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e Mammary epithelial cells exhibit differential DDR protein
expression based on cell lineage

e Independent of the cell cycle, the basal lineage exhibits lower
HR repair capacity

e Basal progenitors are intrinsically sensitive to PARP
inhibitors

e Breast tumors with a basal proteomic profile also show PARP
inhibitor sensitivity
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In brief

Kim et al. study DNA damage response
following y-irradiation in mammary cells.
They find basal cells less proficient in
homologous recombination repair than
luminal cells and vulnerable to PARP
inhibitors. These results highlight that
differences can exist in DDR and drug
response based on lineage identity even
within a single organ.
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SUMMARY

It is widely assumed that all normal somatic cells can equally perform homologous recombination (HR) and
non-homologous end joining in the DNA damage response (DDR). Here, we show that the DDR in normal
mammary gland inherently depends on the epithelial cell lineage identity. Bioinformatics, post-irradiation
DNA damage repair kinetics, and clonogenic assays demonstrated luminal lineage exhibiting a more pro-
nounced DDR and HR repair compared to the basal lineage. Consequently, basal progenitors were far
more sensitive to poly(ADP-ribose) polymerase inhibitors (PARPis) in both mouse and human mammary
epithelium. Furthermore, PARPI sensitivity of murine and human breast cancer cell lines as well as patient-
derived xenografts correlated with their molecular resemblance to the mammary progenitor lineages.
Thus, mammary epithelial cells are intrinsically divergent in their DNA damage repair capacity and PARPi

vulnerability, potentially influencing the clinical utility of this targeted therapy.

INTRODUCTION

The DNA damage response (DDR) plays a fundamental role in
oncology, spanning mechanisms of tumor development and
progression to targeted cancer therapies. In somatic cells,
DNA double-strand breaks (DSBs) are resolved by either homol-
ogous recombination (HR), ensuring accurate repair with sister
chromatids as templates, or non-homologous end joining
(NHEJ), which directly ligates DSB ends but is more prone to er-
rors. Mathematical projections indicate that two-thirds of muta-
tions in human cancers arise from random errors during DNA
replication, and the total number of stem cell divisions in tissues
positively correlates with their cumulative lifetime cancer risk."?
Thus, DDR is especially imperative for genomic integrity in tis-
sues that undergo repeated cycles of stem/progenitor cell-
driven tissue remodeling, such as the breast epithelium during
the menstrual cycle and pregnancy.®* As such, many hereditary
breast cancer susceptibility genes are involved in DDR (ATM,
CHEK2, MRE11, BRCA1, BRCA2, RAD51),>° in which delete-
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rious mutations in the HR repair genes, such as BRCA1/2, are
prevalent in over 20% of all breast cancers.” A number of poly
(ADP-ribose) polymerase inhibitors (PARPis) have been devel-
oped to exploit synthetic lethality in cells harboring deleterious
BRCA1/2 mutations.>'® Notably, two PARPis, olaparib'"'?
and talazoparib,*"'* were approved as single-agent therapies
for the treatment of advanced breast cancer with germline
BRCA1/2 mutation in 2018, and currently, combinational trials
with chemo- orimmunotherapy are being tested, and a new gen-
eration of PARPIs is underway.'®

Intriguingly, accumulating preclinical and clinical evidence
shows that BRCA mutation status does not solely account for
PARPiI sensitivity. For instance, the inhibitory effects of PARPis
on human breast cancer cell lines are observed independent of
BRCA status,'®"” and several clinical studies on ovarian and
breast cancer highlighted the therapeutic benefits of PARPis
even in individuals without BRCA mutations.'®? These findings
collectively suggest that functional “BRCAness”?® extends
beyond mutations in DNA repair pathways. Thus, understanding
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the DNA damage repair processes and various determinants of
functional HR in breast epithelial cells will contribute to improving
PARPI treatment efficacy.

Human breast cancers can originate from different “cells of
origin” within the stem/progenitor and differentiated cell popula-
tions of the mammary epithelium.?*?° The breast epithelium is a
bilayer with luminal and basal lineages that exhibit salient
differences, such as in metabolism,?®?” epigenetics,?>?° and
telomere biology.*® Such unique lineage traits are thought to
be retained within the resulting cancers and can thus provide
fundamental insights into the biological identity and specific vul-
nerabilities of major tumor subsets.®’ However, given that the
essential capacity to engage DNA repair is assumed to be uni-
form across non-neoplastic somatic cell types, this key process
in the mammary epithelium has not been explored in a lineage-
specific manner. We report here that, in an unsupervised anal-
ysis across humans and mice, DDR differences dominated the
proteomic landscape of luminal vs. basal cells in the mammary
epithelium. This led us to discover that mammary epithelial cell
lineages differ in their ability to engage HR repair. Furthermore,
this differential DSB repair capacity at the mammary progenitor
level correlated with selective PARPI sensitivities, revealing cell
lineage as a novel determinant of PARPi response. Correspond-
ingly, human and mouse cancer cells reminiscent of a basal line-
age origin displayed higher PARPI sensitivity in cell lines or pa-
tient-derived xenografts compared with luminal-like cancer
models. Altogether, this study uncovers baseline and post-irradi-
ation repair preferences in different breast cancer precursor cell
populations within a single tissue.

RESULTS

Breast epithelial cells differ in DDR protein expression
We aimed to identify key biological characteristics that set apart
the basal and luminal mammary epithelial lineages. Established
cell-surface markers allow the specific isolation of three main
mammary epithelial cell populations®*~*: basal cells (Lin-CD24*
CD49f"), luminal progenitor cells (Lin"CD24*CD49f°°Scal~
CD49b*), and mature luminal cells (Lin~"CD24*CD49f°Scai*
CD49b*"). We previously generated a multimodal profiling
resource for these three cell populations, sorted by fluores-
cence-activated cell sorting (FACS) directly from unirradiated,
virgin female wild-type mice.”® To define potential key differ-
ences between these epithelial lineages in the normal mammary
gland, we interrogated the mouse mammary proteomic dataset
(Figure 1A). Gene set enrichment analysis®° revealed 57, 63, and
8 upregulated pathways (false discovery rate [FDR] <0.01) in
basal, luminal progenitor, and mature luminal populations,
respectively (Figure 1B; Table S1). Unexpectedly, luminal pro-
genitors exhibited a remarkable enrichment in pathways related
to “DNA replication and repair,” with nearly one-third (23/63) of
all enriched pathways related to DDR function (Figure 1C), sug-
gesting the possibility of differences in DDR between the mam-
mary epithelial lineages.

Indeed, of the 156 proteins known to participate in the DSB
repair pathway (Reactome: R-HSA-5693532; Reactome data-
base ID release 63), 32 were detected in the mouse mammary
proteome dataset, and approximately two-thirds of these were
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enriched in luminal progenitors (Figure S1A), leading to sponta-
neous grouping of the samples by cell lineage. Likewise, in our
analogous human breast proteomes (Figure 1D),?® unsupervised
hierarchical clustering of DDR proteins resulted in the grouping
by breast epithelial lineage with 127 of the 276 human DDR
genes® detected in this dataset (Figure S1B). In addition, the
most differentially and consistently upregulated genes in luminal
lineages (luminal progenitors, Figure 1E, left; mature luminal, Fig-
ure 1E, center) compared with basal cells comprised master reg-
ulators of DDR (including ATM and PRKDC/DNA-PK), core com-
ponents of the MRN complex responsible for sensing of DSBs
(MRE11A and RAD50),°° and several positive regulators of ho-
mology-directed repair (such as PARP1, RPA2, FEN1). On the
other hand, basal cells showed an upregulation of MDC1,
another key mediator of DDR, along with XPC, DDB1, and
DDB2, which are involved in nucleotide excision repair of ultravi-
olet light-damaged DNA. Altogether, the proteomic DDR land-
scape differed significantly between mammary epithelial line-
ages in both human and mouse.

