results
further corroborate the notion that delayed tumor onset in response
to loss of BPTF is likely driven by epithelial cell-intrinsic changes.

To characterize the effect of BPTF loss in later stages of mammary
oncogenesis, we next set out to investigate whether BPTF loss of
function affected metastatic progression. To do so, we harvested and
analyzed lung tissue from tumor-bearing MMTV-PyMT BPTF"" and
BPTFX° mice at experimental end point (tumor size for both genotypes
~2 cm). We found that lung tissue from BPTF*° animals displayed an
8.5-fold decrease in the number of metastatic foci and an 18-fold

into NOD/SCID recipient mice
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decrease in the size of the metastatic foci compared to those observed
in BPTF"" animals (Fig. 1F-H). As a surrogate for detecting circulating
tumor cells, we analyzed PyMT mRNA levels in the blood from mice
bearing either BPTFYT or BPTF*° tumors (similar size at endpoint).
qPCR for PyMT mRNA indicated a two-fold decrease in PyMT mRNA in
the blood of mice transplanted with BPTF*° tumor cells (Fig. 1l and
Supplementary Table 1).

Although lung metastases were evaluated at a time point when
BPTF"T and BPTFX® animals had similar tumor size, the delayed onset
of the primary mammary tumor formation in BPTF*° mice could affect
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Fig. 1| Loss of BPTF alters initiation and metastatic development of mammary
tumors. A Tumor-free survival analysis of BPTF'T (black line n=11), BPTF'" (gray
line n=5), and BPTF*® MMTV- PyMT mice (red line n=9). Statistical analysis per-
formed with Log-rank (Mantel-Cox) test (two-tailed). B H&E-stained histological
images of mammary tumors from BPTF"" (left panels) and BPTF¥° (right panels),
Scale bar =1 mm. Zoom-in panels, Scale bar = 50 um. C Wet weight (in grams) of
BPTF"T (black bar n=11) and BPTF*° (red line n=9) mammary tumors at experi-
mental endpoint (-2 cm). D Histopathological classification of mammary tumors
from BPTF"T and BPTF*° mice. E Tumor growth (in mm?) of NOD/SCID mice
transplanted with either BPTFYT or BPTF*° tumor cells. F H&E-stained histological
images from the lungs from BPTF"T (top panels) and BPTFX® (bottom panels) mice
(at experimental end point, tumors -2 cm), with arrows indicating metastatic
lesions. Scale bar =1 mm. Zoom-in panels, Scale bar = 50 um. G Quantification of the
number of metastatic lung lesions in BPTF"" (n=11) and BPTF*® (n=7) tumor-
bearing female mice (at experimental end point, tumors ~2 cm). H Quantification of

the area of metastatic lung lesions in BPTF'" (n=11) and BPTF*° (n="7) tumor-
bearing female mice (at experimental end point, tumors ~2 cm). I Quantification of
PyMT mRNA levels in the peripheral blood of tumor-bearing C57BL/6 transplanted
(fatpad) with BPTF"T (n=9) or BPTF¥° (n=9) mammary tumor cells (at experi-
mental end point, tumors ~2 cm). ] H&E-stained histological images from the lungs
of C57BL/6 female mice that were injected (tail vein) with either BPTF"T (top panels)
or BPTFX® (bottom panels) primary mammary tumor cells. Scale bar=1mm. K IF
analysis of lung tissue from C57BL/6 mice tailed-injected with BPTF"" or BPTF
mammary tumor organoid cells, showing metastatic cells stained for KRT5
(magenta), KRT8 (cyan), and PyMT (yellow) proteins. Nuclei (DAPI) = gray. Scale
bar =100 um. Statistical analysis performed with an unpaired t-test with Welch’s
correction (two-sided), and differences were considered significant if p < 0.05.
Error bars represent standard error mean. Samples (n) represent number of indi-
vidual mice or number biological replicates. Raw data and p values are provided as a
Source Data file.

the kinetics of tumor cell dissemination, consequently affecting the
establishment of lung metastasis. Therefore, we next decided to parse
out whether BPTF loss specifically affects the colonization of the lung
by delivering BPTF"" and BPTF*® MMTV-PyMT tumor cells intrave-
nously (tail vein), thereby bypassing the tumor cell extravasation step
of the metastatic cascade (Supplementary Fig. 3A). Histological ana-
lysis of the lungs from these mice identified a ten-fold decrease in the
number of lung metastasis lesions in mice injected with BPTF® tumor
cells, thus demonstrating that BPTFC cells are not able to colonize the
lungs of mice as efficiently as BPTF¥T tumor cells, even when intro-
duced directly into the circulation (Fig. 1J, K and Supplementary
Fig. 3B). This finding was supported by a substantial decrease in PyMT
mRNA levels detected in the lungs of tail vein-injected mice (Supple-
mentary Fig. 3C and Supplementary Table 1). To investigate the effects
of BPTF deletion on tumor cell migration independent of the influence
of surrounding stroma and immune cells, we generated mammary
organoid cultures from BPTF'T and BPTF*° endpoint MMTV-PyMT
tumors. Organoids derived from BPTF"T and BPTFX° displayed similar
cell cycle staging, indicating that once developed, both tumor cell
models adapted well to ex vivo growth conditions (Supplementary
Fig. 3D). Using these organoid systems, we further tested the effects of
BPTF loss on the metastatic properties of mammary tumor cells. Using
a 3D Matrigel drop invasion assay, we found that BPTFX® organoids
occupied less migration area compared to BPTF"" organoids, indi-
cating decreased migratory potential induced by BPTF loss (Supple-
mentary Fig. 3E, F). We also performed a Transwell migration assay on
BPTF"" and BPTF*° tumor organoids and saw that fewer BPTF*° tumor
cells migrated to the bottom chamber of the Transwell, further allud-
ing to the defective overall metastatic ability of tumor cells associated
with the loss of BPTF (Supplementary Fig. 3G, H).

Loss of BPTF enhances ERa protein expression in MMTV-PyMT
mammary tumors

We next set out to identify the molecular perturbations induced by
BPTF loss of function that delayed the onset of mammary tumor-
igenesis and inhibited the development of lung metastasis. To do so,
we generated scRNA-seq profiles of MMTV-PyMT BPTF"" and BPTF*°
mammary tissue three weeks post-TAM treatment, a timepoint prior to
the detection of palpable tumors that was selected to capture the
initial stages of mammary tumorigenesis (Supplementary Table 2).
Analysis of mammary Epcam+ cells from non-tumor-bearing BPTF"'
and BPTF*° mice identified all three major mammary epithelial cell
types, including Luminal progenitor-like cells (LASP, clusters Cl1, C2,
C3, C5, C7, and C11), Luminal Hormone sensing cells (LHS, clusters C4,
C8, C10, and C12), and Basal-Myoepithelial cells (BMyo, clusters C6 and
C9), according to the expression of previously described lineage
signatures® (Supplementary Fig. 4A, B). Statistical analysis of cell type
proportions using Propeller® did not indicate statistically significant
changes to the abundance of cells within each cluster, suggesting that

the epithelial composition was comparable between BPTF"" and
BPTFX® mammary tissue prior to tumor onset.

Further analysis of differentially expressed genes (DEGs) and gene
set enrichment analysis across BMyo clusters indicated the gain of
Estrogen regulatory pathways in BPTF*® myoepithelial cells prior to
tumor development (Supplementary Fig. 4C). This enrichment in
estrogen-regulated pathways was linked with the overall gain of Esr1
mRNA in all epithelial cells, with BMyo cells having the greatest
increase in Esr1 mRNA levels (Supplementary Fig. 4D). In fact, further
analysis of all BPTF*® cells indicated an enrichment for Estrogen-
dependent gene expression across all clusters (Supplementary Fig. 4E).
Interestingly, increased Esrl mRNA levels were also observed in
BPTF"" mammary epithelial cells from wildtype C57BL/6 (non-MMTV-
PyMT mice) (Supplementary Fig. 4F, G). This observation agrees with
previous reports, which showed increased mRNA levels of luminal-
specific genes in cell types specifically found in the mammary tissue
after BPTF deletion®, and collectively suggesting a role for BPTF in
negatively regulating ERa in non-malignant mammary epithelial cells.

Tumors that develop from the MMTV-PyMT model start as ERo+,
yet ERa expression declines as the cancer lesions advance into mid-to-
late-stage disease®. Given our observation that loss of BPTF is
accompanied by a gain of ERa-associated gene regulation prior to the
formation of palpable mammary tumors, we next decided to investi-
gate how ERa levels are affected in late-stage BPTFX® tumors. Immu-
nofluorescent (IF) staining analysis of endpoint tumors demonstrated
that BPTF*® mammary tumors displayed ~40% more ERo+ tumor cells
than tumors from BPTF"" mice, strengthening the link between the
loss of BPTF function and increased ERa expression that is sustained
throughout mammary tumor progression (Fig. 2A, B). The net gain of
ERa signal was greater in KRT5+ cells (Basal) than in KRT8+ cells
(Luminal), an observation that supports the gain of ERa in BPTFX° non-
luminal cells. Analysis of liver tissue did not identify increased ERx
protein levels in response to BPTF loss of function, suggesting that ERa
activation was specific to mammary tissue (Supplementary Fig. 4H).
qPCR and Western blot analysis of tumor organoid cultures confirmed
that BPTF¥C cells have a 2000-fold increase in EsrI mRNA levels and
over three-fold increase in ERa protein levels compared to BPTFW'
cells, further validating that loss of BPTF function results in increased
ERa expression in mammary tumor cells (Supplementary Fig. 5A, B and
Supplementary Table 1).

ERa protein expression defines luminal hormone-sensing cell
states, given their ability to activate cell proliferation in response to the
ligand (-estradiol. Therefore, to test whether BPTF loss results in the
gain of functional ERa, we utilized a previously characterized treat-
ment protocol** and measured BPTF"T and BPTFX® mammary tumor
organoid growth in response to [B-estradiol supplementation com-
pared to tumor organoids grown in normal growth media containing
FGF2 (control). We found that the size of BPTF*® tumor organoids
increased two-fold in response to B-estradiol (B-E,) treatment, which
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did not occur in B-E,-treated BPTF"' tumor organoids (Supplementary
Fig. 5C). These analyses indicate that BPTF*° tumor organoids, which
express higher levels of ERa, are more responsive to estradiol
treatment.

