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Women with germline BRCAI mutations (BRCAI"™") have increased risk
for hereditary breast cancer. Cancer initiation in BRCAI™"is associated
with premalignant changes in breast epithelium; however, the role of the
epithelium-associated stromal niche during BRCA1-driven tumor initiation
remains unclear. Here we show that the premalignant stromal niche
promotes epithelial proliferation and mutant BRCAI-driven tumorigenesis
intrans. Using single-cell RNA sequencing analysis of human preneoplastic

BRCAI"™'and noncarrier breast tissues, we show distinct changesin
epithelial homeostasis including increased proliferation and expansion
of basal-luminal intermediate progenitor cells. Additionally, BRCAT""™*
stromal cells show increased expression of pro-proliferative paracrine
signals. In particular, we identify pre-cancer-associated fibroblasts
(pre-CAFs) that produce protumorigenic factors including matrix met-
alloproteinase 3 (MMP3), which promotes BRCAI-driven tumorigenesis
invivo. Together, our findings demonstrate that precancerous stroma
in BRCAI"™" may elevate breast cancer risk through the promotion of
epithelial proliferation and an accumulation of luminal progenitor cells
with altered differentiation.

Thebreast epithelium consists of a bilayer of outer basal and inner lumi-
nal cells forming a complex network of lobular units and ducts that ulti-
mately connecttothenipple of the breast. Through thelens of single-cell
RNA sequencing (scRNA-seq), three distinct epithelial cell types can
be defined, one basal and two luminal cell types called secretory
(here referred to as luminal 1) and hormone-responsive (luminal 2)"*.
Breast cancer arises within the epithelial system due to a cascade of
protumorigenic genetic mutations, a process that can be accelerated

through the inheritance of certain high-risk germline mutations such
as in the DNA repair gene BRCAI (refs. >°). Cancer initiation in BRCAI
mutation carriers (BRCAI'™") is associated with premalignant changes
in the breast epitheliumincluding altered differentiation””, prolifera-
tive stress'®and genomic instability". Previous studies have implicated
luminal progenitors (that is, luminal 1) as the cell-of-origin of cancer
in BRCAI"™ breast cancers”>* ', The vast majority of previous stud-
ies focused on the role of BRCAI mutations in epithelial cells, which
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substantially expanded our understanding of changes in epithelial
cell biology during BRCAI1"™*-associated cancer initiation. However, it
remains elusive whether BRCAI germline mutations canlead to changes
withinstromal cells surrounding the epithelium, and whether stromal
cellsmay contribute toincreased breast cancer risk by driving prema-
lignant changes in epithelial cells via paracrine interactions.

The breast epithelium is embedded in a complex microenviron-
ment consisting of fibroblasts, endothelium, pericytes and numerous
immune cell populations, which may produce secreted regulators of
tissue homeostasis and epithelial stem and progenitor cell function®.
In particular, fibroblasts are critical and abundant niche cells that
regulate normal breast epithelial homeostasis through the secre-
tion of growth factors and extracellular matrix (ECM) molecules™
and contribute to tumor progression as cancer-associated fibro-
blasts (CAFs)". Here we hypothesized that germline BRCAI"™" car-
riers exhibit alterations in the breast stromal niche, which promotes
premalignant epithelial changes and cancer initiation in a paracrine
fashion. To address this, we used scRNA-seq to generate a transcrip-
tomics atlas of cell types and states from a cohort of primary human
breast tissue samples derived from BRCAI"™ carriers and noncar-
riers (controls). To functionally study the interaction of stromal
and epithelial cells in the human system, we established an in vitro
coculture system using primary human epithelial and stromal cells
thatallow for lentiviral modulation of candidate factors, and we used
an in vivo cotransplantation model for mutant BRCA1-driven breast
cancer to determine the cancer-promoting activity of candidate
stromal factors.

Results

Todefine the heterogeneous stromal cell types and their communica-
tionwith epitheliuminthe premalignant human breast, we analyzed a
cohortof nontumorigenicbreast tissues from BRCA1 germline variant
carriers (BRCAI''™*; n=20) and noncarriers (n = 33) using a combina-
tion of scRNA-seq, in situ analysis and functional in vitro and in vivo
experiments. For scRNA-seq (BRCAI™*: n=11; noncarrier: n =11),
we used differential centrifugation to enrich for breast epithelium®
following tissue dissociation, then isolated epithelial (Lin"”/EpCAM®)
and stromal (Lin"/EpCAM") cells by fluorescence-activated cell sort-
ing (FACS) and sequenced altogether 230,100 cells (Fig. 1a, Extended
Data Fig. 1a and Supplementary Table 1). We used Seurat” to identify
the main cell types and their marker genes in a combined analysis of
all samples (Fig. 1b,c and Supplementary Tables 2 and 3). Notably,
cell type clusters contained cells from all individuals, and all samples
demonstrated comparable quality metrics (Extended Data Fig. 1b-d)
and showed expected variation in cell type composition (Extended
Data Fig. 1e). Within epithelium, we identified three cell types corre-
sponding to basal (63,002 cells), luminal 1 (26,122 cells) and luminal 2
epithelial cells (28,045 cells), as previously described in ref.’. Within
the epithelium-associated stroma, we found three main cell types cor-
respondingto fibroblasts (55,428 cells), endothelial cells (31,819 cells)
and pericytes® (22,917 cells) (Fig. 1b).

Because fibroblasts and pericytes have been historically difficult
to distinguish??*, we next defined molecular differences and com-
monalities between these breast stromal cell types through differ-
ential marker gene expression and gene ontology (GO) term analysis
(Extended Data Fig. 2a-e). Among the commonalities were genes
associated withmesenchymalbiology including EDNRB, PDGFRB, ZEB2
and COL4AI (ref.?*). Key differences were observed in genes encoding
ECM molecules (COL1A2) and proteolytic remodelers (MMP2, MMP3,
MMPI0) infibroblasts, and actin-binding (TAGLN, ACTA2) and factors
related to vascular accessory function (PROCR, ESAM, MCAM, KCNE4)
in pericytes (Extended Data Fig. 2b). Notably, we found that the cell
surface markers PROCR and PDPN differentially labeled pericytes
and fibroblasts (Extended Data Fig. 2f), thus allowing us to develop
a FACS strategy to specifically enrich for pericytes (PROCR" PDPN")

and fibroblasts (PDPN* PROCR™") (Extended Data Fig. 2g—i). Our
approach for selective isolation of fibroblasts and pericytes from
humantissues allows for prospective functional analyses and may help
improve therapeutic approaches utilizing the regenerative capacity
of pericytes®.

Previous studies have implicated luminal progenitors (that is,
luminal1) as the cell-of-origin of cancer in BRCAI"™"-associated breast
cancer”®>* To define premalignant aberrations within the epithe-
lium of premalignant BRCAI"™ tissues, we next performed subset
epithelial cell clustering and classified all epithelial cells on the cell
state level as previously described in ref." and determined the differ-
entially expressed genes between noncarriers and BRCAI"™ within
eachepithelial cell type (Fig. 2a, Extended Data Fig. 3a and Supplemen-
tary Tables 4-7). To assess progenitor capacity, we used a statistical
approach that quantifies increased cell state transition probabilities
assingle-cell energy (scEnergy)®. This analysis showed that BRCAT"™*
basal, luminal 1 and luminal 2 epithelial cells displayed substantially
higher scEnergy than their noncarrier counterparts (Fig. 2b,c). Inline
with this notion, we also found indicators of altered epithelial differen-
tiation, including enhanced transcription of genes encoding hallmark
luminal cytokeratins such as KRTI8, KRT8 and KRT19in BRCAI"™" basal
epithelial cells (Extended DataFig. 3b). To validate this, we performed
single-cell western blot (scWB) analysis for dual expression of lumi-
nal (KRT19) and basal (KRT14) markers in isolated basal cells, which
revealed an increased percentage of KRT19/KRT14-double positive
basal cellsin BRCAI'™* (Extended Data Fig. 3c-e).

Because luminal progenitors (that is, luminal 1) are particularly
involved in BRCAI"'™-associated breast cancer”*'>*, we next per-
formed detailed differential gene expression analyses within luminal 1
cells, which similarly revealed indicators of altered differentiation such
that basal hallmark genes (for example, KRTS5, KRT14) and luminal pro-
genitor genes (forexample, ALDHIA3) were upregulated in BRCAT"™
luminal1cells (Fig. 2d). Furthermore, luminal 1 cells exhibited increased
genescores for basal, but not other epithelial cell type-associated gene
signatures (Fig. 2e and Supplementary Table 3). This observation was
corroborated using in situ immunofluorescence (IF), as the percent-
age of KRT14/KRT19-double positive luminal cells was substantially
increased in BRCAI"™ tissues (Fig. 2f, Extended Data Fig. 4a,b and
Supplementary Table 8) in line with recent work. The same subset
of luminal 1-ALDH1A3-positive cells was also found to express mRNA
high levels of KRT23 (Fig. 2d). To validate this finding on protein level,
we performed scWB analysis of primary epithelial cells isolated from
noncarrier (n=3) and BRCAI'™ tissues (n = 3), showing that BRCAI*/™*
patients have a greater percentage of KRT23-positive luminal cells
(Fig.2g). Thiswas further corroborated by insitu IF, showing increased
numbers of KRT23-positive luminal cellsin BRCAI"™ (Extended Data
Fig. 5a,b and Supplementary Table 9). We next performed cell-cycle
scoring analysis®® of epithelial cells in scRNA-seq data, which revealed
an increased percentage of BRCAI”™" epithelial cells in S phase
(Fig. 2h). To validate this finding in situ, we performed IF staining for
PCNA in additional noncarrier (n=3) and BRCAI'™* (n=3) samples,
which confirmed anincreased number of proliferating epithelial cells
(Fig. 2i,j). Taken together, these findings demonstrate that the pre-
malignant epithelium in BRCAI"™" displays increased proliferation
and an expansion of luminal progenitors with altered differentiation
characterized by abasal-luminal intermediate phenotype.