Normal mammary epithelial populations have variable
ability to respond to DNA damage

We next investigated whether this differential DDR protein abun-
dance translated to functional differences in DDR capacity be-
tween mammary lineages upon genotoxic insult. First, we
FACS purified primary mammary epithelial cell populations
from unirradiated wild-type female mice and performed neutral
comet assay to measure tail moment as a measure of DSBs.
Notably, at baseline, without DNA-damaging insult, luminal pro-
genitors exhibited a longer tail moment than both mature luminal
and basal cells, indicating a higher homeostatic level of DSBs in
this cell population (Figure 2A). Then, we mapped DDR kinetics in
the murine mammary gland in situ by examining the induction
and resolution of the DSB markers, y-H2AX and 53BP1,
following in vivo irradiation. We initially optimized the in vivo irra-
diation by testing modest, sublethal radiation doses (2-6 Gy),
which led to a dose-dependent increase in punctate nuclear
v-H2AX foci in the mammary epithelium (Figure S2A). At 6 Gy,
v-H2AX foci were readily detected in proliferating luminal cells
(Ki67* K14~; Figure S2B), while 53BP1 foci were abundant in
Ki67~ cells at early time-points (Figure S2C). Most y-H2AX and
53BP1 foci were resolved within 24 h (Figures S2B and S2C),
demonstrating an overall robust DDR in the mammary epithelium
in vivo. Then, we established an intracellular flow cytometry
assay (Figure S2D) to quantitatively assess y-H2AX kinetics in
the three mammary cell types. y-H2AX peaked at 0.5-1 h
post-irradiation and resolved within 24-48 h in all cell types,
yet each lineage displayed unique kinetics of y-H2AX foci forma-
tion and resolution (Figure 2B). The highest proportions of
v-H2AX* cells were observed across all cell types at early time
points following irradiation (Figure 2C, top). Basal cells resolved
DSBs and returned to baseline median fluorescence intensity
levels of y-H2AX in the shortest time, while both luminal progen-
itors and mature luminal cells had more unresolved y-H2AX at 24
and 48 h (Figure 2C, top). Moreover, luminal progenitors consis-
tently displayed the highest absolute number of y-H2AX" cells,
even in the unirradiated state, indicating persistent damage (Fig-
ure S2E). This was furthermore accompanied by higher median
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Figure 1. Global proteomics of normal mouse and human mammary epithelial populations reveal lineage differences in DDR

(A) A schematic diagram illustrating interrogation of our previously published normal mouse mammary proteomic dataset. Global proteomic profiles of FACS-
purified basal (red; Lin"CD24*CD49™), luminal progenitor (LP; light blue; Lin~CD24*CD49"°Scal~CD49%), or mature luminal (ML; blue;
Lin-CD24*CD49'°Sca1*CD49*/") epithelial populations from the mammary glands of wild-type female mice under ovarian hormone stimulation (estrogen plus
progesterone; E + P) were subjected to pathway enrichment analysis. The resulting enriched pathways for each cell population were visualized into a network by
using Enrichment Map.

(B) Enrichment map illustrating clusters of gene sets/pathways (nodes) significantly upregulated in the basal, LP, or ML population compared with the other two as
determined by GSEA (false discovery rate [FDR] < 0.01). Each cluster was manually annotated with a common biological theme.

(C) Each gene set/pathway is color-coded by corresponding curated database, and pathways related to DNA damage and repair are in bold. The red dashed line
indicates the false discovery rate (FDR) <0.01 cutoff.

(D) Schematic diagram illustrating global proteomic profiling of FACS-purified human breast epithelial population cells, basal (Lin"EpCAM°CD49"), LP
(Lin"TEpCAMMCD49™9), and ML (Lin"EpCAM'°CD49"), freshly dissociated from six premenopausal reduction mammoplasty breast tissue specimens.

(E) Volcano plots showing differential expression of 127 DDR proteins (defined by Knijnenburg et al.?) from the human mammary proteomic dataset generated
from FACS-purified basal, LP (light blue) and ML (blue) cell populations. The x axis indicates the relative difference in protein abundance between the two selected
populations (log2 fold change); the y axis indicates p values adjusted for multiple correction testing. The gray horizontal line depicts a g value of 0.05. The top 5

significantly upregulated proteins in each pairwise comparison were colored according to cell type. Asterisks identify “core members” of one of the 10 DDR
pathways.®
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Figure 2. Differential DNA damage response across mammary epithelial populations after genotoxic insult

(A) Workflow of neutral comet assay. Scatterplot showing tail moment on sorted cells from basal, luminal progenitor (LP), and mature luminal (ML) populations
from wild-type female mice under ovarian hormone stimulation (estrogen plus progesterone; E + P). A total of ~60-150 comets were scored per cell population,
per mouse (n = 4). Statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparison test; **p < 0.01; n.s., not significant.

(B) Workflow depicting intracellular flow cytometry of y-H2AX in single cells from the mammary gland and immunofluorescence staining on the mammary tissue
sections following 6 Gy in vivo irradiation. Representative flow cytometry histograms of y-H2AX recruitment in basal, LP, ML, and stromal populations at indicated
time points post-irradiation. The dotted line delineates y-H2AX positivity (y-H2AX* cells) from the background (y-H2AX ™~ cells) based on the Fc control.
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fluorescence intensity (Figure 2C, bottom) corrected by the nu-
clear size differences (Figure S2F), indicating overall higher levels
of y-H2AX in luminal progenitors. Altogether, the luminal lineage,
and especially the luminal progenitors, exhibited greater suscep-
tibility to DNA damage and mounted a stronger, prolonged DDR
than basal cells.

To assess how this DDR difference affects DNA integrity, we
quantified DSBs at baseline and upon irradiation at the single-
celllevel in the three cell populations. Exposure of FACS-purified
cells to irradiation (20 Gy) in vitro increased tail moments in all
three populations at 0.5 h (Figure 2D). Across all time points,
luminal progenitors displayed the highest DNA tail moment, fol-
lowed by basal and mature luminal. By 24 h, most of these DSBs
were resolved in basal cells, while luminal cells again lagged. To
assess the significance of these differences in functional DDR
capacity for mammary epithelial lineages, we enumerated the ef-
fects of irradiation-induced DNA damage on their lineage-spe-
cific progenitor activity and clonogenic survival through col-
ony-forming cell (CFC) assays with and without irradiation (3
Gy; Figure 2E, left). As anticipated, irradiation itself dampened
the progenitor capacity of all primary mammary epithelial cells
(Figure 2E, middle), yet the luminal lineage retained relatively
more colony formation capacity than the basal lineage, with a
reduction of 13% vs. 32%, respectively (Figure 2E, right).
Notably, a similar CFC assay performed on lineage-purified hu-
man mammary epithelial cells also showed a significant reduc-
tion in basal colonies, while marginally affecting the luminal pro-
genitor colonies (Figure 2F). Collectively, luminal progenitors
exhibit an enhanced ability to engage DDR, leading to better
survival.

Mammary epithelial lineages exhibit differential
engagement of HR

We next queried whether this differential DDR capacity of the
mammary epithelial linages could be attributed to varying utiliza-
tion of HR and NHEJ, the two major DSB repair pathways. HR
engagement is reflected via nuclear RAD51 foci and NHEJ via
phospho-DNA-PKcs (S2056) foci. To precisely quantify protein
recruitment to nuclei at the single-cell level in the three mammary
populations freshly isolated from mice after irradiation, we em-
ployed Amnis imaging flow cytometry (Figures 3A and S3A). At
baseline, without insult by irradiation, luminal progenitors already
displayed a strikingly higher proportion of cells with nuclear
RAD51 positivity (RAD51") compared with basal cells, in both
relative and absolute levels (Figures 3B, 3C, and S3B). Mean-
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while, mature luminal cells exhibited the highest baseline phos-
pho-DNA-PKcs™ fractions followed by luminal progenitors and
basal cells (Figures 3D, S3C, and S3D). Upon irradiation, the pro-
portion of RAD51* cells increased in all populations, with the
luminal lineage once again showing higher ratios of RAD51" cells
than the basal lineage (Figures 3C and S3B). Conversely, the
proportion of phospho-DNA-PKcs* cells increased to relatively
similar amounts in all three populations (Figures 3D and S3C).
These data collectively suggest that NHEJ is consistently utilized
across all mammary epithelial cells, while HR appeared to be
predominantly engaged by the luminal lineage, especially by
luminal progenitors.

