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ABSTRACT

Tissue stem-progenitor cell frequency has been implicated in tumor risk and progression. Tissue-
specific factors linking stem-progenitor cell frequency to cancer risk and progression remain ill
defined. Using a genetically engineered mouse model that promotes integrin mechanosignaling
with syngeneic manipulations, spheroid models, and patient-derived xenografts we determined
that a stiff extracellular matrix and high integrin mechanosignaling increase stem-progenitor cell
frequency to enhance breast tumor risk and progression. Studies revealed that high integrin-
mechanosignaling expands breast epithelial stem-progenitor cell number by potentiating
progesterone receptor-dependent RANK signaling. Consistently, we observed that the stiff breast
tissue from women with high mammographic density, who exhibit an increased lifetime risk for
breast cancer, also have elevated RANK signaling and a high frequency of stem-progenitor
epithelial cells. The findings link tissue fibrosis and integrin mechanosignaling to stem-progenitor
cell frequency and causally implicate hormone signaling in this phenotype. Accordingly, inhibiting
RANK signaling could temper the tumor promoting impact of fibrosis on breast cancer and reduce

the elevated breast cancer risk exhibited by women with high mammographic density.
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INTRODUCTION

The frequency of stem-progenitor cells and the level of cell proliferation within a tissue
correlate with overall level of risk to malignancy=. The frequency of cancer cells with a stem-
progenitor phenotype also dictates tumor aggression and may foster metastasis and confer
treatment resistance*®. Populations of stem-progenitor cells within a tumor may reflect the
expansion of genetically modified resident stem cells or the transdifferentiation of resident tumor
cells towards a stem-progenitor-like phenotype®®. Nevertheless, what tissue-specific factors
regulate stem-progenitor cell frequency in normal and malignant tissues remains poorly
understood.

The extracellular matrix (ECM) influences tissue development and homeostasis®!t. ECM
properties also regulate the stem cell niche and its stiffness modulates stem cell growth, survival
and tissue-specific differentiation?15. Consistently, the ECM is altered in tumors and the most
aggressive tumors, which are usually metastatic and harbor the highest frequency of stem-
progenitor cells, are often the most fibrotic and have the stiffest stroma with the greatest amount
of cross-linked fibrillar collagen®-°. Indeed, a stiff ECM promotes the epithelial-to-mesenchymal
transition (EMT) of epithelial cells, and tumor cells that have undergone an EMT are enriched for
the expression of stem-progenitor markers and exhibit stem-progenitor-like phenotypes?®-22,
Although it remains unclear how, these findings do suggest that the stiffness of the tissue ECM
could modulate the number of stem-progenitor cells.

A stiff ECM modifies cell and tissue behavior, in part, by regulating the context of cellular
signaling to influence gene expression®t1.23, Specifically, a stiff ECM fosters the assembly of
integrin focal adhesions which potentiate growth factor dependent ERK and phosphatidylinositol

3-kinase (PI3K) signaling®*?8. ECM stiffness also amplifies cytokine-stimulated G-Protein-
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Coupled Receptor (GPCR) activity!4192%-31 permits morphogen-induced Notch and Wnt
activation'41526 and facilitates B-catenin signaling®?. Thus, we speculated that a stiff ECM stroma
could expand tissue-resident stem-progenitor frequency and fate by altering the context of cell
signaling to modify gene expression. To test this theory, we opted to study the mammary gland.
The mammary gland is a unique tissue that undergoes development in the adult organism where
the growth, survival, invasion and differentiation of the mammary epithelium and stem-progenitor
cells are tightly regulated by a circuit of hormones including estrogens, progesterone and prolactin.
Progesterone in particular has been implicated in regulating the expansion of the stem-progenitor
epithelial pool in the breast33-%®. Progesterone supplementation has also been linked to increased
breast cancer risk in postmenopausal women3-4°, and has been causally linked to breast tumor
progression and aggression in experimental models*:#4. Indeed, estrogen, both stimulates
progesterone expression and regulates mammographic density (MD), with high MD conferring an
elevated lifetime risk of breast cancer 4>-47. Moreover, high MD breast stroma is significantly stiffer
than the low MD breast stroma*4°,

This led us to hypothesize that a stiff ECM regulates progesterone activity to expand the
pool of mammary epithelial progenitors in both normal tissue and in fibrotic stiff breast tumors.
We used transgenic, orthotopic and patient derived models of breast cancer in combination with
organoid and spheroid models to test this theory. Our studies revealed that a stiff ECM and elevated
integrin mechanosignaling potentiate progesterone-induced RANK signaling to expand the pool
of mammary epithelial stem-progenitors in both normal tissue and in highly fibrotic breast tumors.
The findings suggest targeting RANK signaling might reduce breast cancer risk in women with

high MD and have potential therapeutic implications in patients with highly fibrotic breast cancers.
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RESULTS
Integrin mechanosignaling promotes metastasis by inducing a mesenchymal phenotype

Tissue fibrosis is a feature of breast cancers that associates with tumor aggression. Fibrotic
tumors have increased levels of cross-linked ECM that stiffen the stroma and elevate tumor cell
integrin mechanosignaling®¢-18%0, A stiff ECM promotes the expression of mesenchymal-
associated genes and drives the mesenchymal-like invasive phenotype of tumor cells in culture
and the metastatic behavior of tumors in vivo 2>2651-53 |n a cohort of 167 breast cancer patients
with basal-like tumors, those with upregulation of integrin/EMT related genes were significantly
more likely to fail to undergo a complete pathologic response (pCR) after neoadjuvant
chemotherapy as compared to those without upregulation of these genes (Fig. 1a)%. To investigate
whether a causal role exists between ECM stiffness, integrin-mechanosignaling and tumor
aggression we engineered mice to conditionally express a mutant human B1 integrin (V737N) that
promotes focal adhesion assembly and signaling independent of substrate stiffness. V737N-B1
integrin transgene expression was targeted to mammary epithelial cells (MECs) using MMTV-Cre
(MMTV-Cre/B1-V737N"-; «“y737N”) (Extended Data Fig. 1a)?®. We confirmed V737N-B1
expression within the mammary epithelium and noted its preferential enrichment in the basal
compartment using flow activated cell sorting (FACS) and immunofluorescence staining to
monitor EGFP levels that were coupled to the transgene using an IRES element (Extended Data
Fig. 1b,c). We then crossed the MMTV-Cre/B1-V737N™- mice with MMTV-Neu mice to generate
Neu-induced tumors with (MMTV-Neu* /MMTV-Cre*"/B1-V737N"- or “V737NNev) and
without (MMTV-Neu*/MMTV-Cre”/B1-V737N™ or “Neu”) V737N-pl (Fig. 1b). After
demonstrating that the V737NNe mice maintained robust expression of the mutant B1 integrin in

their mammary epithelium (confirmed using a human specific antibody to 1 integrin; Extended
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Data Fig. 1d) we monitored the mice for tumor latency, phenotype and metastasis as compared to
age-matched Neu mice. Immunofluorescence staining revealed that phospho-ERK, phospho-AKT
substrates, phospho-FAK (Y397) and active B1 integrin were increased in the V737NNeU tumors,
demonstrating that V737N-B1 expression successfully elevated integrin mechanosignaling
(Extended Data Fig. 1e-h)%. Tumor latency was not appreciably different between the Neu and
V737NNt mice (Extended Data Fig. 1i). We also failed to observe any changes in the rate of tumor
outgrowth which was confirmed by our inability to detect any alterations in phospho-Histone-H3
staining by immunofluorescence between Neu and V737NNeU mice (Extended Data Fig. 1j,K).
Furthermore, tumor cell viability was unchanged as indicated by similar levels of cleaved-caspase
3 in the two experimental groups (Extended Data Fig. 11). Nevertheless, and importantly, lung
metastasis was profoundly increased in the V737NNeU mice (60% V737NNeU vs, 10% Neu;
Extended Data Fig. 1m) with a 7-fold increase in the average number of lung lesions per animal
(Fig. 1c). Lung lesions in V737NNeY mice were also significantly larger than those in Neu mice
(Fig. 1d). These findings suggest there were likely qualitative differences in the nature of the
tumors that developed in the V737NNe mice as compared to the Neu mice.

We next examined the histological phenotype of the tumors formed in Neu and V737NNev
mice. A higher proportion of tumors in the V737NNeU mice developed dense, highly packed tumors
lacking luminal space, and displayed striking nuclear morphologies with increased nuclear
pleomorphism and conspicuous mitotic activity, both components of pathologic grade, compared
to the control Neu mice (5 of 8 versus 2 of 7 respectively; Extended Data Table 1). Consistently,
V737NNeY tumors expressed significantly higher transcript levels for several mesenchymal genes
including Snail, Snai2, Fnl, and Vim as compared to Neu controls (Fig. 1le-h).

Immunohistochemistry (IHC) and immunofluorescence for the luminal epithelial markers E-
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cadherin and ERa demonstrated decreased protein expression (Fig. 1i,j) that aligned with
quantitative reverse transcriptase-PCR (gQRT-PCR) analysis of their corresponding mRNAs
(Extended Data Fig. 1n,0). Perhaps most intriguingly, there was an almost two-fold increase in the
number of tumors per animal (tumor multiplicity) in the V737NN®" mice, suggesting elevated
mechanosignaling might enhance the potential for tumor initiation (Fig. 1k). The data indicate that
increased integrin-mechanosignaling could cultivate a mesenchymal-like cell phenotype that
enhances the ability of mammary tumor cells to metastasize and that might additionally foster
tumor initiation.

A stiff, fibrotic ECM increases integrin activity and focal adhesion assembly to enhance
mechanosignaling. Indeed, ECM-related gene ontology terms were among the top hits upregulated
in the chemoresistant patient tumors from the Nuvera study (Fig. 11)>%. To test whether a fibrotic
ECM could promote breast tumor aggression and initiation by enhancing integrin signaling, we
embedded MMTV-PyMT mouse derived tumor cells into the fat pads of syngeneic mice within
collagen-1/reconstituted basement membrane hydrogels (Coll/rBM) with and without L-ribose
meditated crosslinking to generate a “STIFF” (~1700 Pascals) and a “SOFT” (~600 Pascals) ECM
stroma, respectively (Fig. 1m)?>%. Immunofluorescence staining for phospho-ERK, phospho-
FAK and active 1 integrin demonstrated increased mechanosignaling in the tumor cells implanted
within the STIFF ECM stroma, likely accounting for their modestly increased rate of growth (Fig.
1n,0 and Extended Data Fig. 2a,b). In agreement with results from the V737NNeU mice, the PyMT
tumors in the STIFF ECM stroma gave rise to a higher frequency and larger lung metastasis (Fig.
1p,q and Extended Data Fig. 2c). gqRT-PCR analysis confirmed that the PyMT tumors that
developed within the STIFF stroma expressed higher levels of mesenchymal genes including