Because stromal cells have key roles in regulating epithelial pro-
genitor cell function through paracrine and juxtacrine interactions',
we next explored ligand-receptorinteractions that displayed enhanced
expression patterns in BRCAI"™" compared to noncarrier samples
(Supplementary Table 10). Based on the expression of genes encoding
ligands and receptors, respectively, pericytes and fibroblastsin noncar-
rierswere predicted to engage in anumber of collagen-integrininter-
actions with epithelium, which were underrepresented in BRCAT"™*
(Fig.3a,b and Extended DataFig. 6a,b). Intriguingly, we found several
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Fig.1|Single-cell transcriptomics analysis of human breast tissues from
BRCAT"™*and noncarriers. a, Schematic depiction of single-cell analysis
workflow using human breast tissue samples that are mechanically and
enzymatically dissociated into single-cell suspensions that are subjected to FACS
toisolate stromal (EpCAM") and epithelial (EpCAM®) cells for scRNA-seq analysis.
b, Integrated clustering analysis of n = 11 noncarrier and n = 11 BRCAI"™" scRNA-

seq dataset in UMAP projection showing the mainidentified cell types.

¢, Top ten marker gene heatmap for each cell type identified by scRNA-seq
analysis (rows = genes, columns = cells). The corresponding cell types are
indicated with letter abbreviations as follows: basal epithelial cells (B), luminal 1
(L1) and luminal 2 (L2) epithelial cells, fibroblasts (F), pericytes (P), endothelial
cells (E), lymphatic cells (L) and immune cells (I).

genes encoding tumor-promoting and proliferation-inducing growth
factors enriched in BRCAI"™", including FGF2 (ref.*) and HGF* from
fibroblasts, and NGF* and INHBA** from pericytes (Fig. 3a). Indeed, GO
termanalysis showed that BRCAI"™ samples exhibit an overallincrease
in pro-proliferative cues from both pericytes and fibroblasts, while
endothelial cells exhibited increases in inducing mitogen-activated
protein kinase signaling (Fig. 3b), suggesting that alterations in the
stromal niche drive the observed epithelial proliferation in premalig-
nant breast tissues.

Our ligand-receptor analysis revealed nerve growth factor (NGF)
as a pro-proliferative factor enriched in BRCAI"™" pericytes interact-
ing with NGF receptor (NGFR) on basal cells (Fig. 3a). We performed
amore detailed analysis of vascular cell states (endothelial cells and
pericytes; Extended Data Fig. 7a,b), which confirmed that NGF was
expressed at higher levels in BRCAI"™ pericytes (Extended Data
Fig. 7c and Supplementary Table 11). NGF is known to induce prolif-
eration in cancer cells®” ; however, NGF has not been known to act
as a microenvironmental growth factor in the precancerous breast.
With our ligand-receptor analysis, we predicted that NGF has a
pro-proliferative effect on basal cells, which was supported by flow
cytometric analysis showing that only basal cells, but not luminal

cells, express NGFR (Fig. 3¢). To functionally test NGF-NGFR interac-
tion, we investigated whether FACS-isolated NGFR-positive basal cells
display increased proliferation when stimulated with exogenous NGF
in mammosphere formation assays®. Indeed, the addition of NGF
induced substantially increased number and size of mammospheres
of basal, but not luminal cells (Fig. 3d,e), and enhanced mammary
branching morphogenesis® ina physiologically relevant ECM hydrogel
assay” (Extended Data Fig. 7d-f). Together, these findings reveal the
NGF-NGFR pathway as amolecular mechanisminvolved in the micro-
environmental induction of epithelial proliferation in preneoplastic
BRCAT"™"breast tissues.

Fibroblasts are critical and abundant niche cells that regulate
normal breast epithelial homeostasis through secretion of growth
factors and ECM molecules' and contribute to tumor progression as
CAFs". Our subset analysis of fibroblast cell density showed striking
changes between noncarrier and BRCAI"™ tissues (Fig. 4a), indicat-
ing shifts of fibroblasts in transcriptional space. We next performed
differential gene expression analysis, which revealed substantially
altered gene expression signatures between BRCAI™'and noncarrier
fibroblasts (Fig. 4b and Supplementary Table 12). Interestingly, gene
scoringanalysis showed elevated expression of CAF** and inflammatory
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Fig. 2 |Increased proliferation and accumulation of aluminal epithelial
progenitor subset with altered differentiation in BRCAI'™*breast tissues.
a, Unbiased clustering using UMAP projection of all patient epithelial cells. Cells
arelabeled by mammary epithelial cell state classification asindicated.

b, UMAP feature plots displaying single-cell energy (scEnergy) in faceted

plots for noncarrier (upper plot) and BRCAI"™* cells (lower plot). ¢, scEnergy
distributions are plotted as mean scEnergy values from anindividual patient
(expressed as mean + s.e.m.) across basal (noncarrier basal = 0.5009 + 0.01214,
BRCAI"™tbasal = 0.5513 + 0.01677), luminal 1 (noncarrier luminal

1=0.3910 + 0.01150, BRCAI"™"* luminal 1= 0.4420 + 0.01590) and luminal 2
(noncarrier luminal 2 = 0.4150 + 0.009314, BRCAI"™ luminal 2 = 0.723 + 0.01549)
cell types from noncarrier and BRCAI"™ samples. Pvalues were determined

by Welch’s two-sample t-test. d, Volcano plot displaying genes differentially
expressed between noncarrier and BRCAI”™" luminal 1 epithelial cells; genes
greater than log,FC > 0.25 are colored. The Wilcoxon rank sum test (two

sided) is used to determine differentially expressed genes; adjusted Pvalues

are determined using the Bonferroni method for multiple testing correction.

e, Gene signature scoring of luminal 1 cells from noncarrier and BRCAT"/™"
epithelial cells plotted as mean signature score values from individual patients
(expressed as mean + s.e.m.) for basal (noncarrier luminal 1= 0.2685 + 0.01195,
BRCAI™luminal 1= 0.3396 + 0.02406), myoepithelial (noncarrier luminal
1=0.2250 + 0.01616, BRCAI”™" luminal 1= 0.3396 + 0.02406), luminal 2-AREG
(noncarrier luminal1=0.3481 + 0.01287, BRCAI"™ luminal 1= 0.3848 + 0.01801)
and luminal 2-MUCLI (noncarrier luminal 1= 0.3299 + 0.01016, BRCAI"™ luminal
1=0.3535 + 0.01473) marker gene signatures. Pvalues were determined by
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Welch'’s two-sample t-test. f, In situ IF analysis of KRT14/KRT19-double
positive cells of lobular and ductal regions in noncarrier and BRCAI™ " tissues
with representative images shown. Scale bar = 50 pm. Bar chart (bottom left)
indicates the percentage of KRT14/KRT19-double positive cells in noncarrier
(n=6)and BRCAI"™" (n = 6). Values are expressed as mean + s.d. quantified
from at least five random fields per patient sample. Pvalue was determined
using an unpaired two-tailed t-test. g, Single-cell Western blot (ScCWB)-based
quantification of KRT23-positive luminal epithelial cells isolated by FACS
from noncarrier (n =3) and BRCAI"™" (n = 3). Images are representative
regions of scWB chips post electrophoresis and antibody probing. Bar chart
values are represented as mean + s.d. from atleast 1,000 cells per individual;
n=3noncarrier,and n =3 BRCAI"™, Pvalue was determined using an
unpaired two-tailed t-test. h, Bar chart shows the percentage (expressed as
mean + s.e.m.) of each patient’s noncarrier (0.3346 + 0.01990, n =11) and
BRCAI™*(0.4245 + 0.2323, n =11) epithelial cells in S phase as identified by
Seurat cell-cycle scoring analysis. P value was calculated by an unpaired two-
tailed t-test. i, Representative images from IF analysis of pan-cytokeratin (PanCK,
green) and PCNA (red) expression in ductal and lobular regions of noncarrier
and BRCAI"™"breast tissues. Scale bar = 50 pm. j, Bar graphs showing the
average percentage (expressed as mean + s.e.m.) of PCNA + cells in five regions
each fromnoncarrier (n = 3) and BRCAI"™" (n = 3) patients by in situ IF analysis
of lobular (noncarrier = 25.89 +1.957, BRCAI"™" = 62.11 + 7.286) and ductal
(noncarrier =29.40 + 2.812, BRCAI"™" = 54.23 + 4.366) areas. Pvalues were
determined by unpaired two-tailed ¢-test.
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Fig.3|Receptor-ligand interaction analysis reveals increased stromal
cell-induced epithelial proliferationin BRCAT"™" breast tissue. a, Circos plots
showing ligand-receptor interactions enhanced in BRCAI"™" tissues with ligands
expressed by pericytes (left), fibroblasts (center) and endothelial cells (right) and
receptors expressed by the three epithelial cell types basal, luminal1and luminal 2.
b, Enrichment scores of GO terms (GO-Biological Processes 2018) of BRCAT"™*
pericyte (left), fibroblast (center) and endothelial (right) ligands and epithelial
receptors are shown. ¢, Representative FACS plots showing gating for NGFR*
basal (top: gated on EpCAM®, CD49f-high) and luminal cells (bottom: gated on
EpCAM-high, CD49f").d, Mammosphere assay using FACS-isolated primary
human NGFR* basal epithelial cells grown in the presence of recombinant

NGF (100 ng ml™) compared to untreated Ctrl. Representative images are

shown onthe left, and bar charts showing the number (left) and size (right) of
mammospheres in each condition. Data are presented as the mean + s.d.; each
point represents one matrigel mammosphere culture (n =3 Ctrl, n=3 NGF).
Pvalues were determined by unpaired two-tailed ¢-tests. Scale bars = 50 um.

e, Mammosphere assay using FACS-isolated primary human luminal epithelial
cells grown in the presence of recombinant NGF (100 ng ml™) compared to
untreated Ctrl. Representative images are shown on the left, and bar charts
showing the number (left) and size (right) of mammospheres in each condition.
Data are presented as the mean + s.d.; each point represents one matrigel
mammosphere culture (n =3 Ctrl, n =3 NGF). Pvalues were determined by
unpaired two-tailed t-tests. Scale bars = 50 pm. Ctrl, control cells.

CAF* signature genes (Fig. 4c) in BRCAI'™" fibroblasts, suggesting
that BRCAI"™" fibroblasts acquire a CAF phenotype already at the
premalignant stage (‘pre-CAF’ phenotype). This pre-CAF signature,
as defined by the top 100 BRCAI"™ fibroblast differentially expressed
genes, correlated with poor survival in Her*" and ER'/PR" breast can-
cers, whilein contrast, the gene signature from noncarrier fibroblasts
correlated withimproved survivalin ER"/PR* breast cancers (Extended
Data Fig. 8b). Gene scoring analysis on a by-sample basis showed that
the pre-CAF phenotype is consistent with this and substantially ele-
vated in the BRCAI”™ cohort compared to noncarriers (Fig. 4d) and

is unaffected by parity status (Extended Data Fig. 8a). Future studies
areneeded to dissect the association of specific germline BRCAI muta-
tions with cell state changes in fibroblasts and other stromal cells in
more detail.