Lineage-specific HR differences exist irrespective of the
cell cycle

The above data suggested that luminal cells were more suscep-
tible to DSBs than basal cells but able to evade the cytotoxic
consequences (Figure 2), which might be related to their effec-
tive engagement of repair pathways. However, DSB repair is
tightly coordinated with cell cycle: HR is restricted to cells in
late S/G2 phases, while NHEJ is predominantly used in the G1
phase.®” The adult mammary gland undergoes cyclical remodel-
ing in response to circulating ovarian hormones during the repro-
ductive cycle. Thus, throughout our study, ovariectomized mice
were treated with estrogen + progesterone pellets to ensure that
both basal and luminal progenitor populations were activated
and at the maximal proliferative states. We tested whether differ-
ential engagement of these two DSB repair pathways in luminal
vs. basal cells is influenced by differences in their proliferative
behavior. We performed in situ immunofluorescence analysis
of RAD51 and phospho-DNA-PKcs foci kinetics, along with a
proliferation marker, Ki67, in mammary tissue after in vivo irradi-
ation. The RAD51 foci were primarily observed in proliferating
(Ki67*) cells as early as 0.5 h and progressed into larger, punc-
tate foci by 3-6 h (Figure 3E). We then categorized prolifer-
ating/Ki67* cells into one of the four groups, RAD51-positive or
RAD51-negative basal (K14*) and RAD51-positive or RAD51-
negative luminal (K147), to investigate whether the frequency
of RAD51* cells in the two lineages differed. Notably, RAD51
foci were predominantly present in the proliferating luminal but
largely absent in the proliferating basal cells (p < 0.05, Fisher’s
exact test; Figure 3F); RAD51" events in the proliferating luminal
cells were approximately twice more frequent than proliferating
basal cells (odds ratio 0.48; Figure 3F). Further co-staining with
the progesterone receptor (PR), a marker to separate mature

(C) Boxplots showing relative number of y-H2AX* cells in each population (n = 4-10 mice per time point) or median fluorescence intensity (MFI) in y-H2AX* cells
normalized by cell size (FSC-A; see Figure S2F). One-way ANOVA with Tukey’s multiple comparison test was performed on each time point; *p < 0.05, **p < 0.01,
**p < 0.001.

(D) Neutral comet assay following in vitro irradiation of 20 Gy. A total of ~40-150 comets were scored. The p values were calculated using one-way ANOVA with
Tukey’s multiple comparison test; n.s., not significant.

(E) Workflow of colony-forming cell (CFC) assay on FACS-purified basal (red) and total luminal (blue) cells from mouse mammary glands. The seeded cells were
irradiated in vitro (3 Gy). Representative images of basal and luminal colonies with or without irradiation (IR) after 7 days of culture are shown. Scatterplot showing
the absolute counts of basal (red) and luminal (blue) colonies with or without IR (left; n = 13 mice; paired t test) is shown. Colony count of irradiated samples relative
to the paired unirradiated sample is also shown on the right (n = 13; unpaired t test). All data represent the mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
(F) Workflow of CFC assay on FACS-purified basal (red) and total luminal (blue) cells from human breast tissue specimens (n = 3). The seeded cells were irradiated
in vitro (3 Gy). Representative images of basal and luminal colonies with/without IR after 10 days of culture are shown. Scatterplot showing the absolute counts of
basal (red) and luminal (blue) colonies with/without IR is shown (Kruskal-Wallis test followed by Dunn’s multiple comparison test). All data represent the mean +
SEM; *p < 0.05.
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luminal cells (K14"PR™*) from luminal progenitors (K14 PR"),
showed that the enrichment of RAD51 foci was predominant in
PR™ luminal cells (luminal progenitors), possibly due to their ten-
dency to be more proliferative than PR* (mature) luminal cells
(Figures S4A and S4B). Meanwhile, phospho-DNA-PKcs foci
were observed in both lineages at all time points, and mostly in
Ki67~ cells, indicating equivalent NHEJ activity (Figure S4C).
To further investigate the observed lineage differences in
RAD51 foci recruitment specifically in the S/G2 phase, we con-
ducted Amnis imaging flow cytometry in combination with a
cell-cycle dye, FxCycle (Figures 3G and S4D). Cell-cycle distri-
butions were similar between the basal and the luminal popula-
tions, with 9.43% of luminal and 13.6% of basal cells in S/G2
phase (Figure 3G). Overall, RAD51 foci recruitment was higher
in S/G2 populations compared with cells in G1, as expected.
Notably, the median number of RAD51 foci per cell was found
to be higher in the luminal population compared with the basal
during S/G2 (19 vs. 5 foci; Figure 3H, blue) and, surprisingly,
evenin G1 (10 vs. 0 foci), where HR repair is expected to be sup-
pressed (Figure 3H, orange). Thus, irradiated luminal cells main-
tain a comparatively higher HR repair capacity throughout the
cell cycle.

Next, to examine the relationship between lineage, DNA
repair, and cell cycle in the human breast, we leveraged our pub-
lished single-cell RNA sequencing (scRNA-seq) dataset®® and
computationally mapped the distinct cell populations (Figure 3l),
where single cells were stratified into one of the three cell-cycle
phases, G1, S, and G2/M (Figure 3J), based on their gene
expression profile. Potential differences in the DSB repair gene
expression landscape during the cell cycle were interrogated
through critical genes involved in HR and NHEJ and those
involved upstream of both pathways (ATM, MRE11, RAD50,
NBN).*8%° While NHEJ genes PRKDC, XRCC5, and XRCC6
were ubiquitously expressed across mammary lineages and
cell cycle, the expression of several critical HR genes, such as
RAD51C, RPA1, RPA3, and TOPBP1, was restricted to the
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luminal lineage (Figure 3K). Additional genes essential for effec-
tive HR, such as MUS871, RNF8, and RNF168,°** were also
largely restricted to the luminal progenitor lineage (Figure 3K).
Collectively, the differences in engagement and expression of
DSB repair genes between luminal progenitors and basal cells
were not attributable to the cell cycle.

Mammary cell lineage is a key factor in PARPi sensitivity
In tumors, HR deficiency is a major therapeutic vulnerability that
is successfully being exploited through the use of PARPis. Based
on the aforementioned HR disparities observed in normal mam-
mary lineages, we asked whether the different progenitor pools,
from which different breast cancer subtypes are thought to arise,
also carry an inherently different vulnerability to PARPis. By uti-
lizing the synthetic lethality concept to test intrinsic HR defi-
ciency in the basal lineage, we assessed the effect of the
PARPis olaparib and talazoparib on the colony-forming capacity
of mammary progenitor populations freshly isolated from unirra-
diated, wild-type female mice (Figure 4A). We observed strikingly
divergent vulnerabilities of luminal vs. basal progenitors: basal
colony counts decreased precipitously upon PARPi treatment
in a dose-dependent manner, while luminal progenitors were
comparatively more resistant (Figures 4B and 4C). We also as-
sessed the dependence of lineage-specific clonogenicity on
the NHEJ pathway. Treatment with KU-57788, a DNA-PK inhib-
itor that targets NHEJ, did not show any differential effects on
basal or luminal CFCs (Figure 4D).

To determine whether lineage-specific differences in PARPI
vulnerability are also seen in humans, we isolated human mam-
mary epithelial progenitor populations from non-neoplastic, pro-
phylactic mastectomy specimens that were BRCA wild type (Fig-
ure 4E). CFC assay performed on FACS-purified mammary
epithelial cells showed basal-specific sensitivity to the highly
potent PARPI talazoparib but not olaparib (Figures 4F and 4G).
We then tested whether the lineage-specific response to
PARPi is exacerbated by BRCA1/2 heterozygosity using 20

Figure 3. HR repair is intrinsically different between luminal progenitors and basal cells following irradiation
(A) Workflow of imaging flow cytometry and tissue immunostaining from the mouse mammary gland 3 h after in vivo irradiation (6 Gy).