Snai2, Zebl and Krt5 and lower levels of epithelial markers such as Cdhl (Fig. 1r,s and Extended
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Data Fig. 2d,e). Importantly, the PyMT tumor cells harvested from the STIFF ECM stroma
demonstrated a greater tumor initiating potential as assessed by limiting dilution tumorigenesis
assays when compared to the potential of tumor cells isolated from the SOFT ECM stroma (Fig.
1t and Extended Data Fig. 2f). FACS analysis of tumor cells isolated from the SOFT and STIFF
ECM stroma revealed there was an increased frequency of a CD24*CD49M"CD61" pool of tumor
initiating cells in the tumors that developed within the STIFF ECM stroma (Fig. 1u). The data
extend and reinforce prior observations that a stiff, fibrotic ECM and elevated 1 integrin mediate
mechanotransduction that induces a mesenchymal phenotypic shift in tumor cells that potentiates
tumor initiation and aggression and that drives metastases.
Tissue tension enhances tumor initiation and metastasis by increasing the number of human
patient-derived tumor cells with a mesenchymal, progenitor-like phenotype

Human breast cancer progression and aggression associate with the presence of oriented,
thick and stiffened extracellular collagens, particularly surrounding developing lesions and at the
invasive front of the tumor!®1”:56 Consistently, atomic force microscopy (AFM) confirmed a
significant correlation between the stiff ECM stroma at the invasive front of HER2-positive human
breast tumor tissue and high intensity immunofluorescence staining for active p1 integrin (Fig.
2a). We therefore examined whether a causal relationship exists between a stiffened stroma and
human breast cancer aggression, and if this was mediated through elevated integrin-
mechanosignaling. We implanted three independent HER2-positive breast cancer patient derived
xenografts (PDXs) embedded within either a SOFT or a STIFF Col1/rBM ECM stroma into the
mammary fat pads of host mice and monitored for impact on tumor phenotype and behavior (Fig.
2b)°7%8, Immunofluorescence for phospho-ERK, phospho-FAK and active B1 integrin verified that

a STIFF ECM stroma enhanced mechanosignaling in the cells of these human tumors relative to
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that observed in the tumor cells embedded within the SOFT ECM stroma (Fig. 2¢,d and Extended
Data Fig. 3a). We observed a modest but consistent increase in tumor outgrowth in all three
independent HER2-positive PDX tumors (Extended Data Fig. 3b-d). The STIFF ECM stroma also
increased the frequency and size of lung metastasis in two of the three PDXs; BCM-3963 and
BCM-3143B (Fig. 2e-h and Extended Data Fig. 3e,f). Analysis of RNA-seq gene expression data
(MSig database)®*%° generated from the three independent HER2-positive PDX models revealed a
significant upregulation of genes in categories related to cell adhesion, EMT and stem/progenitor
cells in the tumors that developed in the STIFF ECM stroma (Fig. 2i). Plotting fold change versus
p-values (-log10) of the RNA-seq data illustrates several of the upregulated mesenchymal markers
from the Hallmark_Epithelial_Mesenchymal_Transition category (Fig. 2j). PCR arrays validated
the RNA-seq expression analysis and identified several additional EMT markers whose expression
levels were increased towards that defined as a mesenchymal phenotype in the HER2-positive
PDX tumors that developed within the STIFF ECM stroma (Fig. 2k-n and Extended Data Fig. 3g-
). All three independent HER2-positive PDX tumors also demonstrated higher tumor initiation
when they were implanted within the STIFF ECM stroma (Fig. 20-q). Furthermore, FACS analysis
revealed that the tumors that developed within the STIFF ECM stroma harbored a significantly
higher proportion of CD24'°CD44" or EpCAMMCD49f" tumor initiating cells (Fig. 2r,s). These
findings provide further evidence that a stiff ECM stroma stimulates integrin-mechanosignaling
that in turn upregulates transcriptional programs that generate more mesenchymal-like tumor cells
with enhanced capacity to initiate tumors, disseminate and form metastatic lesions.
High mechanosignaling promotes stem/progenitor-like activity in mammary epithelial cells

We next explored whether elevating integrin-mechanosignaling, per se, could expand

stem-progenitor frequency in the normal mammary gland, and if so, how? We studied mammary
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gland development in 6- and 10-week-old non-tumor bearing V737N mice and compared our
findings to non-tumor bearing control mice (CTL) (Fig. 3a). Immunofluorescence staining for
human B1 integrin, phospho-ERK, phospho-FAK and phospho-p130CAS demonstrated elevated
levels in the MECs of the mice expressing the V737N B1 integrin, consistent with increased
activity of integrin-mechanosignaling in the mammary epithelium (Extended Data Fig. 4a-c)?.
Gross examination of mammary glands from 6- and 10-week-old V737N mice compared to age
matched CTL mice further revealed that the mammary glands of V737N mice were larger and
heavier (Extended Data Fig. 4d-f). Further histological examination of the mammary glands of 6-
week-old mice revealed an increase in the number and size of terminal end buds in V737N mice
(Fig. 3b). We also observed precocious primary, secondary and tertiary ductal branching in the
V737N mice at both 6- and 10-weeks of age (Fig. 3c and Extended Data Fig. 4g,h). Concordant
with these data, proliferation as assessed by immunofluorescence staining for phospho-Histone H3
was elevated in the V737N B1 integrin expressing MECs compared to CTL MECs (Extended Fig.
4i,J). Examination of H&E-stained cross-sections of the mouse mammary ducts, revealed that the
basal/myoepithelial layer of MECs was thicker in the V737N B1 integrin expressing mammary
glands (Fig. 3d). Immunofluorescence staining for lineage specific cytokeratin markers (Luminal,
K8 and Basal, K14) at both 6- and 10-weeks of age (Fig. 3e) confirmed a striking thickening of
the basal layer as revealed by an increase in cells staining positive for K14. Subsequent FACS
analysis of isolated MECs clearly demonstrated a higher proportion of basal to luminal MECs in
V737N mammary glands indicating that the basal compartment was significantly expanded (Fig.
3f). The data suggest that high integrin-mechanosignaling fosters the expansion of basal MECs in

the mammary gland.
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To determine whether the higher frequency of basal MECs reflected an increase in
progenitor abundance or if high mechanosignaling induced the transdifferentiation of MECs, we
utilized FACS to isolate luminal and basal MECs from CTL and V737N mice. Gene expression
analysis for known luminal and basal markers (Krt8, Krt18, Krt5, Krtl4 and Mucl) confirmed
efficient sorting of the two different MEC populations (Extended Data Fig. 5a-e). Further gRT-
PCR analysis revealed that the mesenchymal markers Zeb1, Zeb2, Snail and Vim were elevated in
V737N-B1 expressing basal MECs as compared to CTL MECs, while levels of the luminal marker
Cdh1 remained largely unchanged (Fig. 3g-k). Given that putative mammary stem-progenitor cells
have been proposed to reside within the basal MEC compartment, we next investigated whether
mechanosignaling enhanced the functional stem-progenitor behavior of the isolated MECs. FACS-
sorted luminal and basal MECs were subjected to colony formation assays in rBM hydrogels.
Although primary mammosphere colony efficiency was identical between the isolated CTL and
V737N luminal and basal MECs (Extended Data Fig. 6a), secondary colony formation revealed a
significant increase in mammary colony formation in the V737N basal MEC population and a
corresponding decrease in V737N luminal progenitors (Fig. 3l). Importantly, this effect was
abolished when the mammary colonies were treated with a FAK inhibitor (FAKi; PND-1186)
consistent with stem-progenitor population self-renewal being dependent upon the elevated 1
integrin mediated mechanosignaling (Fig. 31). Limiting dilution transplantation assays (LDTAS)
in which the ability of the basal (CD24*CD49f") MEC populations isolated from the CTL and
V737N B1 integrin expressing MECs to reconstitute the mammary gland was assessed by injecting
the cells into the cleared fat pads of syngeneic host mice, revealed a nearly 3-fold increase in stem-
progenitor cell frequency for the V737N MECs over the CTL MECs (Fig. 3m). To more rigorously

test whether increasing integrin-mechanosignaling enhanced stem-progenitor cell frequency we
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next used a developmental lineage tracing strategy to examine the clonal dynamics of MECs by
monitoring clonal diversity during branching morphogenesis®’. For this purpose, the basal K5
promoter was used to activate lineage tracing and V737N expression in mouse MECs (K5-
Cre/ERT2*/Brainbow2.1*-/V737N™- mice) with one low dose of Tamoxifen at puberty (3-4
weeks old). A 2-week trace displayed little differences in clonal frequency or size (number of
cells/clone) except for a slight increase observed in the frequency of multicellular clones in
V737N-B1 expressing glands that may reflect a propensity for increased proliferation (Extended
Data Fig. 6b,c). However, a significant increase in clonal frequency was observed at 16 weeks post
tamoxifen induction in the mammary glands of V737N mice as compared to CTL mice (Fig. 3n).
Moreover, CTL mammary glands showed a reduction in single cell clones concomitant with an
increase in multicellular clones. By comparison, single cell clones persisted in mammary glands
of the V737N mice suggesting their stem-progenitor potential is likely maintained over longer
periods of time (Fig. 3n).
RANKL is required for mechanosignaling induced mammary stem-progenitor cell expansion

We next investigated potential molecular mechanisms whereby elevated integrin-
mechanosignaling could expand the stem-progenitor pool of MECs. The mammary gland is a
hormonally regulated tissue whose development, differentiation and function are regulated by
estrogens, progesterone and prolactin. In particular, menstrual cycle hormone fluctuations
influence MEC proliferation and the high progesterone levels present during diestrus can promote
MEC progenitor cell expansion®32. Consistently, qRT-PCR analysis for EMT and MEC
progenitor cell associated genes of basal and luminal sorted cells isolated from the V737N mice,
synchronized to be in vaginal cytology-confirmed diestrus (Fig. 4a)®?, showed significant increases

in Smarca4, Yapl, Bmil, Wwtrl (Taz), Smarca2, Ctnnb1, Myc, and Sox9 (Fig. 4b-h) in the basal
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MECs as compared to the same cells isolated from CTL mice. By contrast, these differences were
not evident in the MECs isolated from mice in estrus (Wwtrl (Taz), Snai2, Ezh2, Bmil, Smarca2,
Smarca4, Myc, Sox9, Yapl, and Ctnnb1; Extended Data Fig. 7a-i). After confirming no significant
differences in transcript levels for the estrogen or progesterone receptors (Esrl, Pgr (A and B),
Pgr (B)) in MECs isolated from V737N and CTL mice (Extended Data Fig. 8a-c), we turned our
focus towards examining the impact of paracrine factors known to influence stem-progenitor MEC
expansion. Progesterone is one such paracrine factor that stimulates the production of RANKL
and WNT4 from luminal Progesterone Receptor (PR)-positive MECs to induce MEC proliferation
and progenitor expansion (Fig. 4i)®33463, To begin with, an ELISA assay detected higher RANKL
protein in the mammary glands excised from the V737N mice (Fig. 4j). Therefore, we further
analyzed Tnfsf11 (Rankl) and Wnt4 gene expression in basal and luminal MECs isolated from the
V737N and CTL mice. Interestingly, we observed that Tnfsf11 (Rankl) but not Wnt4 transcript
levels was expressed at significantly higher levels in V737N-B1 integrin positive luminal MECs,
while Tnfrsflla (Rank) transcript levels were slightly increased in both luminal and basal V737N
MECs (Fig. 4k,I and Extended Data Fig. 8d). Consistently, cell cycle transcriptional targets of
RANKL, namely Ccndl and Ccnd2, were upregulated in the V737N-B1 integrin expressing
luminal and basal MECs, respectively, when compared to their corresponding isolated CTL MECs
(Fig. 4m,n). These results suggest the higher frequency of stem-progenitor cells induced by
elevated MEC integrin-mechanosignaling was likely mediated through increased levels of
progesterone-stimulated RANKL.