We next sought to identify stromal factors that may induce the
observed alterationsin epithelial differentiation such as the expansion
ofbasal-luminalintermediate cells (Fig. 2e,f). Interestingly, expression
levels of the gene encoding secreted protease matrix metalloproteinase
3 (MMP3) were one of the top pre-CAF markers found to be elevated in
BRCAI''™fibroblasts compared to noncarriers across all individuals
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(Fig. 4e). This was striking because we and others previously demon-
strated that MMP3 can regulate mammary differentiation through Wnt
,and promote breast cancer during aging®, for example,

signaling®-*®

Ductal Whole tissue

Lobular

via production of reactive oxygen species and increased genomic
instability®®. However, our current work unraveled a potential role of
fibroblast-derived MMP3 in the initiation human BRCAT"™"-associated
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Fig. 4 | Expansion of CAF-like, MMP3-expressing fibroblasts in premalignant
BRCAT"™*breast tissues. a, UMAP projection of cell density in noncarrier

and BRCAI'™* fibroblasts. b, Volcano plot with all differentially expressed

genes between noncarrier and BRCAI™" fibroblasts. The Wilcoxon rank sum
testis used to determine differentially expressed genes. Adjusted Pvalues are
determined using the Bonferroni method for multiple testing correction. Top 50
BRCAI"™ genes were used to define pre-CAF signature. Top 50 noncarrier genes
were used to define noncarrier fibroblast signature. ¢, Gene signature scoring
ofall noncarrier (n =9 patients) and BRCAI"™ (n = 9 patients) fibroblasts CAF
and iCAF signatures. Each point represents the average score from one patient’s
fibroblasts. Data are presented as the mean + s.d. Pvalues were determined

by Welch’s two-sample t-tests. Patient sScRNA-seq libraries with less than -250
fibroblasts (<10% of mean number of fibroblasts) were excluded. d, Pre-CAF
gene signature scoring in fibroblasts from individual patients. Patient sScRNA-seq
libraries with less than ~250 fibroblasts (<10% of mean number of fibroblasts)
were excluded. Boxplots indicate median and 25 and 75% quantiles, respectively;

minima and maxima represent the 10th and 90th percentile, respectively.
Pvalue was determined by Welch two-sample ¢-test comparing mean pre-CAF
signature scores between noncarrier and BRCAI"™* patients. e, Bar chart of the
average MMP3 expression in noncarrier (n = 9 patients) and BRCAI"'™ (n=9
patients) fibroblasts. Each point represents the average score from one patient’s
fibroblasts, data are presented as the mean + s.d. Pvalues were determined by
Welch'’s two-sample t-test. f, Representative images of in situ IF analysis of
MMP3 (red) and PanCK (green) expression in lobular and ductal regions of
breast epithelium from noncarrier and BRCAI"™* human tissue sections. Scale
bar =50 pm. DAPIsignal is shown inblue. g, Percentages of MMP3-positive
stromal cells in noncarrier (blue) and BRCAI'™ (red) samples as manually
quantified from IF images. PanCK-positive epithelial cells were excluded from
counts. Values are expressed as mean + s.d. quantified from at least five random
fields per patient sample. P value was determined using an unpaired two-tailed
t-test.

cancer, which had been previously unknown. To validate whether
MMP3 expression is increased in BRCAI"™" fibroblasts at the protein
levelinsitu, we performed IF on noncarrier (n =12) and BRCAI"™ (n=8)
samples. This analysis revealed an expansion of MMP3-positive stromal
cells in close proximity to epithelial structures in BRCAI"™* tissues
(Fig. 4e,f, Extended Data Fig. 9a,b and Supplementary Table 7), sug-
gestingadirect link of tumor-promoting MMP3 with increased breast
cancer risk in human BRCAI™*, The expansion of MMP3-expressing
pre-CAFs in BRCAI''™was particularly significant in lobular regions,
which could indicate that BRCAI-driven tumor initiation occurs pre-
dominantly inlobular rather than ductal regions.

To functionally determine the effects of fibroblast-derived
MMP3 on human breast epithelial biology, we established a 3D
stromal-epithelial coculture assay using primary human breast
fibroblasts and mammary epithelial cells (MECs; Fig. 5a,b). We used
lentiviral transduction to induce MMP3 overexpression in noncar-
rier fibroblasts (+MMP3), which yielded increased MEC growth
compared to control-GFP fibroblasts (+GFP) in our coculture assay
(Fig. 5¢, Extended Data Fig. 10a-d and Supplementary Fig. 1a). Con-
versely, deleting MMP3 using CRISPR/Cas9-mediated knockout in
BRCAI"™ fibroblasts (-MMP3) resulted in substantial reduction of
mammosphere growth (Fig. 5d and Supplementary Fig. 1b). To deter-
mine whether MMP3 directly promotes epithelial growth, we next
addedrecombinant MMP3toepithelial cellsin3D cultureinthe absence
of fibroblasts. We found that exogenous MMP3 was sufficient toinduce
increased mammosphere growthina concentration-dependent man-
ner (Fig. 5e and Extended Data Fig. 10e,f). These results show that
fibroblast-derived MMP3 acts in trans to promote human breast
epithelial growth. To determine if stromal MMP3 directly induces
altered differentiation, we performed IF analysis for basal (KRT14)
and luminal (KRT19) markers on MMP3-treated mammospheres and
observed a striking expansion of KRT14/KRT19-double positive cells
upon MMP3 treatment (Fig. 5f). Additionally, as MMP3 can function
through promotion of canonical Wnt signaling’, we examined the
expression of the Wnt/proliferation-associated markers Cyclin D1
and c-Myc, respectively, by IF. Indeed, we observed increased levels
of both Cyclin 1and c-Myc in MMP3-treated mammospheres (Fig.
5g,h). Takentogether, these findings highlight MMP3 as a key pre-CAF
factor promoting epithelial proliferation and altered differentiation
inbreast epithelial cellsin BRCAI"™ through paracrine interactions.

To evaluate the effect of fibroblast-derived MMP3 on tumor initia-
tion in vivo, we established a fibroblast-epithelial cotransplantation
mouse model for BRCA1-driven tumor initiation (Fig. 6a). In brief, we
firstisolated precancerous mammary cells from Brca?™ /! p53786158Cree
mice’. We then FACS-isolated human breast fibroblasts (PDPN*) and len-
tivirally modulated them to express GFP only (+GFP) or both MMP3 and
GFP (+MMP3) (Extended DataFig.10g). We then performed orthotopic

mammary fat pad cotransplantation intoimmunocompromised mice
inthree experimental groups (n =12 each) as follows: (1) mammary cells
only (control), (2) mammary cells with control +GFP fibroblasts and
(3) mammary cells with +MMP3 fibroblasts. After 6 weeks, increased
tumor initiation frequency was observed in the +tMMP3 group (12/12)
compared to mammary cells only (4/12), and the +GFP control groups
(8/12), demonstrating that fibroblast-derived MMP3 promotes mutant
BRCAI-mediated tumor initiation in vivo (Fig. 6b). Additionally,
comparing tumor volume and mass showed substantially increased
tumor growth in the +MMP3 group compared to both control groups
(Fig. 6¢,d). These results demonstrate that fibroblast-derived
MMP3 drives BRCAI-associated breast tumorigenesis in a paracrine
fashionin vivo.

To further establish the effect of stromal MMP3 on epithelial
differentiation, we performed in situ analyses on tumors derived
from cotransplantation of MMP3-overexpressing or control (GFP)
fibroblasts, which revealed a significant increase of tumor cells with
coexpression of basal (KRT5) and luminal (KRT8) markers when stro-
mal MMP3 was overexpressed (Fig. 6e). Further, in line with in vitro
mammosphere results (Fig. 5g,h), increased numbers of Cyclin D1-
and c-Myc-positive tumor cells were observed in the presence of
MMP3-expressing fibroblasts (Fig. 6f). Together, our work corrobo-
rates the tumor-promoting function of MMP3 in the context of mutant
BRCAI-driven breast cancer initiationin vivo and shows that this altered
differentiation phenotype can be induced in a paracrine fashion by
stromal cells through secreted MMP3.

Finally, we sought to assess the effect of stromal cell-induced
epithelial proliferation on breast cancer risk in BRCAI"™". BRCAI hap-
loinsufficiency is associated with increased genomic instability during
proliferation®, thus stromal cell-induced proliferation may further
accelerate the process of acquiring loss of BRCAI heterozygosity and
second oncogenic hits. We used a mathematical modeling approach
simulating the population dynamics of cancer progenitors based on
a previously developed mammary stem and progenitor hierarchal
model*’. We simulated the development of sequential mutations in
BRCA1 and other oncogenes (for example, p53) during cancer initia-
tion (Fig. 7a). Our results predict that twofold stromal-induced prolif-
eration increase leads to marked accumulation of a potential cancer
progenitor population (Fig. 7b and Extended Fig. 11a), whichis in line
with our finding of basal-luminal intermediate progenitor expansion
in BRCAI''™* (Fig.2e-g). Toachieve arealistic prediction of cancer risk
over human lifespan, we used arandom mutation model* that assumes
acquired mutations induce stochastic changesin cancer cell fitness*.
Our model predicts that twofold increase in proliferation leads to a
markedly higher overall risk of cancer (Fig. 7c and Supplementary
Data). This suggests that stromal cell-induced epithelial proliferation
may be directly linked with increased breast cancer risk in BRCAI"™*,
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Fig. 5| MMP3-expressing pre-CAFs promote breast epithelial proliferation
and altered differentiation in primary human cocultures in vitro.

a, Schematic depicting experimental set-up for sphere assays of primary human
3D coculture using FACS-isolated epithelial cells and lentivirally transduced
fibroblasts. b, Representative images depicting green fluorescent protein (GFP)
expression in transduced fibroblasts in close proximity to epithelial organoids
(arrow). Scale bar =100 pm. ¢, Cocultures (5 d) of 4,000 breast epithelial cells
seeded alone (no fibroblasts) or with 1 x 10° noncarrier fibroblasts transduced
with lentivirus (+GFP) or transduced to express MMP3 and GFP (+MMP3).
Western blots show increased expression of MMP3 in cells and cultured
supernatant of +MMP3 fibroblasts. Representative merged bright-field and