Due to the loss of ERa during tumor progression, MMTV-PyMT
mammary tumors become resistant to TAM treatment, a commonly
used treatment strategy for ERa+ breast cancer®”. Given that loss of
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BPTF sustained the expression of ERa in MMTV-PyMT tumors, we next
tested whether BPTF*° tumor cells also regained sensitivity to TAM, a
therapy targeting ERa, ex vivo and in vivo. We first treated BPTF"" and
BPTF*° mammary tumor organoid cultures with 4-hydroxytamoxifen
(4-OHT), the active TAM metabolite, for 10 days and then analyzed
organoid size. Our analysis indicated a two-fold decrease in the size of
BPTF*° mammary tumor organoids in response to 4-OHT treatment,
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Fig. 2 | Loss of BPTF enhances ERx protein expression in MMTV-PyMT mam-
mary tumors. A Immunofluorescence (IF) images of BPTFY" and BPTF*° primary
mammary tumors, showing KRT5 (magenta), KRT8 (cyan), ERa (yellow), Nuclei
(DAPI, gray). Scale bar =100 um. B Box-and-whisker plot for the quantification of
ERa+ cells in KRT5+ and KRT8+ populations of BPTFY" (n=16) and BPTF*° (n=10)
mammary tumors. The whiskers represent range of data distribution, center line is
the median and the box represents the interquartile range (minimum-center-
maximum values for each sample, from left-to-right are as follows: 0-26.79-52.94,
25.81-55.67-80.85, 20.08-61.89-71.49 and 46.21-79.61-96.34). C Tumor growth
quantification (in mm?®) of C57BL/6 female mice transplanted with either BPTF""
(n=20 individual transplants) or BPTF¥ (n =18 individual transplants) mammary
tumor organoids, and treated with TAM (100 pg/day, 10 doses). D Tumor growth
quantification (in mm?®) of C57BL/6 female mice transplanted with either BPTF""
(n=10 individual transplants) or BPTF¥° (n =10 individual transplants) mammary
tumor organoids, and treated with Oil (no TAM control, 100 pL/day, 10 doses).

E Cleaved Caspase 3/7 activity of Empty Vector or BPTF sgRNA MCF7-TAMR cells
treated with doxycycline (to induce BPTF editing), Tamoxifen or both. Since the
MCF7-Tam® cells grow slowly and therefore are limited by cell numbers, individual

wells were combined to pool the cells. n =4 experimental repeats per condition.
F Quantification of Collal, Il6, TgfB1, and ItgB6 mRNA levels in BPTF"" and BPTF¥°
PyMT tumor organoids. n =4 mammary tumor organoids derived from individual
mammary tumors/animals. G Immunofluorescence (IF) images of BPTF"" and
BPTF¥® PyMT tumor organoids showing pSMAD2 (yellow), Nuclei (DAPI, gray) Scale
bar =100 um. Representative images (H) and box-and-whisker plot for the quanti-
fication (I) of collagen I cell protrusion analysis of BPTF"" (n =10) and BPTF*® (n =8)
organoids, treated with Vehicle control or TGF-B1 (2 ng/mL). Yellow arrows indicate
organoid protrusions. The whiskers represent range of data distribution, center line
is the median and the box represents the interquartile range (minimum-center-
maximum values for each sample, from left-to-right are as follows: 37.5-60-100,
0-20.20-60, 50-61.25-100 and 44.44-55.05-100). Scale bar =100 um. Statistical
analysis was performed with a two-tailed, unpaired t-test with Welch'’s correction
(two-sided) and no adjustments were made for multiple comparisons. For the
statistical comparison shown in (I), non-parametric unpaired t-test (two-sided) was
performed. Differences were considered significant if p < 0.05. Error bars represent
standard error mean. Samples (n) represent number of individual mice or number
biological replicates. Raw data and p values are provided as a Source Data file.

thus suggesting increased sensitivity to TAM (Supplementary Fig. 5D).
We also tested whether the increased sensitivity to TAM was observed
in vivo. To do so, we transplanted BPTF"" and BPTF® mammary tumor
cells into the fat pad of immunocompetent C57BL/6 mice. Starting one
week after transplant, we treated the recipient mice with oil (control)
or TAM for 10 days using an established treatment protocol” and
measured tumor growth (Supplementary Fig. S5E). Mice that were
transplanted with BPTF*® tumor cells and were treated with TAM failed
to develop large tumors in comparison to TAM-treated mice that
received BPTF"" cells (Fig. 2C). Conversely, oil-treated (no TAM con-
trol) mice transplanted with BPTFY" or BPTF° demonstrated com-
parable tumor growth (Fig. 2D). All together, these analysis support
that BPTF loss of function induces, likely due to increased ERa
expression, are more sensitive to TAM treatment.

We next asked whether BPTF inhibition would restore sensitivity
to human breast cancer cells that have acquired TAM resistance. To do
so, we utilized a modified MCF-7 cell line designed to be resistant to
TAM in vitro (referred hereafter as MCF-7 TAMR). Like the parental cell
line, DOX-inducible targeting of BPTF with CRISPR-Cas9 progressively
decreased the proliferation of MCF-7 TAMR cells, a phenotype that was
marked by increased ESRI mRNA levels due to BPTF loss (Supple-
mentary Figs. 1F and 5F, J). In fact, simultaneous BPTF targeting (DOX
treatment, pl) and TAM treatment resulted in a six-fold increase in
apoptotic cells (cleavage caspase 3+) in comparison to MCF-7 TAM®R
cells that were either only treated with TAM or CRISPR-targeted BPTF,
suggesting that loss of BPTF restored TAM sensitivity in vitro (Fig. 2E).
BPTF deletion also increased £SRI mRNA levels and TAM sensitivity of
the hormone-negative human breast cancer cell line HCC-1143, thus
demonstrating that, independent of the clinical subtype, loss of BPTF
function drives the gain of ERq, increased response to estrogen, and
increased sensitivity to TAM treatment (Supplementary Fig. 5H, I).

We next set out to determine the molecular basis of the inhibition
of lung metastasis seen with BPTF loss. Considering previous reports
that cancer cells with metastatic potential arise early during
tumorigenesis®, we first set out to identify putative metastatic cells in
our MMTV-PyMT BPTF"" scRNA-seq dataset. We found stronger
expression of a metastasis-associated gene signature® in cluster C5
and in clusters C10 and Cl11, which are less abundant (Supplementary
Figs. 4A, 6A and Supplementary Table 2). Further gene set enrichment
analysis of cluster C5 between BPTF"" and BPTFX° conditions revealed
a downregulation of pathways associated with cell polarity, interferon
response, and epithelial-mesenchymal transition (EMT) in BPTF*C cells,
which are all pathways that have previously been described to play a
role in metastasis®**° (Supplementary Fig. 6B). Additional gene
expression analysis comparing all BPTFY" and BPTF*° cell clusters
indicated low expression of Serpin family E member 1 (Serpinel), SMAD

family member 3 (Smad3), and SMAD family member 6 (Smad6), which
are all genes that are regulated by the Transforming Growth Factor 3
(TGF-B), a master regulator of proliferation, EMT, and metastatic
progression of cancer cells*™* (Supplementary Fig. 6C). Down-
regulation of genes downstream of TGF-f3, including Collagen type 1 a1
(Collal), Interleukin 6 (/l6), Transforming growth factor 1 (7gfpI), and
Integrin B6 (ltgb6) was also observed in BPTF° tumor organoids, thus
further suggesting that BPTF loss dampens transcriptional programs
related to TGF-B activity and metastasis in mammary cancer cells
(Fig. 2F and Supplementary Table 1).

Analysis of fibroblast populations prior to tumor development
revealed similar distributions of myofibroblasts, immune-related
fibroblasts, and collagen-related fibroblasts in both BPTF""T and
BPTFX® mammary tissues (Supplementary Fig. 6D, E). This suggests
that the inhibition of TGF-B programs in BPTF*° mammary tumor cells
is likely to be intrinsic to epithelial cancer cells rather than being
directly influenced by alterations in stromal composition that could
serve as a source of TGF-f. In fact, ELISA protein analysis indicated a
substantial decrease of TGF-B levels in the media from BPTF*® mam-
mary organoids (8000-fold), or in the lysates from total mammary
tumors (four-fold), compared to BPTF"" conditions (Supplementary
Fig. 6F, G). In agreement, using IF staining analysis, we found a marked
decrease in the nuclear localization of the phosphorylated form of the
transcription factor SMAD2 (pSMAD?2), the main signal transducer of
TGF-B pathways, in BPTF*® tumor organoids (Fig. 2G). Collectively, our
findings support that loss of BPTF results in the suppression of TGF-3
molecular pathways and suggest that inhibition of such programs
could influence the metastatic potential of BPTF*° mammary
tumor cells.

To further confirm the role of TGF-B in mediating the migratory
cell behavior of BPTF*® mammary tumor cells, we treated BPTF" and
BPTF*° mammary tumor organoids with TGF-B1 using a concentration
previously shown to induce TGF- molecular pathways. Using this
strategy, we measured the development of cellular protrusions, which
is an established readout of metastatic potential. Our analysis showed
that BPTF*® organoids develop fewer cellular protrusions compared to
BPTF"T organoids when they are not supplemented with TGF-B1, cor-
roborating our in vivo results showing that BPTF loss inhibits metas-
tasis. Notably, treatment of BPTF*° tumor organoids with TGF-f1
rescued cellular protrusion to nearly the same level as that seen in
untreated or TGF-B1-treated BPTF"" tumor cells (Fig. 2H, I). Increased
cellular protrusions were not observed in BPTF"T tumor organoids
treated with TGF-B1. In agreement, treatment of BPTF*° mammary
organoids with TGF-B1 also resulted in increased mRNA levels of sev-
eral genes regulated by TGF-$, including Vimentin (Vim), Fibronectin
(Fnl), Collal, Il6, and Tgff1 (Supplementary Fig. 6H and
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Supplementary Table 1). The cell protrusion phenotype was not res-
cued in BPTF*° tumor organoid cultures treated with Interleukin 1 (IL-
1B) or Tumor Necrosis Factor o (TNF-a), additional known regulators
of metastatic cellular processes***, further pointing to TGF-f as the
key regulator of differences in metastatic features seen with BPTF loss
(Supplementary Fig. 61, J).