To causally implicate RANKL in integrin-mechanosignaling induced MEC stem-
progenitor expansion, cohorts of the V737N and CTL mice were treated with a RANKL inhibitor

(RANK:Fc) over a two week period after which their MECs were collected and the basal cell
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population was isolated by FACs. The isolated basal MECs were analyzed for their stem-
progenitor phenotype by assaying for their ability to repopulate a cleared mammary fat pad using
the limited dilution transplantation assay. To begin with FACS analysis of luminal:basal MEC
ratios confirmed that RANK:Fc treatment eliminated a large proportion of the basal MEC
population in the V737N-B1 integrin expressing mammary glands (Fig. 40). Moreover, the limiting
dilution transplantation assay confirmed that RANK:Fc treatment reduced stem-progenitor
frequency in the basal mammary population isolated from V737N mice towards that demonstrated
by CTL mice (Fig. 4p). These data imply that integrin mechanosignaling increases RANKL levels
in the mammary gland in a progesterone-dependent manner and suggest that this expands the
number of stem-progenitor MECs.
Progesterone receptor activity is augmented by mechanosignaling and matrix stiffness

The progesterone receptor (PR) is phosphorylated post-translationally on several residues
to alter its activity (Figure 5A)%. ERK-mediated phosphorylation of Serine 294 (S294) is
associated with elevated PR transcriptional activity and has been implicated in the specific
upregulation of tumor associated stemness-progenitor genes®-%8, Immunofluorescence staining of
mammary gland tissue sections from V737N mice showed greater levels of nuclear PR in luminal
MECs, consistent with higher PR and RANKL-signaling (Fig. 5b). These results were confirmed
by immunoblot analysis of FACS-isolated luminal mouse MECs, which revealed there was a
marked increase in the level of phospho-ERK and phospho-PR (S294) as well as elevated nuclear
p65-NFxB levels in the luminal MECs isolated from the V737N mice as compared to those
isolated from CTL mouse mammary glands (Fig. 5c,d).

We next explored whether ECM stiffness could similarly enhance PR-dependent Rank

transcription and if this reflected enhanced PR phosphorylation at S294. We cultured PR
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expressing T47D and MCF7 breast cancer cells on soft (400 Pascals) and stiff (60 kPa) fibronectin
coated polyacrylamide gels and monitored for effects on PR phosphorylation in response to
treatment with epidermal growth factor (EGF) and the synthetic progestogen/PR-agonist
(promegestone/R5020) either in combination or as single agents. Immunoblots of whole cell
lysates isolated from T47D and MCF7 breast cancer cells revealed that a stiff ECM synergistically
enhanced the ability of EGF and R5020 to stimulate S294 phosphorylation of PR (2-fold induction;
Fig. 5e-g; Extended Data Fig. 9a-c).

To verify whether a stiff ECM could promote PR-dependent transcription of Tnfsfll
(Rankl) we isolated mammary organoids from CTL and V737N mice. We then cultured these
organoids within SOFT and STIFF Coll/rBM ECM hydrogels and assayed for PR nuclear
translocation and Tnfsf11 (Rankl) expression following treatment with EGF and R50202548:55,
Immunofluorescence staining demonstrated significantly greater nuclear translocation of PR in the
EGF/R5020-treated organoids embedded within the STIFF Coll/rBM gels as well as in V737N
organoids within the SOFT Col1/rBM gels regardless of treatment (Fig. 5h). qRT-PCR analysis
revealed that CTL organoids within the STIFF Coll/rBM gels and the V737N B1 integrin
expressing organoids within the SOFT Coll/rBM gels also expressed higher levels of Tnfsfll
(Rankl) versus CTL organoids in SOFT Col1/rBM gels, and an ELISA of conditioned media from
these cultures confirmed elevated protein levels of RANKL (Fig. 5i,j). Treatment with a FAKi or
an Epidermal Growth Factor Receptor (EGFR) inhibitor (EGFRI; Tyrphostin/AG1478) abrogated
ECM stiffness and mechanosignaling induced RANKL levels (Fig. 5i,j). These data indicate that
a stiff matrix and elevated integrin-mechanosignaling potentiate progesterone-induced RANKL

signaling in MEC:s, at least in part by enhancing ERK-mediated phosphorylation of PR.
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Stiff tumors and tissues with high mammographic density have elevated RANKL pathway and
mammary epithelial progenitor activity

Based on our findings that integrin-mechanosignaling potentiates progesterone-dependent
RANKL expression to expand the stem-progenitor MEC pool, we examined whether the pro-
tumorigenic, EMT-stem-progenitor phenotype we documented to be induced by a stiffened ECM
and elevated integrin-mechanosignaling was accompanied by elevated RANK signaling in
mammary tumor cells. In agreement with this paradigm, gRT-PCR analysis and
immunofluorescence staining of the HER2-positive PDX tumors that were grown in
immunocompromised mice within the STIFF Col1/rBM ECM stroma had high RANKL transcript
and protein levels when compared to tumors grown within the SOFT Col1/rBM ECM stroma (Fig.
6a-c). By contrast, although WNT4 transcript levels were increased modestly the levels were not
significantly higher in these PDX tumors (Extended Data Fig. 10a). Moreover, although we failed
to detect any increase in TNFRSF11A (RANK) transcript in these tumors, immunofluorescence
staining indicated that those syngeneic tumors that developed within the STIFF ECM stroma had
significantly elevated RANK protein and higher RANK signaling as indicated by a strong presence
of nuclear p65-NFxB levels (Extended Data Fig. 10b-d). Consistently, syngeneic PyMT tumors
embedded within STIFF ECM stroma and the V737NNeU tumors with elevated integrin
mechanosignaling also expressed higher levels of Tnsfs11 (Rankl) mRNA and RANKL protein
and exhibited strong staining for RANK receptor and nuclear p65-NFkB as compared to their
respective control mammary tumors (Extended Data Fig. 10e-p). These findings are consistent
with tissue tension enhancing RANK signaling to promote tumor aggression by expanding the

stem-progenitor population.
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Women with high mammographic density (high MD), have a four-fold increased lifetime
risk to malignancy and their breast tissue contains more fibroglandular tissue and higher levels of
epithelial proliferation than the breast tissue classified as low MD*%7% We recently showed that
the stroma from tissues with high MD not only has more abundant fibrillar interstitial collagen and
stromal fibroblasts that express higher levels of the collagen cross-linking enzymes lysyl oxidase
(LOX) and lysyl hydroxylase 2 (LH2), but that their stroma is significantly stiffer than that
surrounding the ductal-lobular epithelium in low MD tissues (Figure 6D)*. Given prior studies
linking stem-progenitor frequency and cellular proliferation levels to cancer risk! we examined
the stiff, high MD tissue from premenopausal women for evidence of elevated RANK signaling
and a higher frequency of stem-progenitor MECs. To begin with, we noted that the epithelium of
high MD tissue had higher levels of phospho-ERK compared to the epithelium in the low MD
breast tissue (Fig. 6e). Furthermore, gPCR revealed elevated TNSFS11 (RANKL) levels in the high
MD tissue that immunofluorescence staining confirmed was translated to higher RANKL protein
levels (Fig. 6f,g). Importantly, however, we did not detect any differences in expression at the
MRNA level for either the RANKL decoy receptor, TNFRSF11B (OPG) or TNFRSF11A (RANK)
in the high and low MD tissues (Fig. 6h,i). Consistent with the mammary tumor tissues analyzed,
we did observe an increase in RANK protein expression by immunofluorescence (Fig. 6j).
Likewise, we quantified higher levels of nuclear p65-NFkB indicating greater RANKL signaling
activity (Fig. 6k). To reduce potential variability linked to systemic and tissue levels of
progesterone, we next compared the RANKL levels from two regions of the same breast reflecting
high and low MD with AFM-determined stromal stiffness (Fig. 61). Once again, we observed a
strong correlation between TNSFS11 (RANKL) expression and stromal stiffness for each patient

set (2 regions) from 4 individual patients (Fig. 6m). These findings suggested that the documented
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elevated breast cancer risk in women with high MD may at least in part, be linked to an increase
in the frequency of stem-progenitor cells.

To investigate whether the breast tissue from women with high MD contained a higher
number of stem-progenitor cells we utilized breast tissue surgically excised from prophylactic
mastectomy and classified as high and low MD and performed FACS analysis of the MEC
populations using EpCAM and CD49f to distinguish mature luminal (ML), from luminal
progenitor (LP) and Basal MECs (Fig. 6n). We observed a striking and highly significant increase
in the relative abundance of the basal MEC compartment in the tissues classified as having higher
MD (Fig. 6n). The stem-progenitor phenotype of the MECs isolated from the high MD breasts was
functionally confirmed by showing higher colony formation capacity over the breast epithelium
isolated from tissues with low MD (Fig. 60). IHC staining for ALDH, which is associated with
human mammary progenitor epithelial cells, was also increased in the breast tissue isolated from
women with high MD (Fig. 6p). Given prior studies and our results in experimental models linking
a mesenchymal phenotype to epithelial stem-progenitor activity we next assayed the high and low
MD tissues for EMT markers. Not surprisingly, we noted that the mRNA for several mesenchymal
markers including SNAIL, VIM and FN1 were expressed at higher levels in the breast tissues
classified as having high MD as compared to those with low MD (Fig. 6g-s). These data imply
that women with high MD may be predisposed to developing breast cancer, not only because they
have a higher number of MECs that proliferate more, but that they also contain a higher frequency
of tissue resident long-lived stem-progenitor cells. Our findings further suggest the elevated stem-
progenitor MEC frequency we documented in breast tumors and in the normal breast with high
MD may be due to stiffness-enhanced progesterone-induction of RANKL and elevated RANK

signaling.
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DISCUSSION

Here we demonstrate, for the first time, that a stiff stroma expands the resident population
of mammary epithelial stem-progenitor cells. Our findings highlight the critical role played by
physical cues in regulating stem-progenitor cell behavior and are consistent with prior data
implicating tissue mechanics in stem-progenitor cell proliferation and viability*214157275 e
elaborate upon these prior studies by identifying a molecular mechanism whereby ECM stiffness
increases stem-progenitor cell frequency through the tension-dependent enhancement of 1
integrin mechanosignaling that potentiates progesterone induced RANK activity. Accordingly, our
results provide one plausible explanation for why deleting B1 integrin in the MEC basal population
so dramatically reduces basal progenitor activity in the tissue to favor luminal differentiation’®,
and why deleting FAK in the entire breast epithelium so potently impairs luminal and basal
progenitor cell function’”. Our findings could also explain links between B1 integrin signaling and
FAK activity and breast tumor aggression and metastasis’®®’. Indeed, given that a basal-like
luminal progenitor cell was recently identified and that HER2-positive and basal-like human breast
cancers are thought to originate from luminal progenitor MEC populations®88, this raises the
possibility that B1 integrin mechanosignaling favors the emergence of aggressive mesenchymal-
like breast cancer subtypes by expanding a pool of basal-like progenitor MECs.