GFP images of cocultures (scale bar = 400 pm) with arrows indicating epithelial
mammospheres (GFP-negative). Bar charts (right) represent the number of
mammospheres per well; values expressed as mean + s.d. from three separate
experiments with three triplicate wells from each. Pvalues were determined
using unpaired two-tailed t-tests. No fibroblasts versus +GFP, P= 0.0004; no
fibroblasts versus +MMP3, P=0.0005.d, Cocultures (5 d) of 4,000 breast
epithelial cells seeded alone (No fibroblasts) or with 1 x 10° BRCAI"™fibroblasts
transduced with lentivirus to express CRISPR-Cas9 and MMP3 gRNA (-MMP3)
and GFP or GFP only (+GFP) vectors. Western blots show decreased expression
of MMP3 in cells and medium from MMP3-deficient fibroblast cultures.
Representative overlay bright-field and GFP images of cocultures (scale

bar =400 pm) with arrows indicating mammospheres (GFP-negative). Bar charts
(right) represent the number of mammospheres per well; values expressed as
mean +s.d. from triplicates of three independent experiments. P values were
determined using unpaired two-tailed ¢-tests. e, 1 x 10° FACS-isolated epithelial

Control

MMP3 (1 pg/ml)

c-Myc positive (%)

cells from patient sample ‘noncarrier 36’ were seeded in Matrigel and treated
with 0.5 pg mi™ or 1 pg ml™ recombinant MMP3 and spheres were counted after
5dand10 d. Representative bright-field images of mammospheres after 10 d

of culture (scale bar =400 um). Bar chart depicts mean + s.d. from triplicates
ofthreeindependent experiments. Pvalues were determined using unpaired
two-tailed t-tests. f, 1 x 10* primary breast epithelial cells were seeded and
cultured in Matrigel for 10 d with or without human recombinant MMP3. After

10 d, mammospheres were collected and subjected to IF staining for basal
(KRT14; green) and luminal (KRT19; red) markers. Representative fluorescence
images of mammospheres are shown. Scale bar = 50 pm. Bar chart shows

the percentage of KRT14/KRT19-double positive cells. Data are presented as
mean + s.d. from four different patient epithelial cell donors per group (n=4),
with five random fields quantified per sample. Pvalues were determined by
unpaired two-tailed t-tests. g, IF staining for Cyclin D1 (red) of organoids with
and without exogenous MMP3 after 10 d of mammosphere culture. DAPI staining
isshowninblue. Representative fluorescence images of mammospheres are
shown. Scale bar =50 pum. Bar chart shows the percentage of Cyclin D1-positive
cells. Data are presented as mean + s.d. from four different patient epithelial cell
donors per group (n =4), with five random fields quantified per sample. Pvalues
were determined by unpaired two-tailed ¢-tests. h, IF staining for c-Myc (red)

of organoids with and without exogenous MMP3 after 10 d of mammosphere
culture. DAPI staining is shown in blue. Representative fluorescence images of
mammospheres are shown. Scale bar = 50 um. Bar chart shows the percentage of
c-Myc-positive cells. Data are presented as mean * s.d. from four different patient
epithelial cell donors per group (n = 5), with five random fields quantified per
sample. Pvalues were determined by unpaired two-tailed ¢-tests.
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Fig. 6| MMP3-expressing fibroblasts promote mutant BRCA1-driven breast
cancer initiationin vivo. a, Schematic of mouse model to evaluate the effects
of pre-CAFs on mutant BRCAI-mediated breast tumorigenesis in vivo. b, Images
of dissected tumors after 6 weeks of growth with reported tumor formation
efficiencies. Scale bar =1 cm. Pvalues were determined using one-sided Fisher’s
exact test. ¢, Volumes of dissected tumors. Values are represented as mean * s.d.
No fibroblasts n=4;+GFPn=8,+MMP3 n=12. Pvalues were determined

using unpaired two-tailed t-tests. d, Masses of dissected tumors. Values are
represented asmean +s.d. No fibroblasts n = 4; +GFP n=8, +MMP3 n=12.
Pvalues were determined using unpaired two-tailed ¢-tests. e, IF analysis of
mouse tumor tissues from samples cotransplanted with control (+GFP)

or MMP3-overexpressing fibroblasts (+MMP3) probed antibodies against

basal (KRTS5; red) and luminal (KRTS8; green) markers. Representative images

are shown. Scale bar = 50 um. Bar chart shows the percentage of KRT5/KRT8-
double positive cells quantified in five random fields of view from three

tumor samples each (dots on bar chart). Pvalues were determined using unpaired
two-tailed ¢-tests. f, IF analysis for Cyclin D1 (top panel) and c-Myc (bottom panel)
inmouse tumor tissues from samples cotransplanted with control (+GFP) or
MMP3-overexpressing fibroblasts (+MMP3) probed with antibodies against basal
(KRTS5; red) and luminal (KRTS8; green) markers. Representative images

are shown. Scale bar = 50 um. Bar chart shows the percentage of KRT5/KRT8-
double positive cells quantified in five random fields of view from three tumor
samples each (dots on bar chart). Pvalues were determined using unpaired
two-tailed ¢-tests.

Discussion

Other studies have characterized BRCAI"™" preneoplastic tissues
including using scRNA-seq”*'>****>, While these studies primarily
focused on epithelial cells, our current work revealed the distinct
preneoplastic changes within various stromal cell populations
such as pre-CAFs, thus prompting future research to focus on the
genetic alterations occurring within stromal cell populations.
Takentogether, our work identifies premalignant alterations in stromal
cell populations, which provide a conducive, protumorigenic nichein

human BRCAI"™inducing the expansion of a basal-luminal intermedi-
ate subpopulation of luminal progenitors (Fig. 7d-f).

Our findings add granularity to previous reports highlighting lumi-
nal progenitors (thatis, luminal1) asthe cancer cell-of-originin BRCAI"™t
breast cancers”®'>"**, We show that the premalignant epithelium in
BRCAI''™ displaysincreased proliferation and an expansion of a subset
of luminal progenitors with altered differentiation characterized by a
basal-luminalintermediate phenotype, which has alsobeen observed
by other recent studies®'. It remains to be determined whether these
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Fig.7|Mathematical modeling predicts that stromal cell-induced epithelial
proliferation leads to increased lifetime breast cancer risk in BRCAT"'™,

a, Schematic modelillustrating the assumptions and parameters used to
simulate the sequential mutations in oncogenes in BRCAI"™" cells. r,. is the
baseline cell division rate, r,.,, is the cell date rate, sis the proliferation scale
factor and p,,,. is the probability of acquiring a variantin a driver oncogene.
Parameters are further defined in Supplementary Table 17.b, Comparison
between cancer progenitor population dynamics as predicted by a hierarchical
model**. Thick lines: Average population dynamics of proliferationina
population with a twofold increase in proliferation and control group (blue). Gray
thin lines: The stochastic simulation trajectories (sample n =50 for each group).
¢, Comparison of predicted risk ratio of cancer initiation between twofold

(red) and onefold epithelial proliferation rate (blue) over human lifespan. The
samples are collected from the simulation of n = 40 patients in two groups, with
therisk ratio of each patient estimated from n = 20 simulations of arandom
mutation model*. Violin plots show the distribution of risk ratios over n =20
patients in each group, and boxplots indicate median and 25 and 75% quantiles,
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respectively; minima and maxima represent the 10th and 90th percentile,
respectively. Wilcoxon test: P= 0.011. d, Schematicillustrating the concept of a
pro-proliferative stromal niche in preneoplastic BRCAI"™ breast tissues. BRCAI"
™tstromal cells express increased levels of pro-proliferative cues including NGF
in pericytes and protumorigenic MMP3 in fibroblasts. e, We propose that stromal
cuesactin concert during the preneoplastic phase to promote the expansion of a
subset of basal-luminal intermediate progenitor cells as potential cancer cells of
origin. f, Conceptillustration of hierarchical model of cancer initiation in BRCAI"
mut Sequences of mutations are indicated in differently colored cellsinbox on
the left; an asterisk represents a mutagenic event. Center schematic summarizes
the outcome of mathematical modeling results, indicating expansion of cancer
progenitors and ultimately leading to tumorigenesis. Cascade of epithelial cell-
intrinsic events promoting tumorigenesis in BRCAI”™"is shown on the right. Due
toincreased stromal cell-induced proliferation and replication stress, BRCAI"

M breast epithelial stem cells accumulate mutations and become genomically
instable, which ultimately drives tumor initiation.

subsets of luminal progenitors are true cancer cells of origin, for exam-
ple, using mouse models of mutant BRCAI-driven breast cancer in
combination with lineage tracing.

In addition, the finding that stromal cells drive hereditary
breast cancer in trans may help to pave the way toward new dis-
ease monitoring and therapeutic strategies to improve BRCAI"™"*
patient management. For example, our results indicate that MMPs, in
particular MMP3, may be a potential drug target for primary cancer

prevention in BRCAI''™" carriers. Although MMP inhibitors
have been tested as anti-cancer drugs in previous clinical trials with
mostly disappointing results, poor study design focusing on late-stage
cancer patients may have contributed to the lack of success in these
trials*®. Our study implies that targeting stromal-epithelial interac-
tions, for example, with MMP inhibitors, should be investigated for
primary cancer prevention treatment in women with high-risk BRCA1
mutations.
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Methods

Collection and processing of primary human breast tissues
Nontumorigenic noncarrier and BRCAI''™ breast tissue samples
were acquired after ethical approval by the research center’s Institu-
tional Review Boards (IRB) from the University of California, Irvine,
Chao Family Comprehensive Cancer Center (approved IRB proto-
col UCI17-05), the Co-operative Human Tissue Network (CHTN) and
City of Hope Cancer Center (IRB protocol 17185) (see Supplementary
Table 1). All patients gave written, informed consent to these stud-
ies and shared the respective metadata included in Supplementary
Table 1. Inclusion criteria for both noncarrier and BRCAI"™* samples
were that they were histopathologically normal (that is, nontumo-
rigenic samples from reduction mammoplasty, prophylactic mastec-
tomy or contralateral mastectomy surgeries). For samples used in
single-cell RNA sequencing, the respective BRCAI variant or absence
thereof was confirmed by DNA sequencing; for samples procured
through CHTN, confirmation of BRCAI mutations was provided by
the respective clinical center. Tissues were processed as previously
reported in ref. . Surgical specimens were washed in PBS, mechani-
cally dissociated with scalpels, digested with 2 mg ml™ collagenase |
(Life Technologies, 17100-017) in DMEM (Corning, 10-013-CV) over-
night, digested in 20 U ml™ DNase I (Sigma-Aldrich, D4263-5VL) for
5min, and centrifuged for 2 min x150g; for tissue samples noncarrier
1-3, and BRCA"™t1-3, supernatant was collected and centrifuged
for 5 min x500g to isolate epithelial tissue chunks in the pellet. These
were viably cryopreserved in DMEM with 50% FBS (Omega Scientific,
FB-12) and 10% DMSO (vol/vol) before processing into single cells for
scRNA-seq or functional cell-based assays.