Collectively, these findings suggest that the loss of BPTF disrupts
the acquisition of metastatic traits in tumor cells through TGF-3
molecular pathways, a phenotype that can be reversed with exogenous
TGF-B1. These results imply that gene regulatory mechanisms in
BPTFX® mammary tumor cells overrule the induction of EMT programs
in response to naturally occurring levels of TGF-§ levels during mam-
mary tumorigenesis.

ERa is the key regulator of tumorigenesis delay and metastatic
suppression in BPTFX® mice

Increased ERa protein levels have been reported to block the meta-
static spread of breast cancer cells by inhibiting TGF- signaling
through transcriptional and non-transcriptional mechanisms'®"?,
Therefore, we next set out to investigate whether the functional gain of
ERa induced by BPTF loss underpins the molecular basis of the inhi-
bition of TGF-f signaling and lung metastasis.

Considering the role of BPTF as a putative chromatin remodeler,
we first investigated the effects of BPTF inhibition on chromatin
accessibility by performing ATAC-seq analysis in MCF-7 cells expres-
sing sgRNA targeting BPTF*® (Supplementary Table 2). We found that
targeting BPTF with CRISPR-Cas9 results in the expansion of the
accessible chromatin landscape in MCF-7 cells, including a three-fold
increase in the ATAC-seq signal at estrogen response elements (EREs),
which are canonical sites preferentially bound by ERa (Supplementary
Fig. 7A-C). We also found a fifty-fold increase in ESRI mRNA levels in
MCF-7 cells expressing BPTF sgRNA, once again supporting that the
loss of BPTF function enhances ERa expression, and the accessibility of
chromatin at regions predicted to be occupied by ERa (Supplementary
Fig. 7D and Supplementary Table 1).

To determine whether ERa gain of function translated into tran-
scriptional activation, we measured mRNA levels of three ERa-
regulated genes: the ENY2 transcription and export complex 2 sub-
unit (Eny2), a gene associated with estrogen-regulated ductal
outgrowth"’, the Transcription factor AP-2 (Tfap2b), a factor known
to induced Esrl expression via epigenetic chromatin modification*®,
and the GATA binding protein 3 (Gata3), a known downstream target
of ERa*’. qPCR analysis of tumor-derived organoids revealed sig-
nificantly elevated expression of all three genes in BPTF¥® compared to
BPTF"T samples (Fig. 3A and Supplementary Table 1). These findings
support a link between ERa increased expression and transcriptional
levels of key developmental regulators. To determine whether ERa
expression is the main driver of tumor development, metastasis pro-
gression, and gene expression changes observed in BPTFX° mammary
tumor epithelial cells, we generated an additional transgenic mouse
model by crossing the MMTV-PyMT-Krt5 REERT2.Bpef W with an Esr1™f
mouse model*®. This strategy resulted in a model of MMTV-PyMT
mammary tumorigenesis in which TAM treatment induced the dele-
tion of both Bptf and Esr1. Interestingly, Bptf"%/Esr1"" female mice did
not survive for more than three days after TAM treatment, indicating
that the simultaneous loss of ERa and BPTF in Krt5+ cells was lethal in
adult female mice (Supplementary Fig. 8A). Conversely, mortality was
not observed in Bptf""/EsrI"" male mice after TAM treatment. There-
fore, to characterize the dynamics of tumor and metastasis develop-
ment after BPTF and ERa loss, we performed mammary fat pad
injections of endpoint tumors from non-TAM-treated MMTV-PyMT-
KrtSRERTZ Bt (BPTFX/ERa™™) or MMTV-PyMT-KrtSSRERT2Z. By Vi
EsrI" (BPTF*®/ERaX®) into female C57BL/6 recipient mice. Seven days
after transplant, mice were injected with TAM to induce the loss of
BPTF or the loss of both BPTF and ERa (Supplementary Fig. 8B).

Tumor-free survival analysis demonstrated a significantly earlier
onset of tumor development in mice with BPTF*°/ERa*® mammary
tumors, in comparison to those with BPTF*°/ERa™™ mammary tumors
(Fig. 3B). Endpoint mammary tumors from both conditions had similar
size (Supplementary Fig. 8C). BPTF*°/ERa*® mammary tumors also
lacked ERa protein levels, confirming successful knockout of ERa in
this model (Supplementary Fig. 8D). Interestingly, we found a six-fold
increase in the number of metastatic foci in the lungs of BPTF*°/ERa*°
tumor-bearing mice, suggesting that loss of ERa expression restored
the metastatic potential of BPTFX® cancer cells (Supplementary
Fig. 8E). Analysis of lungs from wildtype C57BL/6 injected via tail vein
with either BPTF"T, BPTF**/ERa"", or BPTF*°/ERa*® mammary tumor
cells indicated a three-fold increase in the levels of PyMT mRNA in
animals injected with BPTF*°/ERa*® tumor cells, further supporting
that loss of ERa expression restored the metastatic potential of BPTF*©
cancer cells (Supplementary Fig. 8F and Supplementary Table 1).

Given that our previous analyses identified alterations in the TGF-
3 molecular pathway being associated with the metastatic inhibition of
BPTF*° mammary tumor cells, we next investigated whether the loss of
ERa in BPTF*° tumor cells was linked to the restoration of TGF-B
activity. IF analysis indicated that loss of ERa was sufficient to restore
the nuclear localization of pSMAD2 and in BPTF*° mammary tumor
cells, supporting the notion that elevated ERa levels can inhibit the
TGF- pathway in the BPTF loss (Supplementary Fig. 8G, H). In agree-
ment, loss of ERa also resulted in the upregulation of the TGF-p
downstream genes Collal, /16, and TgfbI in BPTFX® tumor cells, thus
further linking the rescue of metastatic potential with the re-
establishment of TGF-f signaling (Fig. 3C). We also found decreased
mRNA levels of the BPTF*°- ERa-bound genes Tfap2B and Gata3 in
BPTF*°/ERa*® tumor cells compared to BPTF*°/ERa"" tumor cells,
confirming the role of ERa in inducing the transcription of these genes
in the context of BPTF loss (Fig. 3D and Supplementary Table 1). Taken
together, these results support a major role for ERa in gene regulation,
tumorigenesis, metastatic progression, and TGF-B activity in BPTF*°
mammary tumor cells.

Pharmacologic BPTF inhibition restores ERa expression and
blocks metastatic progression of mammary tumors

Given the development of potent, selective small molecule inhibitors
targeting BPTF, we next assessed whether pharmacologic inhibition of
BPTF could replicate the effects of its genetic deletion. We first char-
acterized the effect of pre-treating 4T1 cells, a well-established hor-
mone-negative murine mammary tumor cell line, with the selective
BPTF inhibitor S-AU-1, which is more suitable for in vitro applications
due to its short half-life**. To evaluate tumor growth dynamics,
4TI cells were pre-treated S-AU-1 or DMSO as a control for 48 h prior to
their transplantation into the mammary fatpad of immunocompetent
Balb/C female mice. Treatment of 4T1 cells with S-AU-1 (5 uM) for 48 h
did not impact overall cell viability (Supplementary Fig. 9A). We found
that transient inhibition of BPTF function via S-AU-1 pre-treatment
significantly delayed the initial stages of mammary tumor growth,
which normalized overtime to reach the same size of tumors from
DMSO-treated 4TI cells, thus corroborating the delayed tumor growth
dynamics seen in the BPTF*® model (Supplementary Fig. 9B). To
characterize the metastatic properties of 4T1 cells with BPTF inhibi-
tion, we performed a Transwell migration assay. With this assay, we
observed a decrease in the abundance of 4T1 cells that migrated to the
lower chamber in response to S-AU-1 pre-treatment compared to
DMSO-treated 4T1 cells, suggesting the decreased migratory potential
of BPTF*® tumor cells (Supplementary Fig. 9C).

We next evaluated whether inhibition of BPTF with S-AU-1 would
result in the gain of ERa expression. To this end, we treated MMTV-
PyMT tumor organoids and tumor organoids derived from the C3(1)-
TAg model of mammary tumorigenesis® with S-AU-1, and we observed
an increase in increased EsrI mRNA and ERa protein levels
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Fig. 3 | ERa is the key regulator of tumorigenesis delay and metastatic sup-
pression in BPTF*® mice. A qPCR quantification of £ny2, Tfap2B, and Gata3 mRNA
levels in BPTF"" and BPTF® mammary tumor organoids. n = 4 biological replicates.
B Tumor-Free survival analysis of C57BL/6 female mice transplanted with BPTF®/
ERa"" (n=35) or BPTF*°/ERaX® (n=5) mammary tumor organoids. Statistical ana-
lysis performed with Log-rank (Mantel-Cox) test. C qPCR quantification of Collal,
1l6 and TgfB1 mRNA levels in BPTF*°/ERa"" and BPTF*°/ERa*® mammary tumor

organoids. n =4 biological replicates. D qPCR quantification of Tfap2p and Gata3
mRNA levels in MMTV-PyMT BPTF*°/ERa™" and BPTF*°/ERa*® tumor organoids.
n =4 biological replicates. Statistical analysis performed with an unpaired t-test
with Welch'’s correction (two-sided), and significant differences were considered if
p <0.05. Error bars represent standard error mean. Samples (n) represent number
of individual mice or number biological replicates. Source data and p values are
provided as a Source Data file.

(Supplementary Fig. 9D, E and Supplementary Table 1). Increased ESR1
mRNA levels in response to S-AU-1 treatment were also observed in
breast cancer organoids derived from TNBC invasive ductal carcino-
mas from two different patients, thus corroborating with our obser-
vations from mouse tumor cells and human cancer cell lines
(Supplementary Fig. 9F, G and Supplementary Table 1). Interestingly,
ESRI mRNA levels remained unchanged in breast cancer organoid
systems derived from ERa + PR+ invasive ductal carcinomas from two
different patients treated with S-AU-1, indicating conditions that BPTF
inhibition did not affect ERa expression in hormone-positive breast
cancers (Supplementary Fig. 9H, | and Supplementary Table 1). It is
worth noting that breast cancer cells are known to lose ERa expression
when grown as organoids, raising the possibility that such culturing
conditions result in caveats when studying the mechanistic action of
BPTF inhibition. In fact, S-AU-1 treatment of patient-derived breast
cancer organoid cultures increased the percentage of apoptotic cells
across all conditions, a phenotype that was not exacerbated by co-
treatment with TAM, thus suggesting that in these systems, BPTF
inhibition strongly suppresses cell viability (Supplementary Fig. 9F-I).