Conceptually, our finding that a stiff ECM potentiates progesterone signaling is consistent
with earlier work illustrating how a stiff ECM potentiates cell growth and survival by enhancing
the context of growth factor receptor and GPCR signaling and expands this paradigm to include
modification of hormonal signaling and transcription'41%24-31 This raises the intriguing possibility

that tissue tension compromises tissue homeostasis and promotes cancer aggression in other tissues
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by regulating responses to other tissue-specific hormones including growth hormone/IGF-1,
testosterone and ghrelin®>-%3, Importantly, to our knowledge, this is the first evidence
demonstrating that ECM stiffness and mechanosignaling are critical modulators of PR signaling,
progenitor-like MEC function and a mesenchymal breast cancer phenotype. These data are
consistent with reports that ECM remodeling through ovarian hormone induced ADAMTS18 is
important for the maintenance of mammary progenitor cells through hippo and Wnt signaling®.
Moreover, we previously showed that VV737N-mediated mechanosignaling disrupts membrane 3-
catenin localization in MECs?, which is indicative of active Wnt signaling and in agreement with
observations that PR-induced RANKL/WNT4 can foster early dissemination or HER2-induced
mammary tumor cells®. In the present study we have mechanistically linked stromal stiffness and
mechanosignaling to hormone induced progenitor cell expansion by demonstrating that these
factors potentiate ERK mediated PR phosphorylation at S294, which has also been associated with
enhanced cancer stem cell associated gene expression in breast cancer®’. Interestingly, PR
phosphorylation at S294 leads to enhanced degradation of PR, thereby hindering its detection by
immunohistochemistry, which may explain potential contradiction between these data and reports
of progesterone activity as being beneficial for breast cancer prognosis®’°. Our present data
suggest that interventions aimed at reducing stromal stiffness or blocking the proposed PR-
sensitive mechanistic pathway may prove useful for preventing tumor initiation and aggression.
We guantified higher RANKL and RANK levels in the breast tumors that developed within
a highly fibrotic, stiff ECM stroma, as well as in the normal human breast tissue with high MD
and a stiffer stroma*. We further demonstrated that tumors developing within a highly fibrotic,
stiffened ECM stroma have a significantly higher frequency of stem-progenitor like tumor cells

and that the normal tissue in women with high MD have an increased frequency of functional
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mammary epithelial basal-like progenitor cells. These findings are consistent with prior data
showing that tissues with BRCA1 mutation possess high RANK expression and harbor a higher
frequency of progenitor-like cells, as well as reports that more aggressive subtypes of breast cancer
that typically develop a more profound fibrosis also have elevated RANK expression®”-%°, Indeed,
and consistent with our findings, RANK signaling has been previously demonstrated to promote
an EMT in normal MECs and in breast cancer cells'®1%1, Our data expand these findings to suggest
that many of these effects that contribute to greater risk of tumor initiation and promote the
evolution of aggressive cancers, may be mediated by an underlying stiff stroma and elevated MEC
mechanosignaling. Not only did we observe more RANKL and RANK in high MD tissues and
mammary tumors, but we also observed elevated levels of nuclear p65-NF«B indicating not only
elevated RANK signaling but also potentially more cytokine expression. Such observations
suggest that a stiff ECM stroma might additionally promote breast cancer risk and drive tumor
aggression by stimulating tissue inflammation and by altering anti-tumor immunity. Indeed,
women with high MD have more infiltrating myeloid cells and more fibrotic TNBCs that possess
a stiffer stroma also have the highest density of infiltrating inflammatory myeloid cells'’1%2, As
such, these data provide a plausible explanation for the link between tissue fibrosis and
inflammation, as they imply there exists a positive reinforcing loop whereby fibrosis stiffens the
ECM, which in turn potentiates NF«xB activity to stimulate expression of pro-inflammatory
cytokines that thereafter recruit the infiltration of pro inflammatory myeloid cells into the tissue.
This proposed mechanism would not only explain how tissue fibrosis and stiffness drive breast
cancer progression and metastasis but could also explain the higher risk to malignancy observed
in women with high MD as well as those with a BRCA1-mutation®”19%-1% |nterestingly, several

immune populations produce and respond to RANKL?, and FoxP3-positive regulatory T cell
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(Treg)-derived RANKL promote RANK-positive tumor cell metastasis in breast cancers'®. Treg
cells may be recruited by aSMA-positive stromal fibroblasts that are an abundant cellular
constituent in fibrotic, stiff tumors. Thus, the stiffened, fibrotic tumor stroma could enhance the
recruitment of Treg cells that thereafter drive tumor aggression and stem-progenitor cell expansion
by secreting RANKL and enhancing the recruitment of myeloid cells through NF«B activation
and elevated cytokine expression. Indeed, RANKL inhibition limits tumor progression by
improving CD8-positive T cell responses alone and in combination with immune checkpoint
inhibitors'%-11, Our findings thus provide new evidence supporting the use of RANKL inhibition
as an effective anti-cancer treatment and as a prevention modality, particularly in individuals with
known or measured high ECM stiffness and activated integrin-mechanosignaling, such as those

with high MD.

METHODS

RNA-seq library preparation, sequencing, and analysis

RNA was isolated using TRIzol (Invitrogen, Cat. #: 15596018) followed by chloroform extraction.
RNAseq library preparation was performed by the Functional Genomics Laboratory (FGL), a
QB3-Berkeley Core Research Facility at UC Berkeley. Total RNA samples were checked on a
Bioanalyzer (Agilent) for quality and only high-quality RNA samples (RIN > 8) were used. At the
FGL, Oligo (dT)25 magnetic beads (Thermofisher) were used to enrich mRNA, and the treated
RNAs were rechecked on the Bioanalyzer for their integrity. The library preparation for
sequencing was done on Biomek FX (Beckman) with the KAPA hyper prep kit for RNA (now

Roche). Truncated universal stub adapters were used for ligation, and indexed primers were used
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during PCR amplification to complete the adapters and to enrich the libraries for adapter-ligated
fragments. Samples were checked for quality on an AATI (now Agilent) Fragment Analyzer.
Samples were then transferred to the Vincent J. Coates Genomics Sequencing Laboratory (GSL),
another QB3-Berkeley Core Research Facility at UC Berkeley, where Illumina sequencing
libraries were prepared. gPCR was used to calculate sequence-able molarity with the KAPA
Biosystems Illumina Quant qPCR Kits on a BioRad CFX Connect thermal cycler. Libraries were
pooled evenly by molarity and sequenced on an Illumina NovaSeq6000 150PE S4. Raw
sequencing data were converted into fastq format, sample-specific files using the Illumina
bcl2fastg2 software on the sequencing centers local Linux server system. RNAseq fastq files were
mapped to the primary assembly of the Gencode v33 human genome using Rsubread (version
2.0.1) and counted using featureCounts. Lowly expressed genes were filtered out if they did not
have at least one CPM in at least 4 samples. Data normalization was performed using
calcNormFactors in edgeR (version 3.28.1). Gene ontology was performed using Gage (version

2.36.0) with gene lists from MsigDB version 7.2.

Human Breast Tissue Collection and Processing

Tissue specimens were collected from prophylactic mastectomy and 2x2 cm pieces were formalin-
fixed and paraffin embedded (FFPE), or flash frozen in OCT (Tissue-Tek) by slow immersion in
liquid nitrogen or placement on dry ice. Similarly sized fragments were also collected as fresh
tissue with immersion in media (phenol red free-DMEM/F12) with 10% charcoal stripped fetal
bovine serum (FBS Benchmark, Cat. #: 100-106) and GlutaMAX (Gibco, Cat. #: 35050-061)
supplementation for transportation to the Weaver laboratory at UCSF. Fresh tissue was used for

FACS-mediated human MEC isolation and subsequent culture in colony formation assays or for
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RNA extraction. PDX tissues were obtained from Dr. Alana Welm (Huntsman Cancer Institute,
University of Utah) and Dr. Michael Lewis (Baylor College of Medicine)®”*8, All human breast
tissue specimens were collected prospectively from consenting patients (informed consent
provided prior to surgery) undergoing surgery at the University of California, San Francisco,
(UCSF) or Duke University Medical Center between 2010 and 2020. Samples were stored and
analyzed with deidentified labels to protect patient data in accordance with the procedures outlined
in the Institutional Review Board Protocol #10-03832, approved by the UCSF Committee of

Human Resources and the Duke University IRB (Pro00054515).

Animals and Animal Care

Animal husbandry and all procedures on mice were carried out in Laboratory Animal Resource
Center (LARC) facilities at UCSF Parnassus in accordance with the guidelines stipulated by the
Institutional Animal Care Use Committee (IACUC) protocols, #AN133001 and #AN179766,
which adhere to the NIH Guide for the Care and Use of Laboratory Animals. FVB/NJ, C57BI6/J,
and NOD/SCID mice were purchased from Jackson Laboratories for orthotopic implantation
assays. LSL-V737N-B1 transgenic mice were generated as described?® and maintained on an
FVB/NJ background. MMTV-Cre and MMTV-Neu mice were purchased from Jackson
laboratories on an FvBN/J background and crossed with LSL-V737N-B1 mice. For lineage tracing,
K5-Cre/ERT2 mice were obtained from Dr. Ophir Klein (UCSF) and MMTV-PyMT/R26-Confetti
mice'!? were obtained from Dr. Mikala Egeblad (Cold Spring Harbor) and maintained on a
C57BI6/NJ background. MMTV-PyMT tumor cells were derived from mice on a C57BI6/NJ

background and were implanted into syngeneic mice for tumorigenesis assays.
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Lineage tracing in mice

Lineage tracing in mice was performed using R26-Confetti reporter mice, which were bred with
LSL-V737N-B1 mice and K5-Cre/ERT2 mice. Lineage tracing and V737N-B1 integrin expression
were induced primarily in basal lineage MECs by a single intraperitoneal injection of Tamoxifen
(Cayman Chemical, Cat. #: 13258, 1.5 mg) when mice were 3-4 weeks of age. Lineage tracing
was assessed at two time points (2 and 16 weeks) post tamoxifen induction, when mammary glands
were excised and fixed with 4% paraformaldehyde for 30 min prior to embedding and freezing in
OCT. A cryostat was used to cut 40 um thick mammary gland sections which were then stained
with Alexa Fluor (AF) 647 Phalloidin (Invitrogen, Cat. #: A22287) to visualize actin filaments
when analyzing lineage clonality using a Leica TCS SP5 (five channels) Confocal Microscope
with Leica Application Suite (LAS) software. Clonality was assessed by counting the number of
clones present in uniformly sized segments of mammary ductal epithelium and counting the

number of cells constituting each clone.

RANKL inhibition in mice

10-week-old wild type mice and mice expressing V737N-p1 integrin (V737N) were treated with
PBS/IgG control antibody or RANK-Fc!®® (AMGEN, 10 mg/kg) by intraperitoneal injection 3
times per week for a period of two weeks (6 total injections) prior to mammary gland harvest and

MEC isolation for limiting dilution transplantation assays.