Single-cell transcriptomics

Primary human organoids were digested with 0.05% trypsin (Corning,
25-052-Cl) containing 20 U ml™ DNase I to generate single-cell suspen-
sions. Cellswere stained for FACS using fluorescently labeled antibodies
for CD31(eBiosciences, 48-0319-42), CD45 (eBiosciences, 48-9459-42),
EpCAM (eBiosciences, 50-9326-42), CD49f (eBiosciences, 12-0495-82),
SytoxBlue (Life Technologies, S34857). Only samples with at least
80% viability (assessed using SytoxBlue with FACS) were included in
this study. For scRNA-seq, we excluded doublets, dead cells (Sytox-
Blue*),lin* (CD31'/CD45"), and isolated epithelial (EPCAM") and stromal
(EPCAM") cells separately (complete list of antibodies in Supplemen-
tary Table 14). Flow cytometry sorted cells were washed with 0.04%
BSA in PBS and suspended at approximately 1,000 cells per pl. Each
sample was generated as anindividual scRNA-seq library. Generation
of libraries for 10X Genomics vl chemistry (sample IDs: noncarrier 1;
BRCAI"™*1) was performed following the Chromium Single Cell 3’
ReagentsKits User Guide: CGO0026 Rev B. Library generation for 10X
Genomics v2 chemistry (sample IDs: noncarrier 2-11; BRCAI"'™2-11)
was performed following the Chromium Single Cell 3’ Reagents Kits
v2 User Guide: CGO0052 Rev B. cDNA library quantification was per-
formed using Qubit dsDNA HS Assay Kit (Life Technologies, Q32851)
and high-sensitivity DNA chips (Agilent. 5067-4626). Quantification
of library construction was performed using KAPA qPCR (Kapa Biosys-
tems, KK4824). The lllumina HiSeq4000 and NovaSeq6000 platforms
were used to achieve an average of 50,000 reads per celland alignment
was performed using 10X Cell Ranger v3.1to the GRCh38 reference.

Seurat analysis of scRNA-seq data

The Seurat pipeline (version 4.0.4) was used for dimensionality reduc-
tion and clustering of scRNA-seq data. In brief, the combined count
matrix data was loaded into R (version 4.1.0) scaled by a size factor of
10,000 and subsequently log transformed. Gene expression cutoffs
were at a minimum 200 and a maximum of 6,000 genes per cell for
each dataset. Cells with greater than 20% mitochondrial genes were
removed. Individual epithelial and stromal libraries were analyzed to
create cell type labels based on the known marker gene expression.

Seurat’s integration was then used to group cell types from disparate
patients, integration anchors were identified across all individual
patient library samples, as previously described inref. *’. Specific mark-
ersforeach cell type was determined using the ‘FindAlIMarkers’ func-
tion using logfc.threshold = 0.25 and min.pct = 0.25. For epithelial
subset analysis, epithelial cells from all patients integrated and cell
states were clustered and classified using gene scoring according to the
previously described cell states', namely for basal, myoepithelial, lumi-
nal1-ALDH1A3, luminal 1-LTF, luminal 2-MUCL1and luminal 2-AREG (see
marker genesin Supplementary Table 3). Single-cell energy (scEnergy)
analysis was done in R as recently described in ref. . For gene scoring
analysis, we used Seurat’s AddModuleScore’ function. Differential gene
expressionanalysis was performed for each of the cell types, comparing
the transcriptome of cells from noncarrier and BRCAI'™* cells using
the ‘FindMarkers’ function, using the Wilcoxon rank sum test.

Ligand-receptor interaction analysis

To quantify potential cell-cell paracrine interactions, we utilized a list
of receptor-ligand interactions compiled by ref. ** that was generated
fromref.*. Aligand or receptor is defined as ‘expressed’if 20% of cells
in a particular cell type expressed the ligand/receptor at an average
level of 0.1. Therefore, a receptor-ligand interaction was considered
to be expressed when both the receptor and ligand were expressed in
20% of cells at alevel equal or greater than 0.1. To define these networks
of interaction, we connected any two cell types where the ligand was
expressed in one and the receptor in the other. ‘Enhanced’ receptor-
ligand interactions were defined as interactions that were unique
within BRCAI™* or noncarrier cells. To plot networks, we used the
chord diagram function in the R package ‘circilize’. GO term analysis
fromreceptor-ligand interactions was determined using the gene list
enrichmentanalysis tool ‘Enrichr*’, analyzing unique BRCA or noncar-
rier receptor-ligand pairs.

Primary cell isolation and culture

Fibroblasts/stromal cells were cultured in fibroblasts medium (Science-
Cell, 2301) and mammary epithelial cells were cultured in EpiCult-B
medium (STEMCELL Technologies, 05610) supplemented with
10 ng mI™ human recombinant EGF (PeproTech, AF-100-15),10 ng mI™*
humanrecombinant bFGF (PeproTech,100-18B), 5% FBS (vol/vol), and
1% Pen Strep (Hyclone, SV30010; vol/vol). Primary human mammary
epithelial cells were seeded in Corning Matrigel Matrix—Growth Factor
Reduced (Corning, 354230) and immersed in EpiCult-B Medium for
coculture studies. For cultures with human recombinant NGF (Pep-
rotech, 450-01) and human recombinant MMP3 (Peprotech, 420-03),
100 ng mI™and 0.5 pg mI™ or1 pg ml™ were used in Mammary Epithelial
Growth Medium (Lonza, CC-3150), respectively. All cells were grown
at37°C and at 5% CO,. Antibodies used for FACS Isolation are listed in
Supplementary Table 14.

Human breast morphogenesis assay

Hydrogel branching assays were adapted from a previously described
protocol****, Onice, Rat Tail Collagen (Millipore, 08-115; Lot 3026722)
was diluted with Lonza Mammary Epithelial Growth Medium (MEGM,
CC-3150) to a concentration of 1.7 mg ml™, in NGF treatment group,
100 ng ml™” of recombinant NGF (Peprotech, 450-01) was supplemented
to the media. 0.1 N NaOH was added to a final pH of 7.2. ECM compo-
nents were added at final concentrations of 0.5 mg ml™ of Laminin
(Thermo Fisher Scientific,2301-015), 0.25 mg mI™ of Hyaluronan (R&D,
GLR004) and 0.5 mg ml™ of Fibronectin (Thermo Fisher Scientific,
PHE0023). Patient breast tissue that was processed as described above,
was thawed and washed and loaded into the hydrogel. Hydrogels were
platedin96-well glass bottom dishes (Thermo Fisher Scientific,164588)
and then incubated for 1 h at 37 °C. After hydrogels were solidified,
MEGM mediawas added to the hydrogel, and thenincubated at 37 °C at
5% CO,.Primary branch lengths were measured using ImageJ software.
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Statistical significance of differences between groups of growth curves
was determined by the Comparing Groups of Growth Curves permuta-
tion test, as described previously inref.>".

Gene expression analysis by quantitative PCR

Cells were sorted by FACS as described above and RNA was extracted
using the Quick-RNA Microprep Kit (Zymo Research, R1050) according
tothe manufacturer’sinstructions. RNA concentration and purity were
measured using a Pearl nanospectrophotometer (Implen). Quantitative
real-time PCR was conducted using the PowerUp SYBR green master
mix (Thermo Fisher Scientific, A25742) and primer sequences were
foundin Harvard primer bank and designed from Integrated DNA Tech-
nologies. Gene expression was normalized to the GAPDH housekeeping
gene. For relative gene expression, 2"negAACt values were used and
for statistical analysis ACt was used. Statistical significance of differ-
ences between groups was determined by unpaired ¢-tests using Prism
6 (GraphPad Software). Primers are listed in Supplementary Table 15.

Insitu IF analysis

Tissues were fixed in 4% formaldehyde or 10% Formalin for 24 h, dehy-
dratedinincreasing concentrations of ethanol, cleared with Histo-Clear
and embedded in paraffin. Five to 10 umtissue sections were prepared
using a Leica SM2010 R Sliding Microtome (Leica Biosystems). Slides
were baked at 65 °C overnight, cleared with Histo-Clear (National Diag-
nostics, HS-200) with 2 x 5 minincubations, rehydrated with decreas-
ing concentrations of ethanol, washed in ddH,0 and subjected to
heat-mediated antigen retrieval using a steamer with 10 mM citric
acid buffer (pH 6.0; Sigma-Aldrich, C9999) for 20 min. Tissues were
washed and permeabilized in PBST (0.1% Tween-20) for 10 min, blocked
in BlockAid Blocking Solution (Thermo Fisher Scientific, B10710; Lot:
2456938) for 60 min at room temperature, incubated with primary anti-
bodiesinblocking solution at4 °C overnight, washed in PBS, incubated
withsecondary antibodies diluted in PBS for1 hand washed in PBS. The
following primary antibodies were used: anti-MMP3 (Abcam, Ab53015;
Lot: GR3364427-1, used at 1:100), anti-pan Cytokeratin (PanCK) (Gene-
tex, GTX26401; Lot: 822000222, used at 1:500). The following sec-
ondary antibodies were used at 1:250 dilution: Donkey anti-rabbit
IgG (H + L) Alexa Fluor 647 (Thermo Fisher Scientific, A31573; Lot:
1826679), donkey anti-mouse IgG (H + L) Alexa Fluor 488 (Thermo
Fisher Scientific, A21202; Lot: 1820538). Secondary antibody-only
negative controls were included, in which primary antibodies were
omitted in tissue sections (adding blocking buffer only). Slides were
mounted with VECTASHIELD Antifade Mounting Medium with DAPI
(Vector Laboratories, H-1200), and images were taken on a BZ-X710
Keyence All-in-One Fluorescence Microscope (Keyence Corporation,
BZ-X Viewer Software) with a 20x objective (PlanFluor, NA 0.45, Phl).
Image acquisition settings for allantibody marker channels were kept
constant throughout the study and secondary-only control sections
were used to confirm the absence of background fluorescence. Specifi-
cally, exposure times were 1/3 s for GFP channel (detection of PanCK)
and 1/5 s for Cy5 channel (detection of MMP3). DAPI exposure times
were around 1/30 s, but adjusted where necessary in tissue sections
toaccount for variancesin nuclear staining intensity. Post acquisition,
images were processed using BZ-X Analyzer software version1.4.1.1. All
images were processed using the following parameters: GFP channel
(PanCK signal) brightness 200/contrast 5. CY5 channel (MMP3 signal)
was not modified in any image. To quantify percentages of MMP3*
stromal cellsin BRCAI"™"versus noncarrier breast tissues, the number
of MMP3-positive stromal cells (PanCK negative cells) was manually
counted from at least five random fields or more when possible; only
the noncarrier 26 and BRCAI™ four samples had less than five fields
counted (4 and 3 fields, respectively) due to the scarcity of epithelial
structures in these tissues. See Supplementary Table 7 for all manual
counts of MMP3-positive stromal cells and the total number of stro-
mal cells counted. PCNA quantification was performed using Image],

calculating for the percentage of PCNA-positive in DAPI-identified
nuclei. All other in situ IF images were manually counted as described
inFig. 2i,jlegends using at least five random fields of view per group or
sample.Images were cropped and composed into figures using Adobe
Illustrator software. All antibodies are listed in Supplementary Table 14.