(B) A panel of representative Amnis ImageStreamX Mark Il images displaying RAD51 foci in the basal, luminal progenitor (LP), and mature luminal (ML) populations
as marked by a set of established cell-surface markers. Foci counts, determined by IDEAS software, are indicated in yellow in the RAD51 “Foci Mask” column.
(C and D) Bar graphs summarizing proportion of cells displaying 0, 1-4, 5-9, or >10 foci of RAD51 (C) or phospho-DNA-PKcs (S2056; p-DNA-PKcs; D) in each
population before or 3 h post-irradiation (n = 3-4 mice per treatment group). Data represent the mean + SEM and p values were determined by one-way ANOVA
with Tukey’s multiple comparison test on RAD51* or p-DNA-PKcs* cells (i.e., cells displaying >1 focus) across all three mammary populations; **p < 0.01,
***p < 0.001, ***p < 0.0001; n.s., not significant.

(E) Z-projected confocal immunofluorescence images of RAD51 co-stained with basal cytokeratin (K14) and proliferation (Ki67) markers on mammary tissues
harvested from virgin female mice with or without in vivo irradiation. Filled white arrowheads indicate proliferating/Ki67* RAD51" cells, and hollow arrowheads
indicate proliferating/Ki67* RAD51™ cells.

(F) Absolute counts and proportion of proliferating/Ki67* cells that exhibit RAD51* (>2 foci) in basal (K14*) or luminal (K147) cells at 3 h post-irradiation by
immunofluorescence staining (n = 3 mice). The number of RAD51 foci per nucleus was determined by ImageJ. The p value was calculated by Fisher’s exact test;
*p < 0.05.

(G) Histograms of the DNA content in basal (red) or luminal (blue) cells as determined by Amnis imaging flow cytometry. Exact cell counts in G1 or S/G2 phase are
shown in the tables.

(H) Distribution of RAD51 focus count exhibited in irradiated basal or luminal cells from G1 (orange) or S/G2 (blue) phase of the cell cycle. Mean and median values
of RAD51 focus count were determined for G1 basal, G1 luminal, S/G2 basal, and S/G2 luminal cell populations.

(1'and J) Uniform manifold approximation and projection (UMAP) embedding of four aggregated human breast samples from previously published scRNA-seq.”®
The UMAP embeddings of the three human breast cell populations (basal/BC, n=1,272; LP, n = 3,364; ML, n = 2,172 cells) are colored by the lineage or cell-cycle
phase.

(K) Violin plots depicting the expression levels of lineage markers and DSB repair genes (homologous recombination, HR; non-homologous end joining, NHEJ) in
the scRNA-seq dataset,”® across three mammary epithelial lineages (BC, LP, and ML) stratified by cell-cycle phase.
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Figure 4. Luminal and basal progenitors exhibit divergent PARPi vulnerability

(A) Workflow of colony-forming cell (CFC) assay from FACS-purified basal (Lin-CD24*CD49f"; red) and total luminal (Lin-CD24*CD49f"°; blue) cell fractions to
evaluate basal and luminal progenitor capacities in response to olaparib, talazoparib, or KU-57788.

(B-D) Representative images of basal and luminal colonies treated with olaparib, talazoparib, KU-57788, or DMSO alone (vehicle control). Bar graphs show the
colony count for basal (red) and luminal (blue) populations at the indicated drug concentrations after 7 days of culture (n = 5-8 mice). One-way ANOVA with
Dunnett’s multiple comparisons test was performed; *p < 0.05, **p < 0.001, ****p < 0.0001.

(E) Workflow of CFC assay from FACS-purified human basal (Lin~CD24*CD49f"; red) and luminal progenitor (Lin-CD24*CD49f"; light blue) fractions to evaluate
basal and luminal progenitor capacities in response to olaparib or talazoparib.

(legend continued on next page)
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specimens from patients of comparable age (n = 6 BRCA wild
type; n =9 BRCAT-mutation carriers; n = 6 BRCA2-mutation car-
riers; Figures 4H and S5A). Dissociated total breast epithelial
cells give rise to morphologically distinct colonies that reflect
the activity of the respective progenitor populations (Figure 4l).
Luminal progenitors form luminal colonies, mature luminal cells
lack clonogenicity in conventional CFC culture conditions, while
the basal population harbors both myoepithelial progenitors and
bipotent progenitors.**™*°> Comparison of patient-paired CFC
assays allowed us to quantitatively assess the relative olaparib
sensitivity of the different progenitor populations contained
within each patient sample (Figures S5B and S5C). In every sam-
ple pair, across the wild-type allele and BRCA1/2 mutation car-
riers, we observed a reduction in bipotent colony count upon ola-
parib treatment, along with a mild reduction in myoepithelial
colony counts in approximately half of the cases (Figure 4J).
On average, this translated to a 13% myoepithelial and 47 % bi-
potent colony abrogation (p < 0.05 and p < 0.0001, respectively,
ratio paired t test), while luminal colonies remained largely resis-
tant (Figure 4J). Colonies from BRCA1/2 heterozygous mutation
carriers displayed overall higher olaparib sensitivity (p < 0.05,
two-way ANOVA,; Figure 4K), yet notably, this effect was largely
driven by basal lineage-derived colonies (myoepithelial, bipo-
tent), while the resistance of the luminal lineage toward PARPI
was independent of BRCA mutation status (p < 0.0001, two-
way ANOVA,; Figure 4K). Collectively, these data show that cell
lineage is a notable determinant of PARPI vulnerability in murine
as well as human mammary progenitor populations.

Mammary lineage resemblance correlates with PARPi
response of breast cancer cells

We investigated whether the lineage-specific DDR vulnerabilities
observed in normal breast progenitors would translate to vulner-
abilities in corresponding breast cancers. To this end, we were
able to identify four murine breast cancer cell lines that exhibited
the basal or luminal lineage characteristics, as assessed by
expression of the lineage markers EPCAM and CD49f (Fig-
ure S6A), and examined their PARPI sensitivity when grown as
xenografts (Figure 5A). This included (1) two cell lines (sg4205
and sg4687) derived from Pik3ca"1%4’® mice with CRISPR-
Cas9-mediated p53 ablation (Pik3ca'%*"Rp53~/7),*>*” both ex-
hibiting a basal FACS profile*®“?; (2) a polyoma middle T (PyMT)
model-derived cell line with a luminal FACS profile; and, in addi-
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tion, (3) NDL3903,°° a cell line derived from a HER2* breast can-
cer model with a mixed basal-luminal FACS profile (Figure S6A).
After implantation of tumor cell lines into NSG mice, we followed
tumor growth under treatment with olaparib, talazoparib, and
vehicle control until the endpoint (Figure 5A). While olaparib
treatment showed no obvious tumor growth inhibition, talazo-
parib significantly impeded the growth of tumors formed from
cells with the basal phenotype (sg4205 and sg4687), but not
the other tumor models (Figure 5B).