To evaluate whether the gain of ESRI expression induced by
treatment-induced BPTF inhibition was also linked with alterations in the
chromatin landscape, we performed ATAC-seq to profile changes to
chromatin accessibility of MCF-7 cells treated with the BPTF inhibitor,
given that S-AU-1 treatment resulted in a three-fold increase of ESRI

mRNA levels (Supplementary Fig. 10A; Supplementary Table 1 and 2).
We first compared the datasets generated from S-AU-1 treated-MCF-7
cells to the datasets we generated from MCF-7 cells expressing BPTF
sgRNA (Supplementary Fig. 7). Principal component analysis clustered
the samples based on BPTF inhibition or control conditions, (PC1, 56.5%
variation), suggesting that pharmacological targeting of BPTF yielded a
similar landscape of chromatin accessibility (ATAC-seq peaks) com-
pared to genetic targeting of BPTF, and that these regions were sub-
stantially different from control conditions (Supplementary Fig. 10B).
Analysis of total ATAC-seq peaks indicated an expansion of accessible
sites, specifically at intergenic and genic genomic regions, in cells trea-
ted with S-AU-1 (Supplementary Fig. 10C). This result resembled the
previously reported effects of the genetic deletion of BPTF in normal
mouse mammary epithelial cells, suggesting that BPTF inhibition allows
for genomic accessibility specifically at distal regulatory regions®. Fur-
ther analysis of the accessible regions and DEGs exclusive to the BPTF
inhibitor treatment condition revealed upregulation of ERoc downstream
genes, including Solute Carrier family 17 member 11 (SLC7A1I), Early
Growth Response 1 (ERGI), Zinc Finger MYND-type containing 8
(ZMYNDS), Fos proto-oncogene, AP1 transcription factor subunit (FOS),
and Insulin-like growth factor-binding protein 3 (/GFBP3) (Supplemen-
tary Fig. 10D, E)* . Analysis of EREs showed a two-fold increase in
ATAC-seq signal in response to BPTF inhibition, suggesting that the loss
of BPTF function enhances chromatin accessibility at regions
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canonically occupied by ERa, mirroring the results of our ATAC-seq
analysis of MCF-7 cells expressing BPTF sgRNA (Supplementary
Fig. 10F).

To directly test the effects of BPTF chemical inhibition in vivo, we
utilized the recently developed selective BPTF inhibitor BI-7190°¢ and
characterized its effect on MMTV-PyMT mammary tumor develop-
ment (Fig. 4A). Tumor-free survival analysis showed that nearly 100%
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of mice treated with BPTF inhibitor remained tumor-free for
approximately five weeks, in marked contrast to 100% of mice treated
with the control compound that developed tumors within three weeks
from the start of treatment (Fig. 4B). Yet, similar to the BPTF*° model,
pharmacologic inhibition of BPTF did not impact the ability of mam-
mary tumors to develop to their maximum size (2 cm), with similar
tumor weight across conditions at experimental endpoint (Fig. 4C, D).
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Fig. 4 | Pharmacologic BPTF inhibition restores ERa expression and blocks
metastatic progression of mammary tumors. A Experimental approach for oral
gavage treatment of MMTV-PyMT mice with control compound BI-4827 (n=4) or
BPTF inhibitor BI-7190 (n = 8). Created in BioRender. Ciccone, M. (2025) https://
BioRender.com/nlthfyz. B Tumor-free survival analysis of MMTV-PyMT mice trea-
ted with control compound BI-4827 (n =4), or BPTF inhibitor BI-7190 (n = 8). Sta-
tistical analysis performed with Log-rank (Mantel-Cox) test. C H&E-stained
histological images of experimental end point (-2 cm) mammary tumors from
MMTV-PyMT treated with control compound BI-4827 (n =4), or BPTF inhibitor BI-
7190 (n = 8). Scale bar =1 mm. Zoom-in panels, Scale bar = 50 um. D Wet weight (in
grams) of MMTV-PyMT mammary tumors from mice treated with control com-
pound BI-4827 (n = 4 individual animals) or BPTF inhibitor BI-7190 (n = 8 individual
animals) (tumors at experimental endpoint, ~2 cm). E Histopathological classifica-
tion of mammary tumors from MMTV-PyMT mice treated with control compound
BI-4827 (n =4 individual animals) or BPTF inhibitor BI-7190 (n =8 individual

animals). Immunofluorescence (IF) quantification (F) and images (G) of percentage
of ERo+ mammary tumor cells (tumors at experimental endpoint, -2 cm) from
MMTV-PyMT mice treated with control compound BI-4827 or BPTF inhibitor BI-
7190 (n=7). KRT5 (magenta), KRT8 (cyan), ERa (yellow), Nuclei (DAPI, gray). Scale
bar =100 pm. H H&E-stained histological images from the lungs from tumor-
bearing MMTV-PyMT mice treated with Control compound BI-4827 or BPTF inhi-
bitor BI-7190 (tumors at experimental endpoint, tumors ~2 cm). Scale bar =1 mm.
Zoom-in panels, Scale bar =50 um. I Quantification of the number of metastatic
lung lesions in tumor-bearing MMTV-PyMT mice treated with control compound
BI-4827 (n=4) or BPTF inhibitor BI-7190 (n = 8) (tumors at experimental endpoint,
tumors -2 cm). Statistical analysis performed with an unpaired t-test with Welch’s
correction, and significant differences were considered if p < 0.05. Error bars
represent standard error mean. Samples (n) represent number of individual mice or
number biological replicates. Source data and p values are provided as a Source
Data file.

Histological analysis of endpoint mammary tumors demonstrated that
mice treated with BPTF inhibitor BI-7190 and the control compound
spanned histological subtypes commonly observed in the MMTV-
PyMT model, thus validating that pharmacologic inhibition of BPTF
did not alter the gross pathology of mammary tumors (Fig. 4E). IF
analysis showed a three-fold increase of ERa expression in late-stage
tumors from mice treated with BPTF inhibitor BI-7190, thus confirming
that independent of the strategy of BPTF inhibition, loss of BPTF
function results in the development of ERa+ mammary tumors
(Fig. 4F, G). In fact, analysis of lungs from mice treated with BPTF
inhibitor BI-7190 indicated a four-fold decrease in the number of lung
metastases compared to mice treated with a control compound
(Fig. 4H, ). Collectively, our data suggest that pharmacologic inhibi-
tion of BPTF mimics the effects of genetic deletion of BPTF observed
ex vivo and in vivo. These results also validate that changing the epi-
genetic landscape of mammary tumor cells via BPTF inhibition is a
promising strategy for activating ERa responses and suppressing the
metastatic properties of cancer cells (Supplementary Fig. 10G).

Discussion

Perturbations to epigenetic homeostasis can lead to changes that
result in aberrant gene expression and enable malignant cells to adapt
and actively remodel their environment. These changes include
abnormal cell growth, EMT, and alterations in stem cell potency, all of
which can impact the cellular lineage hierarchy. Our previous work has
demonstrated that BPTF plays a role in maintaining MaSC stemness
and negatively regulating differentiation into the luminal lineage dur-
ing normal mammary gland development®. Here, we expanded upon
our original findings to establish a role for BPTF in negatively reg-
ulating the expression of the luminal lineage gene Esrl in mammary
tumorigenesis. We also illustrate that genetic and chemical inhibition
of BPTF alters the development, progression, and therapeutic sensi-
tivity of murine and human breast cancer models.

Previous studies that pursued shRNA targeting of BPTF function
using cancer cell lines in vivo showed a moderate effect on tumor
growth**”, similar to what we observed in our studies. Concordantly,
transiently targeting BPTF with small molecule chemical inhibitors also
indicated moderate effects on tumor growth?~, However, consider-
ing the role of BPTF as a putative chromatin remodeler, none of these
studies evaluated alterations in the molecular features of mammary
tumors nor cancer progression as a result of targeting BPTF. Our study
mechanistically dissected the previously uncharacterized molecular
basis of such phenotypes; we show that the loss of BPTF, and the
resultant chromatin remodeling, activates the expression of ERq,
resulting in downstream inhibition of TGF-f signaling and mammary
oncogenesis.

Currently, DepMap resources classify BPTF as a common essential
gene across several human cancer cell lines. However, the same data-
base identifies elevated BPTF mRNA expression as a specific feature of

breast cancer compared to other solid tumors®. Interestingly, loss of
BPTF in adult mice, under the regulation of the Krt5 promoter, a marker
expressed in various epithelial and immune cell types, did not affect
overall health or survival, thus arguing against a broader tissue-wide
dependency on BPTF expression, at least in adult mice”. Our current
research also demonstrates that treatment of adult mice with a selective
BPTF inhibitor, which mimics the effects of genetic BPTF deletion on
tumor growth, ERa expression, and metastatic progression, does not
impact overall animal health. Instead, our findings indicate that BPTF
loss only mildly affects mammary tumor growth, further challenging the
conventional notion of BPTF pan-essentiality. Additionally, our studies
have serendipitously identified BPTF deletion as a strategy for experi-
mentally modeling ERa-positive mammary tumorigenesis. Although
ERa-positive breast cancers represent the most prevalent subtype of
breast cancer diagnosed in women, modeling ERa-positive mammary
tumorigenesis has been a challenge, as most mouse models of mam-
mary tumorigenesis are hormone-negative, lose expression of ERa, or
do not depend on estrogen for their growth®.