Lentiviral transduction of primary human stromal cells
Primary mammary fibroblasts were transfected with lentiviral par-
ticles for 48 h with a multiplicity of infection of ten with 10 pg mi™
polybrene (Sigma-Aldrich, TR-1003-G). Lentiviral particles were pur-
chased from VectorBuilder Inc. and contain the following vectors: a
GFP expression vector (VB190812-1255tza), a human MMP3 expres-
sion vector (VB170623-1025nbv), a mouse MMP3 expression vector
(VB190814-1162wgk), a gRNA expression vector targeting human
MMP3 (VB170623-1031qnn) and a Cas9 expression vector (VB170830-
1178xap). Transfected cells were isolated by FACS with a BD FACSAria
Fusion (Becton Dickinson). For CRISPR/Cas9-mediated MMP3 knock-
out studies, human primary mammary fibroblasts were first trans-
duced to express Cas9 and were isolated by FACS using the mCherry
marker. Subsequently, these cells were expanded and transduced
asecond time to express a gRNA targeting human MMP3 and were
isolated by FACS using the GFP marker.

Western blot analyses

Protein samples were subjected to gel electrophoresis, transferred
to a PVDF membrane and blocked with a 5% wt/vol BSA PBST (0.1%
Tween-20) solution for 1 h. Membranes were incubated with primary
antibodies overnight at 4 ° C; MMP3 pAb diluted 1:1,000 (Proteintech
Group, 17873-1-AP), GAPDH mAb diluted 1:1000 (Cell Signaling Tech-
nology, 2118S). Membranes were washed with PBST (0.1% Tween-20)
andincubated with secondary antibodies for1 h at room temperature;
horseradish peroxidase-conjugated goat anti-rabbit IgG secondary
antibody diluted 1:2,000 (Thermo Fisher Scientific, G-21234). Mem-
branes were washed with PBST (0.1% Tween-20) and imaged with a
chemiluminescence reagent (Thermo Fisher Scientific, 34095). Den-
sitometry analyses were performed using Image]J software.

Mouse strains

NSG mice were purchased from The Jackson Laboratory. BRCA1/
p53-deficient mice (BRCAIMp53P805% Crec) were established and
genotyped as previously described in ref. °. All mice were maintained
inapathogen-free facility. Allmouse procedures were approved by the
University of California, Institutional Animal Care and Use Committee.
Animals were housed with a12-h light/12-h dark cycle inambient tem-
peratures (-20 to 23 °C) and humidity (40-60% humidity).

Stromal-epithelial cotransplantation for mutant
BRCA1-driven cancer initiationin vivo

Brcal™Mp53F%5%Cret mice have a median tumor latency of 6.6
months®. Thus, preneoplastic primary mammary cells were isolated
from all mammary glands of 6-month-old Brcal™p537%/58Crec
female donor mice. Mammary glands were mechanically dissociated,
digestedin2 mg ml™ collagenase type 4 (Sigma-Aldrich) for 1 hat 37 °C,
subjected to differential centrifugation and digested to single cells with
trypsin. Primary human fibroblasts were isolated by FACS (PDPN*) and
subjectedtolentiviral transduction to express GFP only (+GFP) or both
GFPand mouse MMP3 (+MMP3). Transduced fibroblasts were isolated
by FACS based on GFP expressionand further expandedinvitro. Three
cohorts of recipient NSG mice (n =12 per cohort) were transplanted
with 5 x 10° preneoplastic mammary cells, 5 x 10° preneoplastic mam-
mary cells with 5 x 10°+GFP fibroblasts, or 5 x 10° preneoplastic mam-
mary cellswith 5 x 10°+MMP3 fibroblasts. Transplantations were done
with 100 pl cell solutions of 1:1PBS and growth factor reduced Matrigel
(Corning) into each of the four inguinal mammary glands (bilateral
injections) in4-to 8-week-old female NSG mice. Tumors were collected
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after 6 weeks and measured with calipers and a scale. The results of
Fisher’s exact test were generated using SAS software (Copyright 2020
SAS Institute). All other statistics were performed with GraphPad
Prism software. The maximal tumor size permitted by the University
of California, Institutional Animal Care and Use Committeeis1.7 cmin
diameter, which was not exceeded in our studies.

Kaplan-Meier survival analysis

For overall survival analysis, Kaplan-Meier survival curves were gener-
ated using microarray data of primary tumors from n =1,764 patients
in the KM Plotter database®. For the overall survival analysis for the
pre-CAF genesignature, we used the top 100 marker genes as generated
by the ‘FindMarkers’ function in Seurat (Supplementary Table 9). For
overall survival analysis of pre-CAF and noncarrier gene signatures, a
weighted average was calculated with the ‘Use Multiple Genes’ function
inKM Plotter. All Kaplan-Meier plots were generated with the top 100
genes using the ‘auto select best cutoff’ parameter.

Single-cell western blots

Single-cell western blot assays were performed using the ProteinSimple
Milo platform with the standard scWest Kit (ProteinSimple). scWest
chips were rehydrated and loaded with cells at a concentration of
~1x10° of cells in 1 ml suspension buffer. Doublet/multiplet capture
rate in scWest chip microwells was determined with light microscopy
(<2%, established from > 1,000 microwells). Cells loaded on scWest
chips were lysed for 10 s and electrophoresis immediately followed
at 240 V. Protein was immobilized with UV light for 4 min and scWest
chips were probed sequentially with primary and secondary anti-
bodies for 1 h each. Primary antibodies were rabbit anti-KRT23 (1:20;
Sigma-Aldrich), mouse anti-KRT18 (1:10, Invitrogen), mouse anti-KRT14
(1:10, Invitrogen) and rabbit anti-KRT19 (1:10, GeneTex). Secondary anti-
bodies were donkey anti-mouse Alexa Fluor 647 (1:10; Thermo Fisher
Scientific) and donkey anti-rabbit Alexa Fluor 555 (1:10; Thermo Fisher
Scientific). Slides were washed, centrifuge-dried and imaged with the
GenePix 4,000B Microarray Scanner (Molecular Devices). Data were
analyzed using Scout Software (ProteinSimple) and Image]J. Debris,
artifacts and false-positive signals were manually excluded during data
analyses.

IF analysis of mammospheres

Mammospheres were liberated from Matrigel using dispase (5 U ml™;
Stemcell Technologies, 07913), washed in PBS and fixed in 4% formalde-
hyde for15 min. Spheres were washed in PBS, permeabilized with 0.5%
Triton X-100in PBS for 10 min, washed in PBS and blocked in10% FBSin
PBS with 0.1% Tween-20 for 1 h. Spheres were incubated with primary
antibody in blocking solution overnight at 4 °C, washed with PBS and
incubated with secondary antibody in blocking solution for1 h.Spheres
were washed with PBS, mixed with VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratories, H-1200) and coverslipped
onslides. Fluorescent images were taken with the BZ-X700 Keyence
fluorescent microscope (Keyence Corporation).

Mathematical modeling of breast cancer initiation

For hierarchical model with sequential mutations in oncogenes,
we adopted a cancer stem cell model*® with sequential mutations
of cancer-driver genes to simulate the progress of tumors. Assump-
tions of the model include (1) within the same genotype, stem cells
self-renew and give rise to cancer progenitor cells through cell divi-
sion; (2) cancer progenitor cells differentiate through asymmetric
divisions for alimited number of cell cycles and (3) epithelial stem cells
and cancer progenitor cells can switch their genotypes by acquiring
mutations in oncogenes, and these driver mutations further increase
the cell division rate. Cancer cell populations were considered to
be initiated upon the accumulation of driver mutations. To investi-
gate the pro-proliferative effect of MMP3, we roughly estimated the

effect of increased proliferation rate of stem and progenitor cells
by twofold, based on in situ staining for PCNA to mark proliferative
cells (Fig. 2i,j).

For the random mutation model with stochastic fitness shift, we
modified a cancer stem cell model* to allow for stochastic changes
of individual cell fitness during cell division, induced by both cancer
driver and passenger mutations. We assume that the wild-type fitness
scoreisone, and the advantageous mutationsto cell fitness score (that
is, cancer driver mutations) are far less frequent thansilentand delete-
rious mutations to the cell fitness score. We assume that the stem cell
population follows the Moran process, where cells with high fitness are
morelikely to proliferate. Stromal cues such as NGF and MMP3 enhance
cell proliferation. In this model, the populations with larger propor-
tion of high-fitness progenitor cells are more likely to initiate cancer.

To calculate relative cancer risk ratio, for each patient i, in the

Jjth simulation of random mutation model over the lifespan, we first

calculated high-fitness ratio p; as the percentage of progenitor cells
with fitness score larger than one in the final fitness distribution. The
relative risk ratio R, for patient i is then defined as the likelihood that
pyis greater than 0.5 in n =20 simulations. We computed the R; for a
population of n =20 patients in each condition with noncarrier and
twofold proliferation rate.