We proceeded to interrogate the PARPI sensitivity of human
breast cancer cell lines by leveraging the Genomics of Drug
Sensitivity in Cancer (GDSC) database, which catalogs drug re-
sponses for over 100 anti-cancer agents.”" First, as a proxy for
the likeness of these human breast cancer models to basal,
luminal progenitor, or mature luminal cells, we constructed “line-
age signatures” based on our comprehensive global mammary
proteomes, comprising a total of 6,034 human and 4,695 mouse
proteins. These lineage signatures were obtained by identifying
proteins enriched in one cell type compared with the other
two, with a fold change >5 in human (Figure S6B; Table S2) or
fold change >3 in mouse mammary proteomes (Figure S6B;
Table S3). The resulting lists consisted of unique and highly ex-
pressed proteins that met these specific cutoffs, ensuring an un-
biased approach for generating representation of lineage signa-
tures. We then assessed their molecular enrichment across the
five major breast cancer subtypes from the METABRIC data-
base. In accordance with the cell-of-origin model in breast can-
cer,>>** our human proteomic basal signature showed the high-
est enrichment in the mesenchymal “Claudin-low” subtype
(Figures 5C and S6B). The luminal progenitor signature was
most closely linked to the “basal-like” subtype (Figure 5C),
which is thought to arise from luminal progenitors, not basal
cells,®* despite its histopathological classification label.*® This
subtype has also been associated with BRCA7-mutated breast
cancers.®®°” The mature luminal signature was highly correlated
with the hormone-receptor-expressing “luminal A” subtype (Fig-
ure 5C). Mouse mammary proteome-derived signatures ex-
hibited similar patterns (Figures S6B and S6C), consistent with
the anticipated associations of breast cancer subtypes. We
next compared enrichment of the basal and luminal progenitor
signatures in 50 human breast cancer cell lines curated in the
GDSC database, selected the top 10 cell lines most enriched
in each lineage signature (Figure 5D; Table S4), and correlated

(F and G) Representative images of basal and luminal colonies treated with olaparib, talazoparib, or DMSO alone (vehicle control). Bar graphs show the colony
count for basal (red) and luminal (light blue) populations at the indicated drug concentrations after 10 days of culture (n = 3). Kruskal-Wallis test with Dunnett’s
multiple comparisons test was performed; *p < 0.05; ns, not significant.

(H) Workflow for flow cytometry and olaparib testing using the CFC assay on 20 primary human breast specimens from prophylactic mastectomy procedures. The
specimens are categorized into BRCA wild-type (n = 5), BRCAT-mutated (n = 9), and BRCA2-mutated (n = 6) carriers.

(I) Schematic diagram illustrating human mammary epithelial populations and representative images of three types of colonies that arise from corresponding
progenitor activities.

(J) Boxplot summarizing counts of myoepithelial, bipotent, or luminal colonies compared with DMSO vehicle control (horizontal dotted line) in all primary breast
specimens (n = 20). The p values for colony growth in olaparib vs. DMSO were calculated by ratio paired t test; “p < 0.05, ***p < 0.0001.

(K) Boxplot summarizing the effect of olaparib on the growth of each colony type, according to BRCA mutation status (BRCA wild type, n = 5; BRCA1 mutated, n =
9; BRCA2 mutated, n = 6), compared with DMSO control (horizontal dotted line). Whether the two independent factors “colony type” and “BRCA mutation status”
affected colony growth was tested by performing two-way ANOVA. The colony type significantly affected colony growth upon olaparib treatment (p < 0.001). The
BRCA status significantly affected colony growth upon olaparib treatment (p < 0.05). No interaction was found between these two factors (p < 0.9754). Post hoc
analysis by Tukey’s multiple comparisons test showed no differences in colony growth of each colony type based on BRCA mutation status (p values ranging from
0.24 to 0.98).
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their drug sensitivity to 23 DNA-damaging agents, including five
PARPis (Figures 5E and S6D; Table S4). In accordance with our
findings from the normal human mammary epithelium, breast
cancer cell lines enriched in basal vs. luminal progenitor signa-
tures exhibited differential responses, where those with a strong
basal signature displayed greater PARPI sensitivity (i.e., nega-
tively correlated, p < 0.014; Table S4). As variations in PARPI
sensitivity can be influenced by PARP1 levels®® and drug efflux
pumps,®® we examined their expression in the top 10 GDSC
cell lines enriched in either basal or luminal progenitor lineage
signatures and found no differences in the expression of
PARP1 or the drug efflux pump (ABCB1; Figure S6E).

Next, we selected human breast cancer cell lines for xenograft
assays from the top 10 cell lines in the GDSC database that
consistently showed basal or luminal characteristics at both mo-
lecular and phenotypic levels. These criteria included (1) clear
enrichment of the respective lineage signatures, (2) confirmed
expression profiles of established lineage markers via immuno-
fluorescence (K14, K18, ER, and PR) and flow cytometry
(EPCAM and CD49f; Figure S7A), and (3) demonstrated reliable
ability to form tumors in NSG mice (Figure S7B). Consequently,
MDA-MB-231 and HCC1187 were the only cell lines that met
these criteria and were subsequently engrafted in mice for daily
treatment with either olaparib or vehicle control until the endpoint
(Figure 6A). HCC1187 tumors, which have luminal lineage char-
acteristics, showed no sensitivity to treatment, while olaparib
significantly impeded the growth of basal characteristic MDA-
MB-231 tumors (multiple t test; FDR <0.01; Figure 6B). Further-
more, flow cytometric analysis confirmed that the established
MDA-MB-231 tumors maintained the expression of the mesen-
chymal stem cell marker CD44 and low expression of human
epithelial cell marker (h-EpCAM), while HCC1187 lacked CD44
and expressed h-EpCAM highly (Figure 6C), in concordance
with characteristics of tumors derived from a basal vs. a luminal
origin, respectively. Altogether, these data indicate that the
intrinsic PARPI sensitivity identified here in normal basal cells
persists in a variety of human and murine breast cancer models.

Finally, we applied our lineage signatures to transcriptomes of
47 human breast cancer patient-derived xenograft (PDX)
models®® and correlated these with treatment response to tala-
zoparib (0.33 mg/kg). Examination of the association between in-
dividual PDXs and their enrichment scores of the three lineage
signatures revealed distinct tumor segregation (Figure 6D;
Table S5). We observed a group of PDXs that were mainly en-
riched in basal or luminal progenitor signatures, while some ex-
hibited enrichment in both. In addition, PDXs enriched in mature
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luminal signatures were notably distinct (Figure 6D). To investi-
gate talazoparib sensitivity, we examined the relationship be-
tween individual PDXs lineage scores and their response to tala-
zoparib. We observed a significant correlation between
talazoparib sensitivity and the basal-lineage-enriched PDXs
(p < 0.007), but not with luminal progenitor (Figure 6E;
Table S5). Intriguingly, an inverse trend was noted with the
mature luminal signature (Figure 6E). Collectively, these data
demonstrate that the mammary lineage signatures can be
applied to breast cancer xenografts and that these signatures
are associated with PARPI sensitivity in vivo.

DISCUSSION

Understanding the key biological differences between the mam-
mary epithelial lineages can help us better understand and target
vulnerabilities of breast cancers that arise from the different cells
of origin within the epithelium. This study reveals that mammary
epithelial cell lineages have striking differences in their ability to
engage DNA damage repair processes and sensitivity to
PARPis, and the differential PARPI sensitivity was reflected in
breast cancer models that resembled the molecular identity of
these lineages.

In an unsupervised analysis across human and mouse, differ-
ences in DNA damage repair dominated the proteomic land-
scape of luminal vs. basal cells in the mammary epithelium.
This unexpected finding challenged the notion that DSB repair
capacity is uniform across normal somatic cells. Certain DDR
and DSB repair variances have been reported in the mammary
epithelium due to telomere-associated,’® oncogene-medi-
ated,®’ and endonuclease-induced factors.” Our series of
studies centered on in situ and single-cell analyses, as well as
clonogenic assays, and demonstrated that cell lineage is a pre-
viously unknown intrinsic determinant of DSB repair pathway
choice in the normal mammary gland with consequences for
PARPI sensitivity. Luminal progenitors were naturally more sus-
ceptible to generating DSBs at homeostasis and upon ionizing
radiation, as evidenced by the high numbers of y-H2AX-positive
cells. Following irradiation, the luminal lineage utilized HR repair,
whereas the basal lineage had limited capacity. Remarkably,
even when considering the cell-cycle phases, lineage-rooted
HR disparities persisted. This fundamental observation in the
normal mammary gland translated into a selective PARPI vulner-
ability of the basal lineage over the luminal lineage. In clonogenic
assays, this manifested as differential radiation sensitivity of the
two lineages in both mouse and human, as well as distinct

Figure 5. Normal mammary lineage signatures correlate with breast cancer PARPI sensitivity

(A) Schematic diagram illustrating the mouse mammary tumor xenograft assay.