Although experimental models targeting hormone-negative
breast cancers with endocrine therapy have revealed intriguing but
unclear mechanisms of non-canonical estrogen receptor-related
pathways in regulating cellular growth, migration, and tumorigen-
esis, endocrine therapies have not become the standard of care for
hormone-negative breast cancers. Gain of ERa functionality has long
been perceived as a strategy that would create an opportunity for
hormone targeting therapies to be used to treat hormone-negative
breast cancer and breast cancers that have developed resistance to
previous hormone therapies® ‘. The challenge in restoring ERa
expression in hormone-negative breast cancer subtypes is often due to
epigenetic suppression of ESRI expression, most notably through
hypermethylation of the ESRI promoter®. Using hormone-positive and
hormone-negative models of human breast cancer, including
endocrine-therapy resistant cell lines, we show that the loss of BPTF
function induces the gain of functional ERa expression, restores
molecular responses to estrogen, and sensitizes tumors to hormone
targeting therapy. Consistent with this, genetic ablation of ER«a in
BPTFX® tumors reversed tumor growth kinetics, suppressed lung
metastasis formation, and reprogrammed gene expression profiles,
supporting a functional role for ERax as a key mediator of BPTF loss
phenotypes. Therefore, our findings implicate BPTF inhibition as a
promising strategy that may broaden the application of hormone
therapies to hormone-negative and endocrine therapy-resistant breast
cancers.

It is plausible that BPTF, through both its bromodomain regions,
actively maintains an open chromatin state that sustains ERa expres-
sion and transcriptional activity. As these cells progress through tumor
development, BPTF-regulated nucleosome repositioning and the
expression of additional TFs likely contribute to changes in chromatin
accessibility, cellular state, and function. Thus, loss of BPTF in this
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context likely prevents the loss of chromatin accessibility required to
sustain ERa levels, which may be linked to aggressive tumor devel-
opment and metastasis. In fact, this phenotype is recapitulated by ERa
deletion alone, suggesting that BPTF-directed chromatin reorganiza-
tion is critical for ERa expression regulation in mammary tumor cells.
Our analysis of genetically engineered BPTF loss-of-function models
(GEMMs and CRISPR-Cas9) revealed that targeting BPTF with small-
molecule inhibitors that block its bromodomain yields similar phe-
notypes. These findings suggest that BPTF’s bromodomain region
mediates chromatin accessibility switches needed during tumor pro-
gression, including those that suppress ERa programs and activate
TGF-f programs, thus guiding transcriptional regulation that dictate
aggressive cellular states.

Notably, previous analyses of normal MaSC, as well as current
analysis of human cancer cell lines, suggest that BPTF loss or inhibition
leads to gains of chromatin accessibility. In each case, the gain in
accessibility was linked to increased activity of specific TFs, which
guided changes to cellular states linked to stemness, and in this con-
text, is driven by ERa. These observations also raise the possibility that,
when in high abundance, specific lineage TFs could play a crucial role
in occupying genomic regions, even in the absence of fully functional
chromatin remodeling factors. Alternatively, the release of NURF
complex components in the absence of BPTF may enable their inte-
gration into alternative chromatin remodeling complexes, thereby
regulating cellular processes.

Independent of the initial hormone status, ~30% of all breast
cancer cases will progress to metastatic disease, which is difficult to
treat and negatively impacts patient survival®®®’. Despite the many
advances in combination therapy, patients with metastatic breast
cancer still respond variably to treatments. This differential ther-
apeutic response across different subtypes/grades of invasive disease
represents a great clinically unmet need, demanding new strategies
that will ensure consistent therapeutic efficacy®®*’. Our findings sug-
gest that quantifying BPTF mRNA levels in early breast cancer lesions
may be a predictor of the likelihood of metastatic disease progression
in breast cancer patients, providing a metric that can guide treatment
plans. This may be particularly significant for patients with Ductal
Carcinoma In Situ, a non-invasive subtype of breast cancer with the
potential to progress to invasive and metastatic disease’’. Our findings
demonstrate that targeting BPTF in mice with pre-malignant mammary
lesions, but prior to the detection of palpable tumor, significantly
delayed the onset of mammary tumors and effectively blocked meta-
static development. These results highlight a potential therapeutic
window for targeting early-stage breast cancer, perhaps independent
of hormone receptor status, offering a strategy that could enhance the
efficacy of endocrine therapy and mitigate metastatic progression.

Importantly, our study reinforces the rationale for targeting BPTF
as a therapeutic strategy to not only reduce metastatic spread but also
enhance the efficacy of hormone therapies in breast cancer, including
cases that are resistant to conventional treatments. Overall, our work
also contributes to the expanding knowledge of chromatin depen-
dencies and cell state dynamics in driving breast cancer initiation,
progression, and as suitable strategies to improve responses to tar-
geted therapies.

Methods

Animals

All animal experiments were conducted in accordance with approved
protocols from the CSHL Institutional Animal Care and Use Committee
(IACUC). Mice were maintained on a 12-h light/12-h dark cycle, at a
controlled temperature of 72 °F and humidity ranging from 40-60%.
MMTV-PyMT transgenic mice (C57BL/6 background), as well as C57BL/6
and NOD/SCID female mice, were obtained from The Jackson Labora-
tory and Charles River. The MMTV-PyMT KrtS®ER2Bpef% (BPTF*C)
strain was generated by crossing MMTV-PyMT transgenic mice with

KreSTERZBpef i mice. Similarly, the MMTV-PyMT KrtS™5RPBpf g™
(BPTF*°ERa*) strain was established by crossing MMTV-PyMT BPTFK°
mice with Esr?” mice. Female mice ranging in age from 3 to 20 weeks
were used for all experiments. Procedures, including mammary tumor
monitoring, mammary fat pad transplantation, and treatments, are
detailed in the Supplemental Experimental Procedures. For experiments
involving tumor growth, the maximal tumor size allowed by CSHL
IACUC is 2 cm, and this limit was strictly adhered to.

Mouse tamoxifen (TAM) treatment

To prepare the working solution, TAM powder (Sigma, Cat# T5648-
1G) was weighed and initially dissolved in ethanol by vortexing. Heat-
sterilized sunflower oil (Sigma, Cat# S5007-250ML) was then added
ata19:1oil-to-ethanol ratio to achieve a final concentration of 500 pg/
100 uL (one dose). The mixture was heated to 55 °C and vigorously
shaken to ensure homogeneity. For induction of BPTF deletion,
transgenic female mice received 3 intraperitoneal injections of TAM
(5 mg/kg) on alternate days. To induce deletion of both BPTF and
ERa, MMTV-PyMT BPTFYEsr™? and BPTF”Esr1*’** mice were
allowed to form tumors, which were subsequently harvested for
organoid culture. After passaging, organoids were dissociated into
single cells, and approximately 5 x 10° cells were injected into distal
mammary fat pads. One-week post-transplant, mice were adminis-
tered 3 additional intraperitoneal doses of TAM (5 mg/kg) on alter-
nate days. For experiments assessing the anti-tumor effects of TAM,
mice received daily intraperitoneal injections of 100 ug per day for 10
consecutive days.

Antibodies

All antibodies were purchased from companies as indicated below and
used without further purification. Antibodies for lineage depletion:
biotinylated anti-CD45 (Thermo Fisher Scientific Cat# 13-0451-85,
RRID:AB_466447) (1:100 dilution), biotinylated anti-CD31 (Thermo
Fisher Scientific Cat# 13-0311-85, RRID:AB 466421) (1:200 dilution),
biotinylated anti-Ter119 (Thermo Fisher Scientific Cat# 13-5921-85,
RRID:AB 466798) (1:200 dilution), and biotinylated anti-CD34
(Thermo Fisher Scientific Cat# 13-0341-82, RRID:AB 466425) (1:200
dilution). Antibodies for IF staining: Alexa Fluor 647 conjugated anti-
Cytokeratin 5 - KRT5 - (Abcam, Cat# AB193895; RRID:AB _2728796)
(1:300 dilution); Alexa Fluor® 488 anti-Cytokeratin 5-KRT5-(Abcam,
Cat# ab193894, RRID:AB 2893023) (1:300 dilution); Alexa Fluor 405
conjugated anti-Cytokeratin 8-KRT8-(Abcam, Cat# ab210139; RRID:AB_
2890924) (1:300 dilution), Alexa Fluor 546 Polyoma virus middle T
antigen Antibody (Santa Cruz Biotechnology, Cat# sc-53481; RRID: AB_
630138) (1:50 dilution), N-cadherin (H-2) (Santa Cruz Biotechnology,
Cat# sc-393933, RRID:AB_2832921) (1:300). Alexa Fluor 488 pSMAD
(Bioss, Cat# bs-11641R-A488, RRID: AB_3665803) (1:100 dilution), Alexa
Fluor 488 BPTF/FALZ (Bioss, Cat# bs-11641R-A488, RRID:AB_3665804)
(1:300 dilution), Alexa Fluor 647 Estrogen Receptor alpha (H226)
(Santa Cruz Biotechnology, Cat# sc-53493, RRID:AB_629461) (1:100
dilution). Antibodies for IHC: Rabbit anti-BPTF antibody (Bioss, Cat#
bs-11641, RRID:AB 2938605) (1:100 dilution). Antibodies for Western
Blot: mouse anti-B-Actin antibody (Santa Cruz Biotechnology Cat# sc-
81178, RRID:AB_2223230) (1:5000 dilution), Rabbit anti-ERa antibody
(Santa Cruz Biotechnology Cat# sc-544, RRID:AB_631469) (1:300 dilu-
tion), goat anti-rabbit IgG HRP (Abcam Cat# ab6721, RRID:AB_955447)
(1:10,000 dilution) and goat anti-mouse IgG HRP (Abcam Cat#
ab97051, RRID:AB 10679369) (1:20,000 dilution). Antibodies for Flow
cytometry analysis: 7-AAD viability staining solution (BioLegend Cat#
420404, RRID:SCR_020993) (1:200 dilution), FITC con-jugated anti-
CD3 (BioLegend Cat# 100204, RRID:AB_312661) (1:100 dilution), Alexa
Fluor 700 conjugated. anti-NK1.1 (BioLegend Cat# 108730, RRI-
D:AB_2291262) (1:100 dilution), Brilliant Violet 421 conjugated anti-
CD206 (BioLegend Cat# 141717, RRID:AB_2562232) (1:100 dilution),
Alexa Fluor 700 conjugated anti-Ly6G (BioLegend Cat# 127621,
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RRID:AB_10640452) (1:200 dilution), PE/Cyanine7 anti-mouse/human
CD11b (BioLegend Cat# 101216, RRID:AB_312799) (1:200 dilution), PE/
Cyanine7 anti-mouse CD103 (BioLegend Cat# 121425, RRI-
D:AB_2563690) (1:100 dilution); APC/Cyanine7 anti-mouse CDlIc
(BioLegend Cat# 117324, RRID:AB_830649) (1:100 dilution).