For numerical simulation, we used the R package DIFFpop*’ to
simulate both the hierarchical and random mutation models. In the
hierarchical model, the BRCAI"™*stem cells are treated as the FixPop
class withn =10 cells, all other stem cells and progenitor populations
are treated as the GrowingPop class, and the differentiated cells are
treated as the DiffTriangle class. In the random mutation model, epi-
thelial stem cells are treated as the FixPop class withn =10 cells, cancer
progenitor cells with GrowingPop class and terminally differentiated
cells with DiffTriangle class. The stochastic change in fitness induced
by mutationsis assumed to follow the double exponential.

Statistics and reproducibility

Statistics were performed as described in the respective figure legends
and methods sections. No statistical method was used to predetermine
sample sizes. No data were excluded from the analyses of all studies.
The experiments in this study were not randomized. The investiga-
tors were not blinded to allocation during experiments and outcome
assessment.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Reagents and resources generated in this study are available upon
request. All data are available at Gene Expression Omnibus (GEO)
database, including raw fastq files and quantified data matrices under
accession code GSE174588. Source data are provided with this paper.

Code availability

No specific code was developed in this study and all data was processed
and analyzed using existing code and software whose full details are
providedin the Methods section.
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Extended Data Fig. 1| Flow cytometry gating strategy and quality control
metrics for scRNA-seq analysis of breast tissues. a) FACS plots showing gating
strategy of mammary epithelial cells in forward and side scatter, singlets gate,
dead cell (Sytox + ) and lineage (CD31 +, CD45 +) exclusion gate. FACS plot on
the right-hand side shows gating strategy for basal (Epcam +, CD49f-high) and
luminal (Epcam-high, CD49f-low) epithelial cells as well as for stromal cells
(Epcam-). b) Faceted UMAP projections of n = 22 NonCarrier and BRCA17™
patient scRNA-seq libraries. Each faceted UMAP projection represents all cells

per individual patient. NC - NonCarrier, BRCA1 - BRCAl germline mutation
carrier.c) Combined UMAP projection of all cells colored by patient. d) Violin
plots depicting UMI counts (number of individual molecules interrogated/
droplet) (top) and gene counts (number of unique genes detected/droplet)
(bottom) of each individual patient scRNA-seq library. e) Stacked bar plots
indicating proportions of cell types detected in individual BRCA1"™* or
NonCarrier samples.
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Extended Data Fig. 2 | Differential gene expression analysis between
fibroblasts and pericytes in the human breast. a) Heatmap showing expression
oftop 20 marker genes specifically expressed in fibroblasts and pericytes from
scRNA-seq dataset (rows=genes, columns=cells). Yellow represents a positive
z-score, purple represents a negative z-score. b) Venn diagram illustrating

the number of genes that are mutually or exclusively expressed in fibroblasts

and pericytes. Selected marker genes for each category are shown. c¢) Volcano
plot depicting differential gene expression analysis of fibroblasts (green) and
pericytes (violet), the Wilcoxon rank sum test is used to determine differentially
expressed genes, adjusted p values are determined using the Bonferroni method
for multiple testing correction. d) Bar chart showing top 10 GO Terms enriched in
all 367 fibroblast-specific genes. e) Bar chart showing top 10 GO Terms enriched
inall 217 pericyte-specific genes. f) Dot plotillustrating mRNA expression

levels of PDPN and PROCR by fibroblasts and pericytes, respectively. g) FACS

plotgated onlive cells, singlets, lin-, EpCAM™ stromal cells showing distinct
populations of PDPN +and PROCR + stromal cells. h) Gene expression analysis
of FACS-isolated PROCR™< PDPN + stromal cells by qPCR for selected fibroblast-
specific genes. Gene expression normalized to GAPDH and relative expression
versus PDPN-PROCR + stromal cells from FACS is shown. Each bar graph shows
three points (n = 3), each point represents 1 biologically independent patient’s
averaged fold change of a technical triplicate (n = 3), Whisker plots represent
the mean and the 25" and 75" quantiles. i) Gene expression analysis of FACS-
isolated PROCR + PDPN- stromal cells by qPCR for selected pericyte-specific
genes. Gene expression normalized to GAPDH and relative expression versus
PROCR™!PDPN + stromal cells from FACS is shown. Each bar graph shows

three points (n = 3), each point represents 1 biologically independent patient’s
averaged fold change of a technical triplicate (n = 3), Whisker plots represent the
mean and the 25" and 75" quantiles.
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Extended Data Fig. 3 | High-resolution scRNA-seq analysis of

BRCA1"™* epithelial cells shows increase of basal epithelial cells with
altered differentiation. a) Top 10 marker gene heatmap for epithelial cell states
in BRCAI"™breast tissues. b) Volcano plot showing differentially expressed
genes between NonCarrier and BRCA1/™ basal epithelial cells. P values were
determined using the Seurat tobit likelihood-ratio test, the wilcoxon rank sum
testis used to determine differentially expressed genes, adjusted p values are
determined using the Bonferroni method for multiple testing correction.

c) Single-cell western blot (scWB) analyses for KRT14 and KRT19 on FACS-isolated
basal epithelial cells from NonCarrier and BRCA1/™ individuals. Representative
regions of scWB chips post electrophoresis and antibody probing. d)
Quantification of scWBs of all basal cells analyzed. Data is represented as

mean + SD from at least 1000 cells/individual; NonCarrier n =3, BRCA1"™n =3,
P value was determined with an unpaired two-tailed t-test. e) Relative
fluorescence intensity of KRT14 and KRT19 of selected lanes in scWB as
indicatedinc).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9| Additional data from insitu analysis of MMP3- positive for MMP3. Scale bar = 50 pm. b) Additional representative IF images
expressing stromal cells in BRCA1"™* and NonCarrier samples. a) Additional from ductal and lobular regions in BRCAI"™" breast tissues stained with anti-
representative IF images from ductal and lobular regions in NonCarrier breast MMP3 (red) and anti-PanCK (green) antibodies. DAPI staining is shown in blue.
tissues stained with anti-MMP3 (red) and anti-PanCK (green) antibodies. DAPI Percentages are indicated of stromal cells that are positive for MMP3.
stainingis shownin blue. Percentages are indicated of stromal cells that are Scalebar =50 pum.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Fibroblast-derived MMP3 promotes epithelial growth
invitro. a) FACS plots showing gating strategy for isolation of GFP-transduced
human fibroblasts isolated from patient breast tissue in forward and side scatter,
singlets gate, and GFP gate. b) Representative images of cocultures after 5 days of
seeding. 4000 primary mammary epithelial cells (NonCarrier 32) were cultured
alone (No Fibroblasts) or with 1x10° primary mammary fibroblasts (NonCarrier
33 or BRCA1”™"19) transduced with lentivirus to express GFP only (+GFP) or GFP
and MMP3 (+ MMP3) in Matrigel for 5 days. Fibroblasts are distinguished from
epithelial spheres (GFP-negative) with GFP fluorescence. Scale bar =400 pm.

¢) Quantification of spheres after 5 days. Values are represented as mean + SD
from 3 separate experiments with 3 triplicate wells per experiment. P values

were determined by unpaired two-tailed t-tests. d) Mean values of sphere counts
pooled from 3 separate experiments from (c) and Fig. 5c. Values are represented
as mean = SD. Statistical significance between all groups was determined

with a one-way ANOVA test. e) 10x10° FACS-isolated epithelial cells from

4 patient samples were seeded in Matrigel and treated with 0.5 pg/mL

or1pug/mLrecombinant MMP3 and spheres were counted after 5and 10 days.
Bar chart values are represented as mean + SD from triplicates from three
separate experiments. P values were determined using unpaired two-tailed
t-tests. Representative bright field images of mammospheres after 10 days

of culture are shown on the right (scale bar =400 um). f) Bar graph depicting
fold change in sphere count after 10 days of culture with human recombinant
MMP3 compared to control (dotted red line). Values are displayed as mean + SD
from15independent experiments (5 different patient samples with 3 separate
experiments each). P values were determined using unpaired two-tailed t-tests.
g) Primary human breast fibroblasts isolated by FACS from patient sample
“NonCarrier 27” were transduced to express mouse MMP3 (mMMP3) and GFP or
GFP only. qPCR analysis was performed on transduced fibroblasts in two separate
trials with three replicates per group. Amplification plot is shown with the
difference in the normalized reporter value of the experimental reaction minus
the normalized reporter value generated by the instrument (ARn) on the y-axis
and the cycle number on the x-axis.

Nature Genetics


http://www.nature.com/naturegenetics

nature portfolio

Corresponding author(s):  Kai Kessenbrock

Last updated by author(s): Nov 8, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O OX OO0OS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection 1) Images were collected using a Keyence BZ-X730 Microscope, BZ-X Viewer and Analyzer software (version 1.4.1.1) was used to acquire and
produce microscopy images.
2) BD FACSDiva (BD Biosciences) was used to acquire flow cytometry data, and FlowJo(v10) was used to analyze flow data.
3) gRT-PCR Data was collected using Thermofisher Design and Analysis (v2.4) software.

Cell Ranger v3.1 (10x Genomics) was used to align scRNAseq data.

Rv4.1.0 and Seurat v4.04 was used to analyze scRNAseq data.

BZ-X Analyzer software is used to produce immunofluorescent images and were further analyzed in ImageJ (v1.51).
GraphPad Prism 6 was used to produce graphs and to perform statistical analyses.

Data analysis 1
2
3
4

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available at Gene Expression Omnibus (GEO) database, including raw fastq files and quantified data matrices under accession code GSE174588. For
Kaplan Meier analyses, we used the publicly available resource on https://kmplot.com.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender

Population characteristics

Recruitment

Ethics oversight

As breast cancer is extremely rare in males (XY individuals), and is predominately a public health concern in females (XX
individuals), this study uses female patient tissue and female mice. Male breast cancer is governed by and exists in a vastly
different hormonal milieu, and therefore is not within the scope of this study. Patients were consented and patient samples
were procured through active IRB protocols at UCI and City of Hope Cancer Centers.

To define the heterogeneous stromal cell types and their communication with epithelium in the pre-malignant human breast,
we analyzed a cohort of non-tumorigenic breast tissues from BRCA1 germline mutation carriers (BRCA1+/mut; n=20) and
Non-Carriers (n=33) using a combination of scRNAseg, in situ analysis, and functional in vitro and in vivo experiments. For
scRNAseq we used BRCA1+/mut: n=11; Non-Carrier: n=11. Covariate-Relevant population characteristics included age,
ethnicity, brcal mutation, chemotherapy treatment, radiation therapy treatment, hormone therapy treatment, BMI, co-
morbidiites, cancer history, family history, diagnosis, tissue source, menstrual status, parity, age at menarche, and age of first
birth.