(B) Xenograft growth curves depicting the response of “basal” (Pik3ca1%*"; p53~/-) or “luminal” (PyMT and NDL3903) mouse mammary tumor cell lines to
in vivo treatment with olaparib or talazoparib (n = 11 mice per treatment group).

(C) Violin plots illustrating the single-sample GSEA (ssGSEA) enrichment score for each of the three human-proteome-defined mammary lineage signatures
across five major breast cancer molecular subtypes (Claudin-low, basal-like, luminal A/B, HER2") from the METABRIC gene expression dataset. Unpaired t test
was used, and the p values were adjusted for multiple testing; ****p < 0.0001.

(D) Heatmap showing unsupervised hierarchical clustering of 50 human breast cancer cell-line gene expression profiles based on human basal and luminal
progenitor (LP) proteome-defined lineage signatures. The top 10 cell lines that display the largest differential enrichment based on ssGSEA scores between basal
and LP signatures are highlighted in red or blue, respectively.

(E) Heatmap of Pearson correlation coefficient (PCC) values representing the correlations between human basal and LP signature scores and drug sensitivity
(based on normalized half-maximal inhibitory values, or ICsp) to the five PARP inhibitors from the GDSC database.
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synthetic lethality of basal progenitors to PARPis compared with
the luminal progenitors. Importantly, this lineage-dependent
PARPi vulnerability was also observed in normal human breast
tissues and in prophylactic mastectomy samples from BRCA1
and BRCA2-mutation carriers, where olaparib preferentially tar-
geted bipotent clonogenicity known to arise from the basal line-
age. This uncovers mammary epithelial cell lineage as a novel,
non-mutational determinant of PARPi response in the normal hu-
man breast.

The paradox of luminal progenitors exhibiting higher levels of
DSBs both at baseline and following irradiation despite having
the capacity to engage HR repair requires further study. Other
distinguishing features inherent to mammary lineages, such as
the epigenomes and cell metabolism, may play a role in this phe-
nomenon.”®?8 For instance, a mechanism for cell survival upon
DNA damage involves a metabolic switch to oxidative phosphor-
ylation through PARP1-dependent depletion of NAD*.%° Since
luminal progenitors are enriched in oxidative phosphorylation,
while basal cells mainly rely on glycolysis,® the increased utiliza-
tion of oxidative phosphorylation within luminal progenitors may
render the luminal lineage to be more permissive in acquiring
higher levels of DSBs, possibly via higher reactive oxygen spe-
cies (ROS) accumulation, while continuing to survive.?” More-
over, while ovarian hormones induce cellular expansion of both
lineages, considerable proliferative heterogeneity has been re-
ported in the mammary epithelium.®* Lineage-dependent meta-
bolic programs and cyclical proliferation within the mammary
gland may underlie differential replication stress in the two line-
ages,®® which can also be a contributing factor to DDR and
downstream signaling operating differently in the two mammary
lineages.

The impact of mammary lineage identity on PARPI response
not only remained consistent across mouse and human primary
mammary epithelium, but also extended to breast cancer pa-
tient-derived or cell-line-derived xenografts. In these human
and mouse breast cancer models, tumors representing the basal
lineage features displayed PARPi sensitivity in vivo, while
luminal-like cancer models remained resistant. This finding
opens exciting possibilities for patient selection strategies for
this highly successful class of targeted drugs. For instance, iden-
tification of patient subgroups whose tumors exhibit a basal line-
age identity may serve as an approach to pinpointing additional
PARPi monotherapy responders, beyond germline BRCA
testing. Indeed, both in vitro PARPi response data that tested
13 PARPIs on 12 breast cancer cell lines'®"'” and PARPi clinical
trials'®22%%57 show that BRCA1/2 mutation alone does not
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entirely predict PARPI sensitivity nor clinical benefit, while a sub-
set of non-BRCA mutation carriers also exhibited a response.

To further potentiate PARPI efficacy, numerous combinatorial
therapies are currently being tested, both experimentally and in
clinical settings, including with chemotherapy, immunotherapy,
endocrine therapy, and other DDR-targeted therapy.'®°""
Our findings further suggest that luminal progenitors, which are
considered the putative cell of origin for BRCA7-mutated breast
cancers,”®® are the least PARPi sensitive and therefore may
persist following PARPi monotherapy. Thus, strategies that
simultaneously deplete more than one type of breast cancer pre-
cursor cell/cell of origin may prove useful, and combining
PARPis with known epigenetic and/or metabolic inhibitors that
preferentially target Iluminal progenitors warrants further
investigation.

Basal and luminal epithelial cells of the breast are highly
specialized, with prominent lineage identities that pertain to
fundamental cellular features, such as metabolic®®*” and epige-
netic®®?° programs as well as telomere biology.’’ To date,
several global profiling datasets on purified mammary subpopu-
lations are available, including transcriptomes, epigenomes, and
methylomes, and have revealed a wealth of lineage-rooted dis-
tinctions,?®%"2 emphasizing the divergent nature of these cells
and their potential as therapeutic targets specific to the respec-
tive cell of origin of breast cancers. The importance of cell-line-
age-dependent DNA damage repair likely extends to other organ
systems and cancer types. Overall, this study demonstrates
selective DNA repair preferences in different breast cancer
precursor cell populations within a single tissue and suggests
a potential avenue for identifying PARPi-responsive patient
subpopulations.

Limitations of the study

There are several limitations inherent in our study. First, given
that our study centers on primary mammary cells, where mam-
mary cells must retain their lineage fidelity in tissue culture, the
feasibility of measuring functional HR competency through HR
reporter assays has been a challenge. Therefore, we have
been unable to directly measure differences in DNA damage
repair activity. In addition, although cell cycle was taken into
consideration, our study cannot exclude the possibility that dif-
ferences in cell-cycle dynamics between mammary lineages
did not have an impact on the DDR pathways. We also have
yet to experimentally verify a causal relationship between the
mammary lineage-associated differential HR competency
and PARPi vulnerability. Finally, translating the concept of

Figure 6. Tumor sensitivity to PARPis is determined by the mammary lineage signatures

(A) Schematic diagram illustrating the human breast cancer tumor xenograft assay.

(B) Growth curve of olaparib-treated MDA-MB-231 or HCC1187 cell-line-derived xenografts compared with the DMSO control group (black, n = 11 per treatment
group). All data are represented as the mean + SEM. The p values were determined by multiple t test; *q < 0.001.

(C) Flow cytometric analysis on single-cell suspensions of freshly dissociated full-size MDA-MD-231 or HCC1187 xenograft tumors. Human lineage-negative
(CD45*CD31* depleted), live (Zombie UV™) cells were profiled by the human-specific epithelial marker h-EpCAM and the mesenchymal marker CD44.

(D) Heatmap illustrating ssGSEA enrichment scores of 47 PDX breast cancer models for the three proteome-defined lineage signatures (basal, BC; luminal
progenitor, LP; mature luminal, ML). PAM50 breast cancer subtyping is annotated.