Histological analysis

For histological studies, left inguinal mammary gland, mammary
tumor, lung, and/or liver was harvested from individual animal and was
fixed overnight in 4% paraformaldehyde prior to paraffin embedding.
Tissue sections were stained with Hematoxylin and Eosin (H&E) for
conventional histological analysis. Whole-section mammary tumor
H&E slides were imaged using an Aperio ePathology slide scanner
(Leica Biosystems) with 40x objectives, and the percent areas of
individual tumor subtypes (adenocarcinoma, papillary, tubular/acinar)
were quantified using ImageJ-Fiji. Histopathological evaluation was
performed by Dr. Wilkinson (mouse pathologist).

scRNA-seq library preparation and data analysis

Mammary gland tissue from ~7-weeks old BPTF"T and BPTF*° female
mice with non-palpable tumors was mechanically dissociated as pre-
viously described”. Digested tissue was incubated with lineage-
depletion antibodies (Ter119, CD31, CD45) and passed through
MACS magnetic columns (Miltenyi Biotec Cat# 130-042-401)" to
enrich for lineage-negative epithelial cells. These cells were used for
scRNA-seq library preparation on the 10x Chromium platform, fol-
lowed by sequencing on the NextSeq High Output SE75 (28x56x8).
Reads from single-cell assay (14,531 total cells) were aligned to the
mml0 genome using CellRanger v3.1.0 (10x Genomics) (Cell Ranger,
RRID:SCR_017344)”?, and downstream analysis was performed in
Seurat v4.1.1 (SEURAT, RRID:SCR_007322)". Cells with fewer than 200
or more than 6000 features, or with >15% mitochondrial content, were
excluded. Genes expressed in fewer than 3 cells were also removed,
and data were log-normalized. Post-filtering, 9694 BPTF"" cells and
4837 BPTFXC cells were retained. Principal component analysis (PCA)
was performed using the top 2000 variable genes to determine sig-
nificant components for clustering. Shared nearest neighbor graphs
were constructed using the first 10 principal components, with a
clustering resolution of 0.3. Epithelial cells were defined by expression
of Epcam, Krt8, Krt18, Krt5, and Krt14 (cluster average expression > 2).
Re-clustering epithelial populations with 10 dimensions at a resolution
of 0.5 yielded 6952 BPTF"T cells and 3515 BPTFX® cells. Fibroblast
populations from nulliparous or post-lactation involution mice were
identified based on lack of Epcam (epithelial), Pecaml (endothelial),
and Ptprc (immune) expression and positive expression of Sparc™.
Cells were classified into three major states according to previously
defined marker genes. Population abundance differences between
conditions were quantified using the Propeller function from the
Speckle package®, with no statistically significant changes observed
between BPTF"T and BPTF*° clusters. DEGs defining each cluster were
identified using known cell type markers and the FindAllMarkers()
function in Seurat, which applies the Wilcoxon Rank Sum test. Cell
cycle scoring was performed using CellCycleScoring() with default
Seurat gene lists. Cluster dendrograms were generated using Build-
ClusterTree(), and visualization of differential gene expression was
performed using FeaturePlot(), VInPlot(), and DotPlot() functions. Glo-
bal analysis of DEGs was conducted using Gene Set Enrichment Ana-
lysis (RRID:SCR_003199)".

Immunofluorescence (IF) and image analysis

Paraffin-embedded sections of mammary gland/tumor, lung, and liver
were first deparaffinized using xylene (Sigma, Cat# 534056) and sub-
sequently rehydrated. Antigen retrieval was then carried out in Trilogy
solution (Cell Marque, Cat# 920P-10). Following this step, depar-
affinized tissue slides or whole tissue samples were rinsed briefly (for

1min) in 1x PBS and incubated in blocking buffer (10 mM Tris-HCI, pH
7.4;100 mM MgCl,; 0.5% Tween-20; 10% FBS; 5% goat serum) for 4 hin
a humidified chamber. Samples were then incubated overnight (16 h,
4 °C) with directly conjugated primary antibodies diluted in the same
blocking buffer. After washing with PBS and blocking solution, nuclei
were counterstained with DAPI (Sigma, Cat# 10236276001) for 10 min.
Finally, slides were mounted using ProLong Glass Antifade Mountant
(Invitrogen, Cat# P36980). Imaging was performed on Zeiss LSM780
and LSM710 confocal microscopes using Zen lite Blue edition software
(ZEN Digital Imaging for Light Microscopy, RRID:SCR_013672, version
2.0.0.0). Image analysis was performed using ImageJ-Fiji (v2.16.0). To
measure nuclear enrichment of ERa, raw images were minimally pro-
cessed to enhance DAPI signal clarity by applying a despeckle filter and
removing background noise using the Subtract Background tool with a
rolling ball radius of 10 px. Nuclear regions were identified through
segmentation, using an adaptive thresholding method tailored to each
image to ensure consistent delineation of nuclear boundaries. Inte-
grated density (IntDen) values of ERa were measured within the seg-
mented nuclear regions, which were then normalized across samples
to account for inter-sample variability, using total fluorescence and a
cutoff was applied to exclude background fluorescence. For whole
tissue image processing, orthogonal projections of z-stacks were per-
formed using ImageJ-Fiji (v2.16.0). For nuclear versus non-nuclear
pSMAD enrichment quantification, nuclear pSMAD staining was iden-
tified by its overlap with DAPI signals, regardless of its overlap with the
Krt8 staining pattern. Non-nuclear pSMAD staining was defined by its
differential overlap with Krt8 signals (vs DAPI). Staining patterns were
visually assessed using orthogonal projections of each image. The
nuclear-to-cytoplasmic (Nuc/Cyto) ratio of pSMAD enrichment was
calculated by dividing the total instances of nuclear staining by the
total instances of cytoplasmic staining for each image. Box-and-
whisker plots were generated, and statistical analyses were performed
using R (v4.2).

Flow cytometry analysis

Spontaneous or transplanted mammary tumors were harvested and
digested into single cells. Surface staining and flow cytometry analysis
were conducted following the protocol previously described for
mammary gland samples”’°. Flow cytometry analysis of the tumor
samples was performed recording an average of 3-5 x 10° live cells (7-
AAD negative) per sample. For cell analysis, Dual Fortessa Il cell ana-
lyzer (BD Bioscience) or MACSQuant (Miltenyi Biotech) were utilized.
Data analysis was performed using FlowJo (BD Bioscience). To assess
spectral overlap between the chosen fluorophores, we used single
color cell controls.

Tissue array IHC

Tissue microarray was originally purchase from purchased from US
Biomax (current TissueArray.com). Breast cancer tissue array
(BCO81120e) and Normal breast tissue array (BNO8013s) were stained
with anti-BPTF antibody (1:200 dilution). IHC staining and slide scan-
ning was performed by CSHL Histology core. IHC stained tissue array
slides were scanned, and the quantification was performed using NIH
ImageJ software. The analysis was based on the integrated density of
the DAB channel, with background value subtracted. Graphs were
generated using GraphPad Prism software.

Cell lines and cell culture

MCF-7, Hs578T, MCF7-TAMR®, 4T1 and 293FT cell lines were cultured
in DMEM (Gibco cat# 11995073) medium supplemented with 10% FBS
(Corning, cat# 35-010-CV) and 1% Penicillin-Streptomycin (Gibco,
cat# 15140122). HCC-1143 cell line was cultured in RPMI (Gibco cat#
61870127) medium supplemented with 10% FBS (Corning, cat# 35-
010-CV) and 1% Penicillin-Streptomycin (Gibco, cat# 15140122). All
cell lines were kept at 37 °C in a humidified incubator with 5% CO,.
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Cell lines were mycoplasma negative, and validated by the CSHL cell
culture facility.

S-AU-1 treatment

The mammary gland tumor organoids were cultured in Essential media
for 6 days. Subsequently, they were treated with S-AU-1 (5uM) or a
vehicle control, Dimethylsulfoxide (DMSO) (ATCC). MCF-7 cells were
seeded at a density of 6.0 x10* cells/mL in 6-well plates using DMEM
medium supplemented with 10% FBS and 1% Penicillin-Streptomycin.
HCC-1143 cells were seeded at a density of 6.0 x 10* cells/mL in 6-well
plates using RPMI medium supplemented with 10% FBS and 1%
Penicillin-Streptomycin. After overnight attachment, the cells were
treated with either S-AU-1 (5 uM) or DMSO. The medium containing S-
AU-1 or DMSO was refreshed every 12 h over a total period of 72 h.
4T1 cells were seeded at a density of 1.0 x10° cells in 2 mL of DMEM
supplemented with 10% FBS and 1% Penicillin-Streptomycin in 6-well
plates. The cells were allowed to attach overnight and either DMSO or
S-AU-1 (5 uM) was added. Medium was refreshed with DMSO or S-AU-1
every 12 h over a total period of 48 h.

Plasmid construction, sgRNA cloning and Lentiviral
transduction

Human BPTF sgRNA (CGGTGTCAGAATTGGTACCA), and human
RPA3 sgRNA (CCGGCGTTGATGCGCGACCT)*® were sub-cloned into an
all-in-one doxycycline inducible lentiviral vector LentiCRISPR v2
(TLCV2, Addgene, cat#87360). DNA oligos of the sgRNAs were cloned
into backbones using a BsmBl restriction site. Lentivirus was produced
in 293FT cells by transfecting plasmids with helper plasmids VSVG
(Addgene Cat# 14888) and psPAX2 (Addgene, Cat#12260) using
polyethylenimine (PEI 25000, Sigma Cat# 764582-1G) as previously
described”. For lentivirus infection, target cells were mixed with the
virus and 4 pg/mL polybrene (Santa Cruz Biotechnology Cat# sc-
134220), then centrifuged at 2500 rpm for 25min in 6-well plates.
Medium was exchanged at 24 h after infection, and then 1 ug/mL pur-
omycin (Invivogen Cat# ant-pr-1) was added for selection at 48 h after
infection.