Collagen/rBM hyrdrogels with orthotopic implantation of tumor cells

Rat tail collagen-1 (High concentration, Corning, Cat. #: 354249) was incubated with 0.1% acetic

acid (non-crosslinked; SOFT) or 0.1% acetic acid with 500 mM L-ribose (Chem Impex
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International, Cat. #: 28127) (cross-linked; STIFF) for at least 10 days before preparation of Coll/
rBM hydrogels for orthotopic implantation of tumor cells or tumor fragments?548, Coll mixtures
were then combined with basement membrane extract (R&D Systems, Cultrex BME, type 2,
Pathclear, Cat. #: 3532-005-02) (20% final volume), PBS and 1N NaOH to a slightly acidic pH
(pH ~6.5) as determined by pH strips. PyMT tumor cells were resuspended in Coll/rBM
preparations and maintained at 4 °C until implantation into the inguinal mammary fat pad of
syngeneic mice. For PDX tissues, Col1/rBM with and without L-ribose was injected orthotopically
into a cleared inguinal fat pad and allowed to set for 3-5 minutes prior to implantation of a PDX

tissue fragment approximately 2x2 mm in size.

Collagen/rBM hydrogels for primary MEC culture, hormone and inhibitor treatment

Primary mouse MEC organoids were prepared by manual chopping of mouse mammary gland
tissues harvested from 10-12-week-old mice followed by digestion with shaking for 1 hr at 37 °C
with Collagenase A from Clostridium histolyticum (10 mg/mL; Roche, Cat. #: 13560925) and
Hyaluronidase from bovine testes (1 mg/mL, Sigma-Aldrich, Cat. #: H3506) in DMEM/F12
supplemented with 1% FBS. Digests were then pelleted by centrifugation (1200 rpm), washed in
PBS with 2% FBS (Wash buffer) and digested for a further 5 min with Dispase 1l from Bacillus
polymyxa (2.5 mg/mL, Sigma-Aldrich, Cat. #: D4693) and DNAse | from bovine pancreas (100
ug/mL; Roche, Cat. #: 10104159001). A final digestion with 0.25% Trypsin-EDTA solution was
performed for single cell dissociation. Single cells were cultured in rBM (6%) for 10-14 days prior
to their recovery from rBM and resuspension in Col1/rBM hydrogels prepared as described?®4855,
Hydrogels were prepared from Rat Tail collagen I (Corning) incubated for >10 days with 0.1%

acetic acid containing 500mM L-Ribose (Chem Impex International) (crosslinked; STIFF) or 0.1%
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acetic acid alone (non-crossinked; SOFT). Collagen was then mixed with 20% rBM, DMEM, PBS
and 1 pg/mL Human Plasma Fibronectin Purified Protein (Sigma-Aldrich, Cat. #: FC010). 1N
NaOH was added to achieve a neutral ~pH and a thin base layer of 100 uL volume was added to
the well of a 48-well tissue culture plate precoated with 1% agarose. Mammary organoids were
resuspended in the SOFT and STIFF collagen preparations and plated as a top layer of 100 uL and
allowed to solidify for 30 min at room temperature followed by 30 min at 37 °C. Cell medium was
then added, and gels were detached from the sides of the wells to remain suspended in cell medium.
Alternatively, following light trypsinization, organoids were immediately cultured in Coll/rBM
hydrogels without preparatory culture in 100% rBM. Organoids were cultured in DMEM/F12
supplemented with 20 ng/mL Epidermal Growth Factor (EGF), 10 pg/mL Insulin and 2 pg/mL
hydrocortisone. Organoid/hydrogel cultures were serum starved overnight before treatment with
EGF (20 ng/mL) and promegestone/R5020 (1, 10, 100 nM; Perkin Elmer, Cat. #: NLP00400) and
10 nM R5020 with or without the addition of FAK (1 uM; PND-1186, Chem Scene, Cat. #:
1061353-68-1) and EGFRI (Tyrphostin/AG1478, Selleck Chem, Cat. #: S2728) inhibitors (FAKI
and EGFRIi). TRIZol (Invitrogen) was used for RNA extraction using the Ambion mirVana Kit

(Invitrogen, Cat. #: AM1560) per manufacturer’s instructions.

Monitoring of Tumor growth and metastasis

Tumor growth was monitored by palpation and caliper measurement weekly or biweekly. Lung
metastases were quantified by counting of surface lesions at time of animal sacrifice, and by
examination of histological lung sections stained by H&E. Lungs were scanned using a ZEISS
Axio Scan.Z1 digital slide scanner equipped with CMOS and color cameras, 10x, 20x and 40x

objectives, and lesion area was determined by tracing metastatic lesions in QuPath!4,
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Quantitative Reverse Transcriptase-polymerase chain reaction (QRT-PCR)

RNA was prepared from FACS-isolated MECs or flash frozen and pulverized mammary tumor
tissues using TRI1Zol reagent (Invitrogen). Reverse transcription reactions were performed using
M-MLYV reverse transcriptase (Biochain, Cat. #: Z5040002) with random hexamer primers. cDNA
was mixed with PerfeCTa SYBR Green FastMix (Quantibio, Cat. #: 95072-05K) for qPCR
analysis using an Eppendorf realplex2 epgradient S mastercycler. Thermal cycling conditions were
10 min at 95 °C, followed by 40 cycles of 15s at 95 °C and 45 s at 65 °C. Melting curve analysis
was used to verify primer pair specificity. Relative mRNA expression was determined by the

AACT method with normalization to GAPDH, 18S or KRT8.

Quantitative polymerase chain reaction (QPCR) Arrays

Human EMT gPCR arrays were purchased from Qiagen (Cat. #: PAHS-021Z), performed as
described using RNA from PDX mammary tumors grown in SOFT and STIFF Coll/rBM
hydrogels, and analyzed using available product resources from Qiagen. Selected genes were

plotted for presentation in Figure 2 and Supplemental Figure 3.

Immunohistochemistry (IHC)

IHC was performed as described®! using antibodies specific to E-cadherin (BD Biosciences, clone
36, Cat. #: 610181, 1:400) and ALDH (BD Biosciences, clone 44, Cat. #: 611194, 1:200). Briefly,
antigen retrieval was accomplished by boiling sections in 10 mM citrate buffer (10min). Following
primary antibody incubation overnight at 4 °C, sections were incubated for 1 hr with species-

specific Horseradish Peroxidase (HRP)-conjugated secondary antibodies (ImMmPRESS HRP Goat
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Anti-Mouse or Rabbit 1gG Polymer Detection Kit, Peroxidase, Vector Laboratories, Cat. #: MP-
7452 and MP-7451) before developing positive staining with ImmPACT DAB Substrate
Peroxidase (HRP, Vector Laboratories, Cat. #: SK-4105). Images of stained sections were acquired

with an Olympus microscope (1X81) and 10x, 20x or 40x objectives.

Immunofluorescence

Immunofluorescence was performed using the following specific antibodies: phospho-p130-Cas
('Y410) (Cell Signaling Technology, Cat. #: 4011, 1:200), phospho-FAK (Y397) (Cell Signaling
Technology, Cat. #: 8556, 1:200), phospho-FAK (Y397) (Invitrogen, clone 141-9, Cat. #: 44-
625G), phospho-p44/42 MAPK (ERK1/2) (T202/Y204) (Cell Signaling Technology, Cat. #: 9101,
1:200), NFxB p65 (D14E12) XP (Cell Signaling Technology, Cat. #: 8242), phospho-AKT
substrates (RXXS*/T*) (110B7E) (Cell Signaling Technology, Cat. #: 9614, 1:400), phospho-
Histone H3 (S10) (Cell Signaling Technology, Cat. #: 9701, 1:200), cleaved Caspase-3 (N175)
(Cell Signaling Technology, Cat. #: 9661, 1:200), Integrin B1, activated (Sigma-Aldrich, clone
HUTS-4, Cat. #: MAB2079Z, 1:400), Integrin 1 (Sigma-Aldrich, clone JB1A, Cat. #: MAB1965,
1:400), PR (Santa Cruz Biotechnology, clone H-190, Cat. #: sc-7208, 1:100), ERa (Abcam, Cat.
#: ab37438, 1:200), Alexa Fluor (AF)488 K8 (Abcam, clone EP1628Y, Cat. #: ab192467, 1:200),
K14 (Covance, Cat. #: PRB-155P, 1:400), TRANCE/TNFSF11/RANKL (R&D Biosystems, Cat.
# AF462, 1:200), RANKL (Amgen, Cat. #: M366), K8+18 (Fitzgerald, Cat. #: 20R-CP004, 1:400),
K5 (Fitzgerald, Cat. #: 20R-CP003, 1:400), RANK (Amgen, Cat. #: N1H8, 1:200), RANK (Santa
Cruz Biotechnology, clone H-7, Cat. #: sc-374360, 1:100), and RANK (R&D Biosystems, Cat. #
AF692, 1:200). Briefly, frozen sections were fixed in 2% paraformaldehyde, prior to

permeabilization with 3% triton-x-100 and incubation with primary antibodies overnight at 4 °C.
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The next morning, sections were incubated with species specific secondary antibodies conjugated
to different fluorophores (AF-633, -555, -568, -488, Invitrogen). All washes were carried out using
Tris-buffered saline with 0.5% Tween-20 and nuclei and/or actin filaments were counterstained
using 4',6-diamidino-2-phenylindole (DAPI, Cat. #: D1306) or the appropriate Phalloidin-
fluorophore conjugate (AF488, AF555, AF647, Cat. #’s: Al12379, A34055 and A22287),
respectively. Images of stained sections were acquired either on: an inverted Eclipse Ti-E Nikon
microscope with CSU-X1 spinning disk confocal (Yokogawa Electric Corporation), 405 nm, 488
nm, 561, 635 nm lasers; a Plan Apo VC 60X/1.40 Oil or an Apo LWD 40X/1.15 Water-immersion
LS objective; electronic shutters; a charge-coupled device (CCD) camera (Clara; Andor) and
controlled by Metamorph; or a Nikon Ti Microscope (Inverted) with CSU-W1 widefield spinning
disk confocal (Andor Borealis), 100 mW at 405, 561, and 640 nm; 150 mW at 488 nm lasers, an
Andor Zyla sCMOS camera (5.5 megapixels) and Andor iXon Ultra DU888 1k x 1k Electron

multiplying CCD to enable large field of view confocal imaging; and controlled by Micromanager.

Image Analysis

Image analysis of IHC and immunofluorescence was performed using ImageJ and QuPath
software!**15, For comparison, immunofluorescence images were subjected to same-level
thresholding based on a determined range of positive fluorescence intensity in each channel and
antibody staining panel and the threshold area (um) was expressed as a percentage of whole cell
or nuclear area using Phalloidin or DAPI staining measured in the same manner. Other IHC

analysis was performed using the IHC profiler ImageJ plugin as described?:®.