(E) Regression plots illustrating the talazoparib sensitivity (“response angle”) against each mammary lineage signature enrichment score (ssGSEA). Each dot
represents one PDX model, and response angle for each model was determined as the inverse tangent of the angle between the regression line slope of the mean

control and treatment curves.®®
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heightened PARPI response of the basal over the luminal lineage
to tumor biology is not straightforward. Genomic alterations and
cancer cell evolution can impinge on normal lineage programs,
confounding relationships between specific primary cell sub-
populations and tumor subtypes.
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Cat#HTB-26; RRID:CVCL_0062
Cat#HTB-126; RRID:CVCL_0332
Cat#CRL-2324; RRID:CVCL_1249
Cat#HTB-122; RRID:CVCL_1092
Cat#CRL-2322; RRID:CVCL_1247
Cat#ACC 258; RRID:CVCL_1812
Cat#ACC 433; RRID:CVCL_1969
N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
polyoma middle T (PymT) A gift from D. Schramek RRID:CVCL_AQ09
NDL3903 Al-Zahrani et al.”® N/A

Experimental models: Organisms/strains

Mice: FVB/NJ

Mice: NSG

Jackson Laboratory,
Charles River Laboratories

UHN/In-house breeding facility
(Cancer Stem Cell Colony)

Cat#001800, Cat#CRL:207;
RRID:IMSR_JAX:001800,
RRID:IMSR_CRL:207

Cat#JAX:5557

Software and algorithms

PRISM (v 9.2.0)
IDEAS (v 6.2)

FACSDiva (v 6.1.3)

FlowJo (v 7.6.5, v 10.3)

FIJI (is just ImageJ; v 1.52i)

GSEA (v 4.0)

Enrichment Map App (v 3.5.1)

ssGSEA; GSVA R package (v 1.30.0)
biomaRt R package (v 2.38.0)
ComplexHeatmap R package (v 2.8.0)
ComBat; sva R package (v 3.30.1)
circlize R package (v 0.4.12)
CellCyclceScoring; Seurat R

package (v 4.3.0)

VInPlot; Seurat R package (v 4.3.0)

pheatmap R package (v 1.0.12)

Komet Software (v 7.0)
BioTek Gen5 (v 3.12)

All original code for bioinformatics analysis

GraphPad

Amnis Corporation/EMD
Millipore

BD Biosciences

BD Biosciences

Open source

Broad Institute

Cytoscape

Bioconductor

Bioconductor

Bioconductor

Bioconductor

CRAN

CRAN

CRAN

CRAN

Andor Technology
Agilent Technologies Inc.

This paper

https://www.graphpad.com/
https://www.emdmillipore.com/
CA/en/20150212_144049
RRID:SCR_001456;
https://www.bdbiosciences.com/en-ca/
products/software/instrument-software/
bd-facsdiva-software
RRID:SCR_008520;
https://www.flowjo.com/solutions/
flowjo/downloads

RRID:SCR_002285; https://fiji.sc/
RRID:SCR_003199;
https://www.gsea-msigdb.org/gsea/index.jsp
RRID:SCR_016052;
https://apps.cytoscape.org/
apps/enrichmentmap
https://bioconductor.org/packages/devel/
bioc/vignettes/GSVA/inst/doc/GSVA.html
https://bioconductor.org/packages/
release/bioc/html/biomaRt.html
https://bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html
https://bioconductor.org/packages/
release/bioc/html/sva.html
https://cran.r-project.org/web/
packages/circlize/index.html
https://cran.r-project.org/web/
packages/Seurat/index.html
https://cran.r-project.org/web/
packages/Seurat/index.html
https://cran.r-project.org/web/
packages/pheatmap/index.html

N/A
https://www.agilent.com/en/product/
cell-analysis/cell-imaging-microscopy/
cell-imaging-microscopy-software/
biotek-gen5-software-for-imaging-
microscopy-1623226
https://doi.org/10.5281/zenodo.836855

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rama

Khokha (rama.khokha@uhn.ca).
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Materials availability
This study did not generate new unique materials.

Data and code availability

® The human and mouse mammary proteomes used in this study are openly accessible on the MassiVE repository, with the
accession codes MSV000087042 and MSV000079330 respectively. The human mammary single-cell RNAseq dataset was ac-
quired from NCBI GEO under the accession number GSE168660. These three datasets are also accessible through an inter-
active web application at https://github.com/kazeera/MEC-explorer.

e All original code used for bioinformatics analysis has been deposited on Zenodo and is also accessible via GitHub at https://
github.com/kazeera/Kim-et-al-2023. The DOI is provided in the key resources table.

o Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

8-10-week-old virgin female FVB/NJ mice (wild-type) were subcutaneously implanted with a 14-day slow-release pellet containing
0.14 mg 17B-estradiol plus 14 mg progesterone (E+P; Innovative Research of America). This implantation took place one week after
bilateral ovariectomy. Upon the completion of a 14-day E+P treatment period, these mice were sacrificed and three pairs of mam-
mary glands were collected (including second and third thoracic, as well as fourth inguinal). If required, mice underwent whole-body
irradiation prior to sacrifice. For the xenograft experiments, 4-week-old virgin female NSG mice were employed. All mice were
housed in a standard, controlled environment with a 12h light/dark cycle, maintained at a room temperature at 21-23 °C, humidity
levels between 30-60%, and provided with standard chow diet ad libitum. All procedures were conducted in compliance with the
Canadian Council for Animal Care guidelines under protocols approved by Animal Care Committee of the Princess Margaret Cancer
Centre, Toronto, Ontario, Canada.

Primary human breast specimen

Human breast tissues were collected from women who had undergone prophylactic mastectomies within 24-48 hours of surgery at
the Princess Margaret Cancer Centre under full informed consent and in accordance with Institutional Research Ethics Board
approval. The breast specimen underwent the following processing®®”®: the excised breast tissues were minced with blades and
digested in DMEM/F12 media with 15 mM HEPES plus 2% BSA, 1% penicillin—streptomycin, 5 ng/mL insulin, 300 U/mL collagenase
and 100 U/mL hyaluronidase shaking gently at 37 °C for 16-18 h. Next day, dissociated tissues underwent a series of centrifugation
steps: 80g for 30 sec, 200g for 4 min, and 450g for 5 min to collect epithelial-, endothelium-, and fibroblast-rich fractions, respectively.
The resulting three fractions were cryopreserved separately in liquid nitrogen. Only the epithelial-rich fractions were used to prepare
single-cell suspensions for FACS and/or human CFC assays.

Primary mammary single-cell suspensions

Mouse

Single-cell suspensions of mouse mammary glands were prepared by mincing freshly harvested mammary glands and then incu-
bating them in DMEM/F12 media with 300 U/mL collagenase plus 100 U/mL hyaluronidase at 37°C for 1.5 hours.** The resulting
mammary organoids were serially treated with ammonium chloride, 0.25% trypsin-EDTA and 5 U/mL dispase plus 50 png/ml DNase
I in Hank’s Balanced Salt Solution (HBSS; Gibco, 14025092) supplemented with 2% FBS (Gibco, 12483020). The resulting single-
cells were filtered through a 40 uM cell strainer (Fisher Scientific, 22-363-547).

Human

Single-cell suspensions of human breast tissues were prepared from cryopreserved epithelial-rich fractions. These vials were thawed
in 37°C water bath and serially digested with 0.25% trypsin-EDTA and then 5 U/mL dispase + 50 ng/ml DNase | in HBSS supple-
mented with 2% FBS.?®"° The resulting cells were filtered through a 40 pm cell strainer.

Primary mouse mammary tumour cell-lines

Four primary mouse mammary tumour cell-lines: 1) Pik3ca%"R; p537 594205, 2) Pik3ca™1%*""; p537" sg4687,**" 3) a polyoma
middle T, and 4) NDL3903 were cultured in DMEM/F12 supplemented with MEGS (Gibco, S0155) and 10% FBS. All cell-lines
were incubated at 37°C, 5% CO,.

Human breast cancer cell-lines

MDA-MB-231, Hs 578T, EFM-192A, and EVSA-T were cultured in DMEM media + 10% FBS. HCC1395, BT-549, and HCC1187 were
cultured in RPMI media + 10% FBS. All cell-lines were incubated at 37°C, 5% CO,. All 7 human breast cancer cell-lines used in this
study were purchased from either ATCC or DSMZ.
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Human breast cancer PDX modeling

Drug response and gene expression data (RNAseq) for 47 breast cancer PDX models was generated,®® and their response to BMN-
673/talazoparib was measured. Each PDX was generated by serial subcutaneous transplant of fresh donor tumor fragments in NOD
scid mice. Once tumour volumes reached ~125-250 mm?, talazoparib (0.33 mg/kg) was administered via oral gavage daily until the
mice reached the end point. The sensitivity to talazoparib was determined by calculation of the “response angle”, calculating the
inverse tangent between the regression line slope of mean control (untreated) and treatment tumour growth curves after
30 days.®® All experiments were conducted under an approved REB protocol at the UHN, and included data are those available
up to December 2020.