The main inclusion criteria for both Non-Carrier and BRCA1+/mut samples was that they were histopathologically normal
tissues (i.e., non-tumorigenic samples from reduction mammoplasty, prophylactic mastectomy, or contra-lateral mastectomy
surgeries). For samples included in single-cell RNA sequencing, the respective BRCA1 mutation or absence thereof was
confirmed by DNA sequencing; for samples procured through CHTN, confirmation of BRCA1 mutations was provided by the
respective clinical center. Selection bias of patients may have occurred as patients in our study were seeking care, we believe
this minimally impacts results.

Non-tumorigenic Non-Carrier and BRCA1+/mut breast tissue samples were acquired from University of California, Irvine,
Chao Family Comprehensive Cancer Center under the approved IRB protocol UCI 17-05, from the cooperative human tissue
network (CHTN),and City of Hope Cancer Center under IRB protocol #17185

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Literature and other scRNAseq cancer studies were consulted to determine samples sizes. Our study is the largest such study of scRNAseq
primary breast tissues, therefore we found the patient sample size to have abundant scientific interest. Our sample size of n>8000 cells per
patient library was generated in line with other bodies of work with 10x genomics which typically targets 10,000 cells/library as a maximum

number.

Data exclusions  No data were excluded

Replication In total our cohort totaled 53 patients. Experiments were performed using at least n=3 technical and biological replicates were feasible.
scRNAseq was performed on n=11 normal and n=11 BRCA1mut patients. Results reported in this manuscript were replicated consistently
across multiple experiments and results were similar.

Randomization  Randomization is not feasible in this study because biological specimens are divided into either normal or BRCA1mut tissues. Covariates were
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Randomization  controlled across age, race, and sex. Due to the deidentification of biological specimens given to the investigators from the Comprehensive
Human Tissue Network other covariates were unknown.

Blinding Experiments in this study were not blinded. Experimental conditions were well controlled so blinding was not needed during collection.
Additionally, due to macroscopic, microscopic, and molecular differences, between samples were apparent. Results are quantitative and
therefore blinding is not necessary as investigator interpretation was not needed for data collection. Finally, blinding is not typically used in
this field.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™| Antibodies IZ |:| ChIP-seq
Eukaryotic cell lines D IZ Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX OX OO s
OO0XOXD

Antibodies

Antibodies used Target Assay Company Cat. No. Clone
CD31 FACS eBiosciences 48-0319-42 1:100
CD45 FACS eBiosciences 48-9459-42 1:100
CD49f FACS eBiosciences 12-0495-82 1:100
EpCam FACS eBiosciences 50-9326-42 1:100
GAPDH Western Blot GeneTex GTX100118 1:1000
KRT8 Immunofluorescence- Primary DSHB TROMA-1 1:100
KRT14 Immunofluorescence- Primary BioLegend PRB-155P 1:500
KRT14 scWB- Primary Thermo Fisher Scientific MA511599 1:10
KRT18 scWB- Primary Thermo Fisher Scientific MA512104 1:10
KRT19 Immunofluorescence- Primary Thermo Fisher Scientific MA512319 1:100
KRT19 scWB- Primary GeneTex GTX112666 1:10
KRT23 Immunofluorescence, scWB- Primary Sigma HPA016959 1:100 (Immunofluorescence), 1:10 (scWB)
PROCR FACS BiolLegend 351904 1:100
PDPN FACS Biolegend 337014 1:100
Pan Cytokeratin Immunofluorescence- Primary GeneTex GTX26401 1:100
PCNA Immunofluorescence- Primary GeneTeex GTX100539 1:100
PDPN Immunofluorescence- Primary Thermo Fisher Scientific 14-9381-82 1:100
MMP3 Western Blot Proteintech Group Inc. 17873-1-AP 1:1000 (Western Blot)
MMP3 Immunofluorescence- Primary Abcam ab53015 1:100
Donkey anti-rabbit IgG (H+L) Alexa Fluor 647 Immunofluorescence- Secondary Thermo Fisher Scientific A31573 1:250
Donkey anti-mouse IgG (H+L) Alexa Fluor 488 Immunofluorescence- Secondary Thermo Fisher Scientific A21202 1:250
anti-Rabbit Alexa Fluor 568 Immunofluorescence- Secondary Thermo Fisher Scientific A21069 1:100
anti-Rabbit Alexa Fluor 488 Immunofluorescence- Secondary Thermo Fisher Scientific A11034 1:500
anti-Mouse Alexa Fluor 568 Immunofluorescence- Secondary Thermo Fisher Scientific A11004 1:500
anti-Mouse Alexa Fluor 488 Immunofluorescence- Secondary Thermo Fisher Scientific A11001 1:500
anti-Rat Alexa Fluor 488 Immunofluorescence- Secondary Thermo Fisher Scientific A11006 1:500
anti-Rabbit FITC Immunofluorescence- Secondary Thermo Fisher Scientific A16030 1:500
Anti-mouse Cy5.5 Immunofluorescence- Secondary Thermo Fisher Scientific NBP1-73774 1:500
Anti-Goat FITC Immunofluorescence- Secondary Thermo Fisher Scientific A16006 1:500
Anti-Goat Alexa Fluor 568 Immunofluorescence- Secondary Thermo Fisher Scientific A11057 1:500
anti-Mouse Alexa Fluor 647 scWB- Secondary Thermo Fisher Scientific A-31571 1:10
anti-Rabbit Alexa Fluor 555 scWB- Secondary Thermo Fisher Scientific A31572 1:10
anti-Rabbit HRP Western Blot- Secondary Thermo Fisher Scientific G-21234 1:2000

Validation CD31 Validation: Staining of normal human peripheral blood cells, cells in the monocyte gate were used for analysis.
CD45 Validation: Staining of normal human peripheral blood cells, cells in the lymphocyte gate were used for analysis.
CD49f Validation: Staining of normal human peripheral blood cells, cells in the lymphocyte gate were used for analysis.
EpCAM Validation: Staining of the A549 cell line, total viable cells were used for analysis.
GAPDH Validation: Western Blot of whole cell extract of 293T cells diluted at 1:100000.
KRT8 Validation: Validated with pregnant mouse placenta
KRT14 (BioLegend) Validation: epidermis in normal human skin with immunohistochemistry
KRT14 (ThermoFisher Scientific) Validation: Formalin-fixed, paraffin-embedded human squamous cell carcinoma of lung stained with
Keratin 14 antibody using peroxidase-conjugate and DAB chromogen
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KRT18 Validation: Formalin-fixed, paraffin-embedded human breast cancer stained with Keratin 18 antibody using peroxidase-
conjugate and AEC chromogen.

KRT19 (ThermoFisher Scientific) Validation: Formalin-fixed, paraffin-embedded human colon carcinoma stained with Keratin-19
antibody using peroxidase-conjugate and AEC chromogen.

KRT19 (GeneTex) Validation: Immunohistochemical analysis of paraffin-embedded OVCA, using Cytokeratin 19(GTX112666) antibody
at 1:500 dilution.

KRT23 Validation: Immunohistochemical staining of human urinary bladder shows strong cytoplasmic positivity in a subset of
urothelial cells.

PROCR Validation: HUVEC cells were stained, total viable cells used for analysis.

PDPN Validation: Human glioblastoma cell line LN319 was stained.

Pan Cytokeratin Validaton: IHC-P analysis of human placental sections.

PCNA: HelA cells were used for PCNA validation.

PDPN Validation: U87 cell lysate prepared under reducing conditions was resolved on SDS-PAGE then immunoblotted with 5 pg/mL
Anti-Human Podoplanin Purified.

MMP3 (Proteintech): U-87 MG cell lysates were subjected to SDS PAGE followed by western blot with 17873-1-AP (MMP3 antibody)
at dilution of 1:1000 incubated at room temperature for 1.5 hours.

MMP3 (abcam) Validation: human lymphoma labeling MMP3 with ab53015 at 1/100 dilution for immunofluorescence

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Cell lines used in this study are derived from the primary bio-specimens used in this study.

Authentication of cell types of cell lines in this study was performed using FACS.

Mycoplasma contamination As cell lines were not grown for extended passaging, with prophylactic antibiotics and exhibited no in vitro distress cell lines

were not tested for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

1) Mouse: Brcal;p53;Cre female 6 month old mice were used. Mice are in a C57BL/6 and 129/Sv mixed background.
2) Nod scid gamma (NSG) adult female mice were used for transplantation study. 4-8 week old female NSG mice were used.

This study did not involved wild animals.

As breast cancer is extremely rare in males (XY individuals), and is predominately a public health concern in females (XX individuals),
this study uses female patient tissue and female mice. Male breast cancer is governed by and exists in a vastly different hormonal
milieu, and therefore is not within the scope of this study.

This samples did not involve studies collected from the field.

The Institutional Animal Care and Use Committee at UC Irvine approved the protocol used for this study. At University of California,
Irvine (UCl), the office of University Laboratory Animal Resources (ULAR) provides the veterinary service and oversight of animal
facilities. ULAR is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International
(AALACI). UCl's Institutional Animal Care and Use Committee (IACUC) oversees animal care and use.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IE The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Primary human organoids were digested with 0.05% trypsin (Corning, 25-052-Cl) containing 20 U/mL DNase | to generate
single cell suspensions. Cells were stained for FACS using fluorescently labeled antibodies for CD31 (eBiosciences,
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48-0319-42), CD4AS (eBiosciences, 48-9459-42), EpCAM (eBiosciences, 50-9326-42), CD49f (eBiosciences, 12-0495-82),
SytoxBlue (Life Technologies, S34857). Only samples with at least 90% viability as assessed using SytoxBlue with FACS were
included in this study.

Instrument BD FACS Aria Fusion

Software BD FACS Diva was used to collect FACS Data.
FlowJo (v10) was used to analyzed flow cytometry data.

Cell population abundance Cell populations post-facs were abundant at a density relevant for subsequent tissue culture. Purity of sorted cells was
determined empirically through either scRNAseq, or tissue culture visualization.

Gating strategy For scRNAseq, we excluded doublets, dead cells (SytoxBlue+), lin+ (CD31/CD45+), and isolated epithelial (EPCAM+) and
stromal (EPCAM-) cells separately (complete list of antibodies in Supplementary Table 5).

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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