Fluorescence activated cell sorting (FACS) and primary MEC isolation
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Tissues were digested as described abovem spun down at 1200 rpm and washed with FACS wash
buffer (PBS with 2% FBS). Cells were then blocked with mouse and rat serum (Jackson
Immunoresearch Laboratories, Cat. #: AB_2337194 and AB_2337141) and TruStain FcX (anti-
mouse CD16/32) Antibody (BioLegend, clone 93, Cat. #: 101319) for 10 min, followed by
incubation for 25 min at 4° C with the following mouse specific antibodies to delineate
subpopulations: CD24-PE (BD Biosciences, clone M1/69, Cat, #: 553262, 1:100), CD49f -PE-Cy7
(BioLegend, clone GoH3, Cat: #: 313621, 1:100), CD31-APC (BioLegend, clone 390, Cat: #:
102409, 1:40), CD45-APC (BioLegend, clone 30-F11, Cat: #: 103111, 1:160), and TER-119-APC
(BioLegend, clone TER-119, Cat: #: 116211, 1:80) and CD61-FITC (BioLegend, clone 2C9.G2
(HMp3-1), Cat. #: 104305, 1:20). Human tissues were incubated for 25 min at 4 °C with the
following primary antibodies: CD24-PE (BioLegend, clone ML5, Cat, #: 311105, 1:100), CD44-
FITC (BioLegend, clone IM7, Cat: #: 103021, 1:20), EPCAM CD326-FITC (Invitrogen, clone
VU-1D9, Cat. #: A15755, 1:100), CD49f-PE-Cy7 (BioLegend, clone GoH3, Cat: #: 313621,
1:100), CD31-PE (BiolLegend, clone WM59, Cat: #: 303105, 1:40), CD45-PE (BioLegend, clone
H130, Cat: #: 304007, 1:100) and CD235-a-PE (BD Biosciences, clone GA-R2, Cat: #: 561051,
1:100). MEC lineage negative populations were removed by positive APC-CD45/CD31/TER-119
(mouse) and PE-CD45/CD31/CD235-a (human) staining. Cells were washed with FACS wash
buffer and with DAPI in PBS for 5 min to distinguish live/dead cells. BD FACSAria Il cell sorters
were used to conduct cell sorting using FACSDiva software (BD Biosceinces). Data was analyzed
using FlowJo software (Tree Star). Isolated cells were collected and used for RNA isolation,

colony formation assays or limiting dilution transplantation assays as described above.

Mammary gland wholemounts
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Inguinal mammary glands wholemounts were allowed to dry for 30 min prior to fixation and
staining. For H&E staining, mammary glands were fixed in 4% paraformaldehyde prior to
dehydration in xylene/alcohol series, H&E counterstain, and mounting with permount. For
Carmine alum staining, glands were fixed with Carnoy’s solution (60% ethanol, 30% chloroform
and 10% glacial acetic acid) and stained overnight in Carmine Alum (0.2% carmine and 0.5%
potassium aluminum sulfate in water) prior to dehydration, clearing in xylene and mounting with

permount.

Limiting dilution transplantation assays (LDTAS)

LDTAs were performed as described!!” using FACS isolated MECs. Briefly, CD24+CD49f"
MECs (basal/myoepithelial) or PyMT tumor cells were counted such that increasing dilutions
could be prepared (1000, 100, 50, 10 cells) for injection into a cleared inguinal mammary fat pad.
The inguinal mammary fat pads of 3-4-week-old mice were cleared of their endogenous
epithelium by removing the portion of the fat pad proximal to the lymph node. For normal MECs,
the basal population was double sorted prior to cell transplantation. Clearance was verified by
mounting resected glands on histology slides, fixing in Carnoy’s solution and staining with
Carmine alum. Stem cell frequency was determined at 6 weeks post transplantation by the
appearance of progressing tumors (PyMT tumor cells) or by examining mammary glands for
epithelial ductal outgrowths as determined upon their harvest for mounting, fixation and carmine
aluminum staining as described. Repopulating events were scored as positive outgrowths with
evidence of ductal branching. For PyMT tumor LDTAs, three tumors each of the primary LDTAS
taken from SOFT and STIFF ECM stroma conditions were pooled before counting cells and

repeating the LDTA for secondary tumor formation. Tumor initiating cell and mammary epithelial
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progenitor cell frequency were determined by counting the number of positive outgrowths (tumor
or ductal epithelium) from transplants made at each cell dilution and using an Extreme Limiting
Dilution Analysis software application webtool from The Walter and Eliza Hall Institute of

Medical Research (http://bioinf.wehi.edu.au/software/elda/ )18,

Atomic Force Microscopy (AFM)

AFM was performed and analyzed as described!’ using an MFP3D-BIO inverted optical AFM
(Asylum Research, Santa Barbara, CA) mounted on a Nikon TE200-U inverted microscope
(Melville, NY) and placed on a vibration-isolation table (Herzan TS-150). Briefly, tissue
specimens were allowed to thaw and equilibrate to room temperature before immersion in PBS
supplemented with 1 ug/mL propidium iodide, protease and phosphatase inhibitors. A 2-um
beaded tip attached to a silicon nitride cantilever (Asylum Research, Santa Barbara, CA) was used
for indentation. The spring constant of the cantilever was ~ 0.06 N/m and cantilevers were
calibrated using the thermal fluctuation method. AFM force maps were performed on 40 x 40 um
fields from two different quadrants of the same non-malignant human breast specimen, or as single
points of indentation in a grid pattern for two regions from a HER2-positive breast cancer patient
specimen. Elastic moduli measurements were derived from force curves obtained utilizing the
FMAP function of the Igor Pro v. 6.22A (WaveMetrics, Lake Oswego, OR) supplied by Asylum
Research. Cells were assumed to be incompressible and a Poisson’s ratio of 0.5 was used in the
calculation of the Young’s elastic modulus. AFM measurements were generated for up to one hour
after thawing tissues. Periductal stromal ECM-rich regions were selected to generate all force maps

and single point indentations for each patient specimen.
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Second Harmonic Generation Imaging / 2-photon Microscopy
2-photon microscopy and second harmonic generation (SHG) imaging of collagen fiber thickness

and orientation was performed as previously described*”8,

Vaginal cytology for estrus cycle determination

The estrus cycle in mice was determined by vaginal cytology as described®?. Briefly, a thin cotton
tipped applicator (Puritan, Cat. #: 25-826 5WC) was immersed in sterile PBS prior to insertion
into the vaginal cavity to collect fluid. The cotton tipped applicator was then smeared onto the well
of a 24-well tissue culture plate before staining cells with crystal violet solution (0.2%). Wells
were then examined under brightfield with an Olympus microscope (1X81) to determine the stage
of estrus (proestrus, diestrus, metestrus and estrus) for each mouse by the cell content and

morphology present.

Primary cell colony formation assays

Primary FACS-isolated mouse luminal and basal MECs were plated at a density of 5000 cells and
1000 cells respectively in ~20uL of 100% rBM (R&D Systems, Cultrex BME) by pipetting around
the edge of the well of a 96 well plate. Cell Medium (DMEM-F12) containing 1% FBS, 500 ng/ml
hydrocortisone, 5 pg/ml insulin and 20 ng/ml EGF was added to each well and colonies were
counted after 10-14 days in culture with media exchanges every 2-3 days. In some cases, primary
colonies were harvested from rBM gels using cell recovery solution (Corning, Cat. #: 354253),
dissociated to single cells with Trypsin/EDTA, counted and then plated at the above densities to
assess their proficiency at secondary colony formation. Resulting colonies were again counted

after 10-14 days of culture with media exchanges every 2-3 days. For human tissues, fresh FACS
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isolated luminal and basal MECs were resuspended in rBM at a density of at 50,000 cells/mL, and
20-ul droplets (1000 cells) were seeded into 8-well chamber slides (LabTek Il, Cat. #: 154534)
and allowed to set at 37 °C. Wells were filled 0.4 mL cell medium (DMEM/F-12) containing
Glutamax, B27 Supplement (Gibco, Cat. #: 17504044), 500 ng/ml hydrocortisone, 5 pg/ml insulin,
10 ng/ml EGF and 20 ng/ml Cholera Toxin from Vibrio cholerae (Sigma, C8052). Cells were

cultured for 7-10 days prior to counting the number of colonies per well.

Enzyme-linked immunosorbent assay (ELISA)
ELISAs were performed using Mouse TRANCE/RANKL/TNFSF11 DuoSet ELISA Kits (R&D

Biosystems, Cat. #: DY462) according to the manufacturer’s directions.

Mammography

All mammography was conducted by licensed physicians at the UCSF and Duke medical centers
according to established protocols as described*1°. Quantitative measurements of the raw
mammography images used the automated volumetric density measure developed by Dr. John

Shepherd??°,

Breast cancer Patient Derived Xenografts (PDXs)

PDX tissues were obtained from Dr. Welm at the Huntsman Cancer Institute, University of Utah,
Utah (HCI-012) or Dr. Michael Lewis at Baylor College of Medicine, San Antonio, Texas (BCM-
3143B and BCM-3963)°"8, PDX fragments were established from frozen and maintained in
NOD-SCID immunodeficient mice. Tumor initiation was a measure of how efficiently PDX

fragments established as progressing tumors in mice upon primary implantation from
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cryopreserved tumor tissue. Once established tumors reached experimental endpoint, mice were
sacrificed, and tumor tissue fragments were orthotopically transplanted into NOD-SCID recipient
mice. The remaining tumor tissue was divided into pieces for formalin fixation and paraffin
embedding, embedding and freezing in OCT, flash freezing and cryopreservation in 95% FBS: 5%
DMSO. Flash frozen tumor pieces were used for RNA and protein isolation for the downstream

applications indicated.

Cell fractionation, Immunoblotting and Densitometry

When indicated, cell lysates were prepared to fractionate nuclear and cytoplasmic cellular
compartments using Thermo Scientific NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Cat. #: 78833). Other cell lysates were prepared using RIPA buffer (150 mM NaCl, 1% NP40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM Tris-HCI, pH 8.0) and all
lysates were supplemented with protease and phosphatase inhibitor cocktail solutions
(genDEPOQOT, Xpert solutions, Cat. #: P3100 and P3200). Immunoblotting was performed as
described?! using Immobilon P Polyvinylidene difluoride membrane (PVDF, Millipore, Cat. #:
IPVHO00010) for protein transfer, and incubation with the following primary antibodies: phospho-
p44/42 MAPK (EER1/2) (T202/Y204) (Cell Signaling Technology, Cat. #: 9101, 1:1000), p44/42
MAPK (ERK1/2) (Cell Signaling Technology, Cat. #: 9102, 1:1000), phospho-PR (S294)
(Invitrogen, Cat. #: PA5-37472, 1:200), phospho-PR (S294) (Invitrogen, Cat. #: MA1-414, 1:200),
PR (Santa Cruz Biotechnology, clone H-190, Cat. #: sc-7208, 1:500), NFxB-p65 (D14E12) XP
(Cell Signaling Technology, Cat. #: 8242, 1:1000), and Lamin B1 (Abcam, Cat. #: ab16048,
1:2000). Immunoblots were then incubated with the appropriate species specific HRP-conjugated

secondary antibodies (Advansta) before developing reactivity with pierce enhanced
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chemiluminescence (ECL) reagent (Advansta WesternBright ECL HRP substrate, Cat. #: K-
12045). Membrane signals were visualized with a PXi imaging system (Syngene). Densitometry
measurements were made using ImageJ software with normalization to background membrane
density, the corresponding total protein levels, as well as levels of the loading controls LaminB1

and GAPDH.

Cell Culture and treatments

T47D and MCF7 human breast cancer cell lines were obtained from the American Type Culture
Collection (ATCC) and cultured as recommended in RPMI with 10% FBS and DMEM with 10%
FBS, respectively. Cells were cultured on polyacrylamide gels of low and high stiffnesses (400 Pa
and 6 kPa), serum starved overnight and then treated for 15 min with R5020 (10 nM) and EGF (20
ng/mL) alone or in combination. For inhibitor studies, the MEK inhibitor (U0126; 12.5uM,

LCLabs, Cat. #: NC0976210) was incubated with cells for 1hr prior to R5020 and EGF stimulation.