Competition-based assay to measure cell growth defects caused
by sgRNAs

Puromycin-selected cells were combined with parental cells in a 1:1
ratio, and then cultured with Doxycycline (DOX, Fisher Scientific, Cat#
NCO0424034) (1 ug/mL) to induce the expression of Cas9 and EGFP. The
percentage of cells positive for the specific sgRNA (identified by EGFP
positivity) was monitored over a time course using a MACSQuant 10
(Miltenyi Biotec). To evaluate the effect of individual sgRNAs on cel-
lular proliferation, the GFP% at each time point was normalized to the
GFP% at the initial time point, allowing for a comparison of the
reduction in sgRNA-positive cell populations.

Magic red caspase 3/7 activity assay/live dead violet

Human breast cancer cell lines, expressing TLCV2 with no sgRNA
(referred to as Empty Vector) or a sgRNA targeting BPTF*¢, were plated
into 6-well plates at 3.0 x10* cells/mL (2mL cell solution per well).
HCC-1143 cells were seeded in 6 wells at 3.0 x 10* cells/mL (1 mL cell
solution per mL). After overnight attachment, the MCF7 TAM® cells
were treated with 1puM 4-OHT (Sigma cat# H7904), 1 ug/mL DOX or
both for 5 days. HCC-1143 cells were treated for 10 days under similar
conditions. TNBC breast cancer organoids were grown as indicated
below. Human breast cancer tumor organoid lines, NH85, DS126,
NH48, and NH53 were treated for 72h with DMSO, S-AU-1 (5uM),
4-OHT or S-AU-1 (5uM), and 4-OHT (1uM) for 72 h. Magic Red
(Immunochemistry technologies Cat# 936) and Live dead violet
(Thermo Scientific Cat# L34964) staining followed manufacturers
protocol. Flow cytometry was performed on a MACSQuant 10 (Milte-
nyi Biotech) and analyzed on FlowJo v10. Magic Red and Live dead

violet staining followed manufacturers protocol. Flow cytometry was
performed on a MACSQuant 10 (Miltenyi Biotech) and analyzed on
FlowJo v10.

ATAC-seq library preparation and analysis

Nuclei from MCF-7 cells were isolated using a hypotonic lysis buffer
and treated with Tn5 transposase (Nextera DNA Sample Preparation
Kit, lllumina, Cat# FC-121-1031) to generate ATAC-seq libraries. Two
biological replicates were prepared for each experimental condition.
Libraries were barcoded and amplified following established
protocols’™, pooled, and sequenced on an Illumina NextSeq500 plat-
form (76 bp, single-end mode). Sequencing reads were aligned to the
human hg38 reference genome using Bowtie2 (RRID:SCR_016368)"°,
and alignment files from biological replicates were combined. Enri-
ched regions were identified using MACS2 (RRID:SCR_013291)*° with
parameters set to a tag size of 25 bp and a g value threshold of 1.0e-2.
Peaks were annotated relative to the hg38 genome with HOMER
(RRID:SCR_010881)*, and classified as promoter, intergenic, or genic
(including S’'UTR, exons, introns, transcription termination sites, 3’
UTR, ncRNA, miRNA, snoRNA, and rRNA). Overlap of genomic intervals
was assessed using the UCSC Genome Browser (RRID:SCR_005780)%
in combination with the BEDTools intersect function
(RRID:SCR_006646)%; any base-pair overlap was considered shared,
while non-overlapping regions were categorized as condition-specific.
Venn diagrams were generated using the online tool available at
https://www.meta-chart.com/venn. For estrogen response element
(ERE) analysis, publicly available ER ChIP-seq datasets (ChIP-Atlas:
ERX008575, ERX008617; ENCODE Project: ENCSR560BUE) were
intersected with ATAC-seq peaks, and ERE signal intensities were
compared across experimental conditions.

Bulk RNA-seq library preparation and analysis

Nuclei were isolated from MCF-7 cells treated with DMSO or S-AU-1
(5 uM) and homogenized in TRIzol LS (Thermo Fisher Scientific, Cat#
10296010) for RNA extraction. Double-stranded cDNA synthesis and
lllumina library preparation were performed using the Ovation RNA-
seq System V2 (Nugen Technologies, Cat# 7102-32), followed by library
construction with the Ovation Ultralow DR Multiplex System (Nugen
Technologies, Cat# 0331-32). Each library (n=2 biological replicates
per condition) was barcoded with Illumina TruSeq adapters to enable
multiplexing and sequenced on an Illumina NextSeq500 with 76 bp
single-end reads. Data quality control and preprocessing were per-
formed using FastQC (RRID:SCR 014583)** and Trimmomatic
(RRID:SCR_011848)% for sequence trimming. Reads were aligned to the
reference genome using STAR (RRID:SCR_004463)*¢, and gene-level
read assignment was conducted with  FeatureCounts
(RRID:SCR_012919)¥. Differential gene expression analysis across
multiple conditions and replicates was performed using DESeq2
(RRID:SCR_000154) replicates®. Genes with p < 0.05 were considered
statistically significant.

Mouse tumor organoid culture

Primary mammary tumors (experimental end point, -2cm) were
minced and subjected to a digestion process using 20 mL of AdDF + ++
medium (Advanced DMEM/F12 Thermo Scientific, Cat# 12634028,
5mM GlutaMax Thermo Scientific Cat# 35050061, 5mM HEPES
Thermo Scientific, Cat# 15630080, 1% Penicillin/Streptomycin Thermo
Fisher Scientific, Cat# 15140122) supplemented with 1mg/mL Col-
lagenase type IV (Sigma, Cat# C5138) for approximately 40 min at a
37 °C shaker. The fully digested solution was passed through a 100 um
cell strainer (Falcon, Cat# 352360) to obtain a strained solution. The
strained solution was washed with 10 mL of AdDF +++ medium and
then pulse centrifuged three times at 500 g to enrich for mammary
tumor organoids. The organoids were manually counted, and they
were plated at a density of approximately 2 organoids per ul in Matrigel
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(Corning, Cat# 354230) or Collagen I (Corning, Cat# 354236). Each well
was seeded with approximately 100 tumor organoids. After poly-
merization at 37 °C for 30 min, 600 pl of organoid culture medium
(AdDF+++, 1X ITS-G) (Thermo Fisher Scientific, Cat#41400045), 2.5 nM
recombinant murine FGF-basic (PeproTech, Cat#450-33) was added to
each well. The organoids were then cultured at 37 °C in a humidified
incubator with 5% CO,.

TGF-f1 ELISA

To prepare tumor lysates for TGF-B1 ELISA assay (Invitrogen, Cat#
BMS608-4), mammary tumors from BPTF¥" and BPTF¥® were digested
to single cells and centrifuged for 5 min at 500 x g. Tumor cell pellets
was resuspended in 10 mL of RIPA Lysis Buffer (Santa Cruz Bio-
technology, Cat# sc-24948) and incubated on ice for 30 min. The
lysates were centrifuged for 5min at 500 x g. Supernatant was pre-
pared for the assay according to manufacturer’s protocol. To prepare
cell media for TGF-B1 ELISA, BPTF*" and BPTF*° mammary tumor
organoids were cultured for 6 days. Media was then replaced with 1 mL
of fresh media and incubated for 48 h before harvesting and cen-
trifuging for 5min at 500 x g. Cell media was prepared for the assay
according to manufacturer’s protocol. Tumor lysates and cell media,
for each sample, were assayed in duplicate and reported as an average.
Colorimetric readouts were obtained using a Perkin Elmer Enspire
multimode plate reader.

gqPCR analysis

Organoid cultures were first washed with 0.5 mL of PBS, followed by
the addition of 0.5mL of Trizol directly into each well containing
organoids in Matrigel. Trizol was pipetted up and down until the
organoids were no longer visible (approximately 10 times). Cell lines
were washed with 1mL PBS and followed by the addition of 1 mL of
Trizol. RNA extraction was then performed using Phenol Chloroform.
Subsequently, cDNA synthesis was carried out using the SuperScript
IV™ kit (Thermo Fisher Scientific, Cat# 18091050). RT-qPCR was per-
formed using a Quantstudio 6 instrument with SYBR Green Master mix
(Applied Biosystems, Cat# 4368577). Each gene was quantified in at
least duplicate. The relative gene expression was calculated using the
delta-delta CT method, where the expression levels were normalized
to the housekeeping gene, B-actin mRNA. Graphs were generated
using GraphPad software. Primer sequences are provided on Supple-
mentary Information File.

Patient-derived TNBC breast cancer organoids

Patient-derived breast organoid cultures were established by Dr. David
Spector’s group and maintained in Matrigel (Corning, Cat# 354230)
domes. Organoids were cultured in medium supplemented with 10%
R-Spondinl conditioned medium, 5 nM Neuregulin 1 (Peprotech, 100-
03), 5ng/mL FGF7 (Peprotech, 100-19), 20 ng/mL FGF10 (Peprotech,
100-26), S5ng/mL EGF (Peprotech, AF-100-15), 100 ng/mL Noggin
(Peprotech, 120-10 C), 500 nM A83-01 (Tocris, 2939), 5uM Y-27632
(Abmole, Y-27632), 500nM SB202190 (Sigma, S7067), 1x
B27 supplement (Gibco, 17504-44), 1.25 mM N-acetylcysteine (Sigma,
A9165), 5mM nicotinamide (Sigma, N0636), and 50 pg/mL Primocin
(Invitrogen, ant-pm-1) in ADF+++ media. Fresh organoid culture
medium was added every 3 days, and organoids were passaged every
3-5 days to prevent over-confluency.

Western blot

Organoid samples were lysed in 1x Laemmli buffer (Bio-Rad, Cat#
1610747) and resolved by electrophoresis on in-house prepared 10%
SDS-PAGE gels. Proteins were transferred to PVDF membranes (Bio-
Rad, Cat# 162-0177) using a wet-transfer system. Membranes were
blocked in 1% BSA and incubated overnight at 4 °C with primary anti-
bodies diluted in blocking buffer, followed by a 40 min incubation with
HRP-conjugated secondary antibodies. Chemiluminescent detection

was performed using Luminata Crescendo Western HRP substrate
(Millipore, Cat# WBLURO0100), and signals were visualized on auto-
radiography film (Lab Scientific, Cat# XARALF2025). Films were digi-
tized using an Epson Perfection 2450 photo scanner.