Polyacrylamide hydrogels

Polyacrylamide hydrogels of varying rigidities were prepared as described'??123, Briefly,
compliant Polyacrylamide hydrogels were polymerized on silanized coverslips and functionalized
with Fibronectin (1ug/ml) overnight. PA gels were washed three times and equilibrated overnight
with cell media at 37 °C prior to cell seeding. Cells were cultured for 24 hr on hydrogels prior to

treatment and cell lysis for immunoblotting.

Statistical analysis
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GraphPad Prism Version 9.1.2 was used to perform all statistical analyses and statistical
significance was determined using the appropriate tests as noted in the corresponding figure
legends. Tests of normality were used to determine the appropriate statistical test. All independent
variables are described in the text with measurements always from distinct samples (biological

replicates) unless otherwise stated. All tests are two-tailed unless otherwise indicated.
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FIGURE LEGENDS

Fig. 1: Mechanosignaling and extracellular matrix stiffness promote a mesenchymal tumor
phenotype and mammary tumor initiation. a, GSEA of transcriptional profiles from the Nuvera
study showing upregulated Epithelial-to-mesenchymal transition and integrin adhesion gene
ontology terms associated with poor response to chemotherapy. b, Breeding schematic for Neu
and V737NNeU transgenic mice. ¢, Average number of lung metastases for Neu (n=13) and
V737NNeY (n=19) mice determined by histological analysis. d, (left) Average size of the metastatic
lesions corresponding to the analysis in c. (n=13; Neu mice, n=19; V737NNV mice). (right)
Representative H&E images of lung lesion size. Scale bar, 100 um. e-h, gRT-PCR analysis of
RNA isolated from Neu (n=5) and V737NNe! (n=5) tumors showing the relative expression of the
indicated mesenchymal genes. i, (left) Representative immunohistochemical staining of Neu (n=5)
and V737NNev (n=5) paraffin tumor sections with an E-cadherin specific antibody. Scale bar, 50
um. (right) Graph displaying quantification of average high-positive signal for each group. j, (left)
Representative immunofluorescence staining of Neu (n=5) and V737NNt (n=5) frozen tumor
sections with an ERa specific antibody. Scale bar, 25 um. (right) Graph showing quantification of
ERa-positive nuclear area. k, Dot plots of the average tumor multiplicity (number of tumors per
animal) for Neu (n=13) and V737NNe¥ (n=19) mice. I, GSEA of transcriptional profiles from the
Nuvera study showing upregulated extracellular and collagen matrix gene ontology terms
associated with poor response to chemotherapy. m, Schematic and timeline of syngeneic
orthotopic implantation of PyMT tumor cells within SOFT (non-crosslinked, no L-ribose) and
STIFF (crosslinked, +L-ribose) Col1/rBM hydrogels. n, (left) Representative immunofluorescence
staining of SOFT (n=5) and STIFF (n=5) PyMT frozen tumor sections with an antibody specific

to phospho-ERK. Nuclei are counterstained with DAPI. Scale bar, 50 um. (Right) Graph showing
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quantification of average positive cell area. o, (left) Representative immunofluorescence staining
using an antibody specific to phospho-FAK for samples from n. Scale bar, 50 um. (right) Graph
showing quantification of average positive cell area. p, Average number of lung metastases for
SOFT (n=8) and STIFF (n=8) PyMT tumor bearing mice determined by histological analysis. q,
(left) Average size of the metastatic lesions corresponding to the analysis in p. (right)
Representative images of H&E-stained lung sections. Scale bar, 100 um. r-s, gRT-PCR analysis
of gene expression for the indicated genes using RNA isolated from SOFT (n=4) and STIFF (n=4)
PyMT tumors. t, Tumor initiating cell frequencies were measured for SOFT and STIFF PyMT
tumors (from a pool of three individual tumors each) by primary and secondary limiting dilution
transplantation tumorigenesis assays in syngeneic mice. u, FACs analysis of tumors using CD24,
CD49f and CD61 cell surface antigens to determine the percentage of tumor initiating cells from
SOFT (n=5) and STIFF (n=5) PyMT tumors defined as CD49f"; CD61". (left) Representative
FACS dot plots for SOFT and STIFF PyMT tumors. (right) Graph displays average percentages
calculated for the indicated cell populations from tumors in each group. All graphs are presented
as mean +/- S.E.M. Statistical tests used were Mann-Whitney test (c, d, g i-k, n-q) and unpaired t-

test (e, f, h, r, s, u), *P<0.03, **P<0.002, ***P<0.0002, ns=non-significant.

Fig. 2: Extracellular matrix stiffness promotes a mesenchymal phenotype and aggression in
human breast cancer. a-b, Sequential frozen sections from two regions of a HER2-positive breast
cancer patient specimen were subjected to Atomic Force Microscopy (AFM) analysis, Second
Harmonic Generation (SHG) imaging (collagen matrix), and immunofluorescence staining. (right)
Sections analyzed by AFM were counterstained with propidium iodide to visualize nuclei and

orient measurements. The same sections were used for SHG imaging by 2-photon microscopy
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(green) and AFM measurements (single indentations in a grid pattern) are overlayed as color-
scaled dots (cyan-magenta). Scale bar, 80 um. (left) Sequential sections were stained by
immunofluorescence with an antibody to B1-integrin (active conformation; red) and nuclei were
counterstained with DAPI (cyan). b, Schematic showing the strategy for implantation of HER2-
positive patient-derived xenograft (PDX) breast cancer tissues in SOFT (Col1/rBM, no L-ribose)
and STIFF (Col1/rBM, crosslinked with L-ribose) ECM stroma. c, (left) Representative images of
immunofluorescence staining of frozen tumor sections from HER2-positive PDX tumors
generated within a SOFT (n=6) and STIFF (n=6) ECM stroma with an antibody specific to
phospho-ERK. Scale bar, 50 um (right) Graph showing quantification of average phospho-ERK
positive cell area for all HER2-positive PDX models combined. d, (left) Representative images of
immunofluorescence staining as in ¢ (SOFT; n=6, STIFF; n=6) using an antibody specific to
phospho-FAK. Scale bar, 50 um. (right) Graph showing quantification of average phospho-FAK
positive cell area for all HER2-positive PDX models combined e, Average number of lung
metastases for mice bearing BCM-3963 PDX tumors in SOFT (n=10) and STIFF (n=10) ECM
stroma as determined by histological analysis. f, Average size of the metastatic lesions
corresponding to the analysis in e. g, Analysis as in e for mice bearing BCM-3143B PDX tumors
(SOFT; n=10, STIFF; n=10). h, Analysis as in f for mice bearing BCM-3143B PDX tumors
(SOFT; n=10, STIFF; n=10). (right) Representative images of lung metastases for mice bearing
BCM-3143B PDX tumors in SOFT and STIFF ECM stroma. Scale bar, 100 um. i, Gene ontology
terms from among the top 23 most significantly upregulated, using RNAseq data derived from all
HER2-positive PDX tumors generated in SOFT (n=9) and STIFF (n=9) ECM stroma as above
(n=3 for each PDX and condition). j, Scatter plot of p-value (-log10) vs. log fold change (logFC)

for gene expression from the HALLMARK epithelial-to-mesenchymal transition gene set for
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RNAseq data of HER2-positive PDX tumors developed in SOFT and STIFF ECM stroma k-n,
gRT-PCR arrays designed to examine Epithelial-to-mesenchymal transition related gene
expression were used to analyze RNA isolated from PDX tumors developed in SOFT (n=7) and
STIFF (n=7) ECM stroma. Bar plots for the average relative expression of the indicated
mesenchymal genes are displayed. 0-q, Tumor initiation represented as the percentage of tumors
established in mice with SOFT and STIFF ECM stroma from cryopreserved tumor fragments for
each indicated HER2-positive PDX model. r, (left) Representative FACS plots for analysis of
tumor initiating cell frequency in the PDX model BCM-3963 for tumors developed within SOFT
(n=5) and STIFF (n=5) ECM stroma. (right) Graph showing the average percentage of
CD44MCD24'" tumor initiating cells. s, Representative FACS plots for analysis of the PDX model
BCM-3143B as in q (SOFT; n=5, STIFF; n=5). (right) Graph showing the average frequency of
tumor initiating cells expressed as the percentage of EpCAMMCDA49f" cells. All graphs are
presented as mean +/- S.E.M. Statistical tests used were Mann-Whitney test (d, f, k-m, r) and

unpaired t-test (c, e, g, h, s), *P<0.03, **P<0.002, ***P<0.0002, ns=non-significant.

Fig. 3: High mechanosignaling fosters stem/progenitor activity in mammary epithelial cells.
a, Cartoon illustrating the genotypes that reflect wildtype (CTL) and V737N-f1 integrin (V737N)
expression in MECs in mice. b, (left) Representative images of H&E-stained mammary gland
wholemounts from CTL and V737N mice. Scale bar, 400 um. (middle and right) Graphs showing
the average number and size of ductal terminal end buds (TEBs) (CTL; n=3-5, V737N; n=3-8
mice). ¢, Graphs of the average number of tertiary ductal branching observed for CTL and V737N
mice at 6 (left) and 10 (right) weeks of age (CTL and V737N; n=5-9 mice). d, (left) Representative

H&E-stained histological sections of mammary glands from 10-week-old CTL and V737N mice.
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Scale bar, 50 um (main image and inset). (right) Graph showing quantification of the average
thickness of the basal/myoepithelial layer (CTL and V737N; n=3 mice). e, Representative
immunofluorescence of luminal and basal keratins (K8; green and K14, red) for frozen sections of
mammary glands from CTL and V737N mice (n=5 mice) at 6- (far left) and 10- (middle right)
weeks of age. Scale bar, 50 um. Graphs showing quantification of the average thickness of K14-
postive layers for mice at 6- (middle left) and 10- (far right) weeks of age. f, (left) Representative
FACS plots showing analysis for mammary epithelial lineages from CTL and V737N mice using
CD24 and CDA49f surface antigens. (right) The relative average percentages of luminal (CD24*;
CD49f"°) and basal (CD24*; CD49f") populations are plotted (n=4 independent isolations each for
CTL and V737N mice). g-k, RNA was isolated from luminal and basal lineage MECs sorted from
CTL and V737N mice (n=4-6 independent isolations) as in f. Graphs showing relative expression
for the indicated genes are displayed. I, MECs sorted from CTL and V737N mice as in f were
subjected to rBM colony formation assays to assess luminal and basal progenitor activity (n=4
independent isolations). The bar graph shows secondary colony formation in the presence of
vehicle (DMSO) or FAK-inhibitor (FAKi; PND1186) m, Limiting dilution transplantation assays
were performed with basal (CD24*; CD49f") MECs sorted as in f from CTL and V737N mice.
Stem cell frequency was calculated from the number of mammary gland repopulating events.
(bottom) Representative images of carmine alum-stained mammary gland transplants of CTL and
V737N MECs n, Lineage tracing of CTL and V737N mammary glands using tamoxifen (single
dose of 1.5mg per mouse) induced V737N-B1 and Confetti reporter expression at 3-4 weeks of
age in Kb5-positive epithelial cells (K5/creERT2) (n=3 for CTL and V737N mice). (top)
Representative images of fluorescent protein-labelled cells 16 weeks post tamoxifen induction.