Organoid treatment

Established BPTF*" and BPTF*° mammary tumor organoids were
grown for 6 days with organoid media, then treated with the following
conditions: TGF-B1 treatment: On day 6 of culture, mammary tumor
organoids were treated with TGF-fl1 (2ng/mL, BiolLegend, cat#
763102), or control condition, for 48 h. Bright-field images of treated
and untreated organoids were captured to compare morphology and
cell protrusions. TAM treatment. On day 6 of culture, mammary tumor
organoids were treated with 4-OHT (1uM, Sigma-Aldrich, cat# H7904)
or vehicle control (EtOH) for 10 days. Brightfield images were captured
to compare morphology and organoids size quantification. 17--
Estradiol treatment. On day 6, mammary tumor organoids were cul-
tured without FGF-2 for 24 h. Organoids were then treated with
66.6 ng/mL 17-B-Estradiol (Sigma #E275), or 2.5nM FGF-2, for 48h.
Bright-field images were captured to compare organoid size.

Mouse organoid culture on collagen

Primary mammary tumors from TAM treated BPTF"" and BPTFX©
female mice (experimental end point, -2 cm) were cultured on 50 pl
collagen I (Corning cat# 354236) coated domes. On day 6 of culture,
the organoids were subjected to treatment with TGF-f1 (2 ng/mL,
BioLegend, cat# 763102), or IL-1f (10 ng/mL, BioLegend, cat# 575102),
or TNFa (20 ng/mL, BiolLegend, cat# 575202) for 48 h. Bright-field
images of treated and untreated organoids were captured to compare
morphology and cell protrusions.

Transwell invasion assay

Transwell inserts for 24-well plate (pore size 8 um, Corning, cat#
CLS3464) were coated with 75l of diluted growth factor reduced
Matrigel (1:12 dilution with DMEM for 4Tl cells, 1:7 dilution with
AdDF + ++ for MMTV-PyMT mammary tumor organoids) and allowed
to polymerize at 37 °C for 1 h. 4T1 cells, treated with either DMSO or S-
AU-1(5uM) for 48 h, were seeded at a density of 1x 10° cells per well in
0.5mL of serum-free DMEM supplemented with 1% Penicillin-
Streptomycin in the upper chamber of a Transwell insert. 0.5mL
DMEM supplemented with 10% FBS and 1% Penicillin Streptomycin was
added to the lower chamber. For cells derived from organoids, 5 x 10°
cells in 0.5 mL of organoid culture medium were added to the upper
chamber. In the lower chamber, 0.75 mL of organoid culture medium
containing 5% FBS was added. The cells were allowed to migrate along
the serum gradient for 24 h. Cells were then fixed with cold methanol
and stained with 1% crystal violet. Wells were then washed three times
with distilled water and cells remain in upper chamber were removed
with a cotton applicator. Images of 5 regions of interest on each insert
membrane were acquired on a Leica microscope equipped with a
camera (need to add microscope and camera details) using the 10x
objective. Migrated cells were counted manually.

3D Matrigel drop invasion assay

BPTF"T and BPTF*° mammary tumor organoids were harvested and
digested into single cells. The cell number and viability were assessed
using trypan blue staining. The cells were then resuspended in cold
organoid culture medium to a final density of 10° cells per mL and
mixed in a 1:1 ratio with neutralized Collagen I (3 mg/mL) onice. A10 pL
droplet of the cell mixture, containing approximately 5000 cells, was
placed in the center of each well in a 24-well plate, forming a drop-like
shape. The Collagen I drop was allowed to solidify at 37 °C in a humi-
dified incubator with 5% CO, for 30 min. After solidification, 0.5 mL of
organoid culture medium containing 5% FBS was added to each well.
Phase-contrast images were captured to evaluate the invasion and
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migration capabilities of the cells. Subsequently, the cell-collagen
drops were fixed with 4% PFA and stained with 1% crystal violet, fol-
lowed by washing with PBS. The area occupied by spreading cells was
quantified using NIH Image) software.

Wholemount immunofluorescence (IF) of mammary tumor
organoids

To prepare organoids for IF staining and imaging, cultures were dis-
associated with 500 uL of Matrigel Melting Solution (Cold Spring
Harbor Laboratory Organoid Core) for 30 min at 4 °C followed by
centrifugation at 500 xg in a 1% BSA (diluted in 1x PBS, Gibco cat
#A10008-01) coated 15mL conical tube. The supernatant was
removed, and the organoid pellet was resuspended in 4% Paraf-
ormaldehyde (diluted in 1x PBS, Electron Microscopy Sciences, cat#
15711) for 1h at room temperature. Fixed organoids were incubated
with 1 mL of permeabilization (0.5% Triton X-100, Sigma cat# 93443 in
1x PBS) and incubated at room temperature for 30 min. Following a
5min 500 x g spin, the fixed and permeabilized organoids were washed
with PBST (0.1% Tween-20 solution, MP, cat# 9005-64-5 in 1X PBS) and
incubated with 500 pL of blocking buffer (IX PBS 300 mM Glycine,
Fischer-Scientific, cat# G45-212; 10 mg/mL BSA, Sigma cat# A2153; 5%
Goat serum, Abcam cat# ab7481) at room temperature for 1 h. Blocked
organoids were then stained overnight in blocking buffer containing
indicated concentrations of indicated antibodies with constant agita-
tion. Stained organoids were washed with 1x PBST and centrifuged for
5Smin at 500 x g 3 times. All supernatant was removed, and 1 drop of
Prolong™ Glass Antifade Mountant (Invitrogen cat #P36982) was added
to the organoids followed by mounting on a glass slide with a coverslip
before curing overnight in the dark at room temperature. Imaging was
acquired on a Zeiss 710 or 780 Confocal Microscope.

NOD/SCID mammary fatpad transplantation

Mammary tumors (-2 cm in diameter) harvested from MMTV-PyMT
Bptf"" (non-TAM treated) female mice’, and enriched mammary
tumor epithelial cells via depletion (Ter119, CD31, CD34, and CD45) of
blood cells, endothelial cells, fibroblasts, and immune cells. 5x10°
tumor epithelial cells were transplanted into the mammary gland fat-
pad of nulliparous NOD/SCID female mice. Transplanted mice (day 7
post-transplant) were treated with intraperitoneal injections of sun-
flower oil (BPTF"") or TAM (BPTF*°) 3 doses every other day. Tumor
size was tracked beginning at the appearance of a palpable lesion up to
45 days. Volumes of tumors were determined by measuring each
tumors length and width using a 6” digital caliper (Pittsburg, cat#
BOOCMSYYKO).

C57BL/6 mammary fatpad transplantation and tamoxifen
administration

Mammary tumors (-2 cm in diameter) harvested from MMTV-PyMT
Bptf"" (non-TAM treated) female mice”, and enriched mammary
tumor epithelial cells via depletion (Ter119, CD31, CD34, and CD45) of
blood cells, endothelial cells and fibroblasts. 5x 10° tumor epithelial
cells were transplanted into the mammary gland fatpad of nulliparous
C57BL/6 female mice. Starting from day 7 post-transplantation, the
mice received daily intraperitoneal TAM injections of 100 pg/day until
they were euthanized. Tumor size was tracked from day 21 post-
transplantation. Volumes of tumors were determined by measuring
each tumors length and width using a 6” digital caliper (Pittsburg, cat#
BOOCMS8YYKO).

Tail vein injection of tumor organoids

MMTV-PyMT mammary tumor organoids were harvested and digested
into single cells and cell clusters. For each genotype, a 1:1 mixture of
cells from two different mice was used. Approximately 1x10° tumor
epithelial cells in 100 pl of PBS were injected into each mouse via tail-
vein injection. Lungs from these mice were collected five weeks from

the date of injection and examined for tumor metastases. The left
lungs were homogenized in Trizol, and RNA was extracted to assess
PyMT expression using qPCR. The right lungs were fixed in 4% PFA for
histological analysis.

4T1 orthotopic injection and tumor measurement

4T1 cells, pre-treated with DMSO or S-AU-1 (SuM)® for 48h, were
resuspended with 50% growth factor reduced Matrigel solution and
injected in each inguinal mammary fat pad of 10-week-old nulliparous
Balb/c female mice (5 x 10* cells per injection). Once palpable tumors
were detected, tumor volumes were calculated by measuring the
length and width of tumors twice a week using a 6” digital caliper
(Pittsburg, cat# BOOCMS8YYKO). Mice were euthanized when tumors
reached -2 cm (humane endpoint).

BPTF inhibitor BI-7190 treatment

For oral gavage, either BI-7190 (BPTF inhibitor, Boehringer Ingelheim)
or BI-4827 (Control compound, Boehringer Ingelheim) were dissolved
into 0.5% Hydroxyethyl-cellulose (Sigma Cat# 09368-100 G) via soni-
cation to a final concentration of 4.5 mg/mL. BPTF'T MMTV-PyMT
mice (-10 weeks old, without palpable tumor) were treated with BPTF
inhibitor or Control compound 3 times a week (30 mg/kg in 100 pl per
dose, via gavage). Tumor growth was monitored twice a week, and
animals were euthanized when tumor reached experimental end
point (-2cm).

Statistical analysis

Statistical analysis and graphs were generated using the GraphPad
Prism software (GraphPad Software Inc, San Diego, CA). For all statis-
tical analysis, error bars indicate standard error of mean across sam-
ples of the same experimental group. Nonparametric unpaired t tests,
Log-rank (Mantel-Cox) tests, and Welch'’s t-test were used as indicated
on figure legend. Samples (n) represent number of individual mice or
number independent biological replicates. Raw data and p values are
provided as a Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

scRNA-seq, ATAC-seq, and RNA-seq, datasets were deposited into
BioProject database under number PRJINA973067, as bellow indicated.
All sequencing data is publicly available. All accession numbers are
listed on Supplementary Table 2. This manuscript does not report
original code. Source data are provided with this paper.
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