Scale bar, 50 um. Frequency of distinct clones per ductal region (bottom left) and the relative

51


https://doi.org/10.1101/2022.04.19.487741
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.19.487741,; this version posted April 20, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

percentage of single cell, two-cell, and multicellular clones (bottom right) are represented as bar
plots. All graphs are presented as mean +/- S.E.M. Statistical tests used were unpaired t-test (b-e),
two-way ANOVA (with Tukey’s multiple comparisons test) (f, I) and paired two-way ANOVA
(with two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli for multiple

comparisons test) (g-k). *P<0.05, **P<0.005, ***P<0.0005, ns=non-significant.

Fig. 4: Hormone induced RANKL is critical for mechanosignaling induced mammary
progenitor expansion. a, Cartoon illustrating cytology used to determine the estrus (estrogen; E2
high) and diestrus (progesterone; P4 high) stages of the estrus cycle in mice prior to FACS-
mediated isolation of luminal and basal MECs from CTL and V737N mice for RNA extraction
and qRT-PCR. b-h, Graphs showing gRT-PCR analysis of relative gene expression for the
indicated genes in cells sorted as described in a (n=3-4 independent isolations). i, Cartoon
depicting progesterone (P4) action in the mammary gland. P4 stimulates progesterone receptor
(PR) mediated transcription in luminal epithelial cells. PR-induced paracrine factors, Rankl and
Wnt4 stimulate NFxB activity and proliferative responses in LEC and basal cells that include
induction of Ccnd1 and Ccnd2 transcripts. j, Whole mammary glands were lysed and subjected to
ELISA to measure RANKL levels (CTL; n=3, V737N; n=4). k-n, Graphs showing gRT-PCR
analysis of relative gene expression for the indicated genes in MECs sorted as described in a (n=3-
4 independent isolations). o, MECs were isolated by FACS from CTL and V737N mice and treated
with RANK-Fc or 1gG control three times per week for two weeks. Representative FACS plots are
shown (left; CTL IgG treated, and middle; RANK:Fc treated) and the average percentage of
luminal (CD24*; CD49f"°) and basal (CD24*; CD49f") MECs are plotted (right) (n=2-3

independent mice per group). p, Limiting dilution transplantation assays were performed with
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basal (CD24*; CD49f") MECs sorted from CTL and V737N mice treated as in n (left table; CTL
IgG treated, and right table; RANK:Fc treated). Stem cell frequency was calculated from the
number of mammary gland repopulating events. All graphs are presented as mean +/- S.E.M.
Statistical tests used were paired two-way ANOVA (with two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli for multiple comparisons test) (b-h, k-n), unpaired t-test (j) and
two-way ANOVA (with Tukey’s multiple comparisons test) (o). *P<0.05, **P<0.005,

***P<(.0005, ns=non-significant.

Fig 5: Extracellular matrix stiffness and high mechanosignaling potentiate progesterone
signaling. a, Cartoon depicting progesterone receptor (PR) isoforms and known sites of post-
translational modification (P=phosphorylation, K=SUMOylation/acetylation). b, Representative
images showing immunofluorescence staining of frozen mammary gland sections from CTL and
V737N mice with antibodies specific to progesterone receptor (PR; red) and keratin 18 (K18;
green). Scale bar, 50 um. ¢, Luminal and basal MECs were isolated by FACS as described in
Figure 3f. (left) Cells were lysed as nuclear and cytoplasmic fractions prior to immunoblotting
with antibodies specific to phospho-ERK (p-ERK; T202/204) and total ERK for the cytoplasmic
fraction. (right) Densitometry for phospho-ERK relative to total ERK was calculated for 3
independent cell isolations and plotted. d, (left) The nuclear extract of cells isolated as in ¢ were
subjected to immunoblot analysis with antibodies specific to phosphorylated progesterone receptor
(p-PR, S294), p65-NFxB and Lamin B1 as a loading control. Densitometry for p-PR (S294;
middle) and p65-NF«B (right) relative to LaminB1 was measured for 3 independent cell isolations
and plotted. e, T47D breast cancer cells were cultured on fibronectin conjugated polyacrylamide

gels of varying stiffness (0.4 and 6kPa), serum starved overnight, and treated with EGF (20ng/mL),
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R5020 (10nM), EGF and R5020 together (E+R), U0126 (MEK inhibitor), or U0126 for 1hr prior
to EGF and R5020 (E+R+U) for 15 min. Cells were then lysed for immunoblotting with antibodies
specific to phospho-PR (S294), PR-A and B, phospho-ERK (p-ERK; T202/204) and ERK. f, Bar
graph showing densitometry measurements for PR-B phosphorylation relative to PR-B total levels
from three independent experiments conducted as in f (SOFT=0.4kPa; STIFF=6kPa). Treatment
conditions were normalized to the non-treated serum-starved condition. g, Bar graph of the data
from f represented as fold change of STIFF/SOFT for each treatment condition. h, Primary mouse
MECs were isolated from CTL and V737N mice and cultured as organoids in SOFT (no L-ribose)
and STIFF (crosslinked with L-ribose) Col1/rBM hydrogels for 24 hr with serum starvation
overnight prior to stimulation with vehicle or EGF and R5020 for 15 min. Nuclear translocation
of PR was assessed by immunofluorescence staining with antibodies specific for the progesterone
receptor (PR, red) and keratin 18 (green), and nuclei (cyan) were stained with DAPI.
Representative images are shown. Scale bar, 25 um. i, Primary mouse MECs prepared and cultured
as in i were serum starved overnight prior to stimulation with vehicle or EGF/R5020 for 48 hr.
Some samples were also treated with FAK-inhibitor (FAK-i, PND1186) or EGFR-inhibitor
(EGFRI, Tyrphostin/AG-1478) prior to collection of conditioned media and RNA extraction for
gRT-PCR analysis of relative Tnsfs11 (Rankl) gene expression levels (n=3 independent isolations).
J, The conditioned media from j was subjected to ELISA for determination of soluble RANKL
levels (n=3 independent isolations). All graphs are presented as mean +/- S.E.M. Statistical tests
used were Mann-Whitney test (c and d, one-tailed) and paired two-way ANOVA (with two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli for multiple comparisons test) (f, g,

I, J). *P<0.05, **P<0.005, ***P<0.0005, ns=non-significant.
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Fig. 6: Extracellular matrix stiffness is associated with elevated RANK activity and breast
cancer risk. a, Cartoon of HER2-positive patient derived xenografts (PDXs) with Col1l/rBM ECM
stroma implantation strategy with (STIFF) and without (SOFT) L-ribose mediated crosslinking (x-
linking). b, qRT-PCR analysis of relative gene expression for TNFSF11 (RANKL) in HER2-
positive PDX tumors developed in SOFT (n=8) and STIFF (n=8) stromal matrices. c, (left)
Representative images of immunofluorescence staining for frozen tumor sections as in b with an
antibody specific to RANKL (red). Nuclei were counterstained with DAPI (cyan) (n=6 for SOFT
and STIFF). Scale bar, 50 um. (right) Graph showing average percentage of RANKL positive
staining per total cell area. d, Cartoon depicting human breast tissue organization with low and
high mammaographic density (MD). High MD tissues have more abundant epithelium, fibroblasts,
collagen matrix and collagen crosslinking enzymes contributing to a stiffer stroma. e, (left)
Representative images of immunofluorescence staining for frozen human breast tissue sections
(n=6 for low and high MD) with an antibody specific for phosphorylated-ERK (Red). Nuclei are
counterstained with DAPI (cyan). Scale bar, 50 um. (right) Graph showing the average percentage
of positive phospho-ERK staining per total cell area. f, gRT-PCR analysis of relative gene
expression for TNFSF11 (RANKL) (normalized to Krt8) in low and high MD human breast tissues
(n=9; low MD, n=10, high MD). g, (left) Representative images of immunofluorescence staining
for frozen human breast tissue sections (n=6 for low and high MD) with antibodies specific for
RANKL (Red) and Keratin 18 (K18, green). Nuclei are stained with DAPI (cyan). Scale bar, 50
um. (right) Graph showing average percentage of positive RANKL staining per total cell area. h-
I, QRT-PCR analysis as in f for TNFRS11B (OPG) and TNFRSF11A (RANK) (n=9-10 for low and
high MD). j, (left) Representative images of immunofluorescence staining for frozen human breast

tissue sections (n=6 for Low and high MD) with an antibody specific for RANK (Red). Actin

55


https://doi.org/10.1101/2022.04.19.487741
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.19.487741,; this version posted April 20, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

filaments are stained with Phalloidin (488, green) and nuclei are counterstained with DAPI (cyan).
Scale bar, 50 um. (right) Graph showing average percentage of positive RANK staining per total
cell area. k, (left) Representative images of immunofluorescence staining for human breast tissue
frozen sections (n=8 for low and high MD) with antibodies specific for p65-NF«xB (Red) and
Keratin 18 (K18, green). Nuclei are counterstained with DAPI (cyan). Scale bar, 50 um. (right)
Graph showing average percentage of positive nuclear p65-NFkB staining per total cell nuclei. 1,
Example of a whole breast mammogram where two regions of different mammographic density
(MD) were excised for storage as OCT-embedded frozen tissue blocks. m, Frozen sections from
two regions of the same breast as depicted in | were used to measure average ECM stiffness by
AFM. Sections of each region were also used to isolate RNA and determine relative TNFSF11
(RANKL) gene expression as in f. Average AFM measurements and relative RANKL gene
expression levels were plotted for each region to display their relationship. B numbers represent
individual patients (n=4). n, (left) Representative plots showing FACS analysis of low MD (n=7)
and high MD (n=22) human breast tissues using the epithelial surface antigens, EpCAM and
CD49f. (right) Graph illustrating the average percentage of mature luminal (ML, EpCAM";
CD49f'°), luminal progenitor (LP, EpCAMM: CD49f") and basal (ML, EpCAM'"; CD49f") MECs.
0, FACS isolated (as in r, n=7; low MD, n=22, high MD) LP and Basal MECs were subjected to
colony formation assays in rBM to assess progenitor activity. Graph shows the average number of
colonies per 1000 cells formed for both lineages from low and high MD tissues. p, (left)
Representative images of Immunohistochemical staining of paraffin sections from low MD (n=7)
and high MD (n=6) breast tissues with an antibody specific for ALDH. Nuclei are counterstained
with hematoxylin. Scale bar, 50 um. (right) Graph showing average percent positive ALDH

staining per total cell area. g-s, Graphs showing gRT-PCR analysis of relative gene expression
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(normalized to Krt8) for the indicated genes in low MD (n=11) and high MD (n=10) human breast
tissues. All graphs are presented as mean +/- S.E.M. Statistical tests used were unpaired t-test (b,
f, h, i, g-s), Mann-Whitney test (c, e, g, j, k, p) and two-way ANOVA (with Tukey’s multiple

comparisons test) (n, 0). *P<0.03, **P<0.002, ***P<0.0002, ns=non-significant.
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