METHOD DETAILS

Irradiation

In vivo

Mice were exposed to a single dose of 6 Gray (Gy) using a Cs-137 irradiator (Gammacell® 40 Exactor). The mice were subsequently
sacrificed at a designated time-point after irradiation.

In vitro

Primary mouse mammary epithelial cells were seeded in a 6-well cell culture plate (Greiner, 657160). The cells were then irradiated at
a single dose of 3 Gy (Gammacell® 40 Exactor) the next day. For neutral comet assay, sorted primary mouse mammary epithelial
cells that had been sorted were seeded in a 96-well plate (Greiner, 655090), and irradiated at a single dose of 20 Gy the following day.

v-H2AX intracellular flow cytometry

Freshly dissociated mouse mammary single cells were stained with a viability dye (Zombie UV, 1:100) and a cocktail of cell surface
markers to exclude mouse blood cell lineage-positive (Lin*) cells, including: CD45 (hematopoietic, 1:800), CD31 (endothelial, 1:200),
Ter119 (erythrocyte, 1:100) cells. Then, Anti-CD24-PerCP-eFluor® 710 (1:400), anti-CD49f-APC (1:100), anti-CD49b-PE (1:250), anti-
Ly-6A/E (Sca-1)-APC/Cy7 (1:500) were used to segregate basal, LP, ML, and stromal populations. After the cell surface staining, the
cells were fixed in 4% PFA for 10 min at room temperature, washed in PBS, and stored overnight at 4°C in HBSS+2% FBS. The next
day, the cells were permeabilized with 0.1% Triton-X/PBS for 5 min at room temperature and stained with Alexa Fluor®
488-conjugated anti-phospho-histone H2A.X (Ser139; y-H2AX, 1:200) or concentration matched Alexa Fluor® 488-conjugated rab-
bit IgG Isotype (Fc) control. Flow cytometry acquisition was performed using BD LSRFortessa™ and analyzed with FlowJo software.

Imaging flow cytometry

Staining

Freshly dissociated mouse single cells were stained with a fixable viability Zombie UV Dye (1:100) and a cocktail of cell surface
markers including: biotin-conjugated CD45 (1:800), CD31 (1:200), Ter119 (1:100) which were subsequently labelled with secondary
conjugate streptavidin-eFluor 450™ (1:500). Concurrently, the cells were stained with anti-CD24-APC-eFluor® 780 (1:400), anti-
CDA49f-PE/Cy7 (1:100), anti-CD49b-PE (1:250), anti-Ly-6A/E(Sca-1)-PE-CF594 (1:500). After PBS washing, the surface-stained cells
were fixed in 4% PFA for 10 min at room temperature, washed in PBS, and stored overnight at 4°C. The next day, the cells were
permeabilized with 0.1% Triton-X/PBS for 5 min at room temperature, washed in PBS and stained with anti-RAD51 (H-92; 1:50)
or anti-DNA-PKcs (phospho S2056; 1:1,500) which were subsequently labelled with goat anti-rabbit Alexa Fluor® 488-conjugated
secondary antibody (1:200). Nuclear DNA was stained in 2.5 uM DRAQS5 in PBS.

For the cell cycle analysis, Alexa Fluor® 594 Streptavidin (1:400) was used to label the Lin* primary antibodies as indicated above.
Concurrently, the cells were stained with Live/Dead Fixable Red (1:200), anti-CD326 (EpCAM)-APC-eFluor® 780 (1:200), anti-CD49f-
PE/Cy7 (1:100). After the fix/permeabilization step as mentioned above, the cells were stained with anti-RAD51 (Proteintech, 1:400)
which were subsequently labelled with goat anti-rabbit Alexa Fluor® 488-conjugated secondary antibody (1:200). The cells were re-
suspended in FxCycle™ Violet according to their manufacturer’s protocol. Imaging flow cytometry was performed on an
ImageStream®* Mark Il (Excitation lasers: 405, 488, 561, 592, 642nm; MilliporeSigma) with INSPIRE® software.

Image acquisition

Stained cells were resuspended in a volume of 50 pul PBS + 1% FBS (or FxCycle/PBS for the cell cycle analysis) in a 1.5 mL low reten-
tion microfuge tube (Sigma, T4816). Samples were then acquired on a 5 laser 12 channel ImageStream®* Mark Il imaging flow cy-
tometer at 60X magnification following ASSIST calibration (Amnis Corporation). A bright-field (BF) area lower limit of 50 pm? was used
to eliminate debris and calibration beads during sample acquisition, while samples were collected in a series of 50x10° event raw
image files (.rif). For single stained compensation controls, BF illumination was turned off and approximately 3000 events within the
positive signal fraction were acquired. An initial compensation matrix was generated by loading the single stained raw image files into
the IDEAS compensation wizard with further refinements to the compensation matrix made as necessary through manual adjust-
ment.”*’®> Once generated the compensation matrix was then applied to the sample raw image files to create compensated image
files (.cif) which were then analyzed.
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High-throughput DSB repair foci counting

Analysis was carried out using masks and features as defined in the IDEAS reference manual (version 6.0). The analysis workflow
including IDEAS formatted axis feature/mask descriptors in parenthesis was as follows: (a) Gate on focused cells using the gradient
RMS feature and default MO1 mask in the BF channel (Gradient RMS_M01_Ch01). (b) Gate on single cells by plotting features aspect
ratio vs area within the MO1 mask in the BF channels (Area_MO01 vs. Aspect Ratio_MO01). (c) Gate on circular cells by plotting features
aspect ratio vs circularity within the M01 mask in the BF channels (Circularity_MO01 vs. Aspect Ratio_MO01). (d) Gate on the viable line-
age negative (Lin") population by plotting the intensity feature of the viability/lineage-negative stain vs. area (both viability dye and
lineage negative panel are detected in the same channel (Intensity_ MC_Ch07 Lin neg/viability vs. Area_MO01). Lin~ gate was deter-
mined by using fluorescence minus one (FMO) control. (e) The stromal, luminal and basal populations were distinguished by plotting
the intensity features of CD49f vs. CD24 (Intensity_MC_Ch06_CDA49f vs. Intensity_MC_Ch12_CD24). (f) Further subdivision of the
luminal population into luminal progenitor (LP) and mature luminal (ML) populations was achieved by plotting the intensity of
CD49b vs. Scal (Intensity_ MC_Ch03_CD49b vs. Intensity_MC_Ch04_Sca1l). (g) The number of RAD51 or phospho-DNA-PKcs
foci in basal, LP, and ML populations were then quantified using the “Spot Count” feature based on three different user-defined
masks that define nucleus by DRAQ5 signal and repair foci by signal/intensity and size. The following feature/mask parameters
were used to count RAD51 or phospho-DNA-PKcs foci in single cells. RAD51: Spot Count_Morphology(M11, Ch11) And
Intensity(M02, Ch02, 1200-4095) And Spot(M02, Ch02, Bright, 9.5, 1, 0)_4. phospho-DNA-PKcs: Spot Count_Morphology(M11,
Ch11) And Intensity(M02, Ch02, 1000-4095) And Spot(M02, Ch02, Bright, 9.5, 1, 0)_4.

For cell cycle analysis, the DNA content distribution (linear scale) was visualized by plotting the intensity of FxCycle stain
(Intensity_MC_Ch07). Within basal (Lin"EpCAM*CD49f°) or luminal (Lin"EpCAM*CD49f") population, S/G2 cells were defined
from the end of first peak until the end of the second peak of the DNA content histogram. G1 cells span the first peak of the histogram.
Then, the following feature/mask parameters were used to count RAD51 foci at each cell cycle phase: Spot Count_Morphology(M07,
Ch07) And Intensity(M02, Ch02, 550-4095) And Spot(M02, Ch02, Bright, 2, 2, 0) And Peak(M02, Ch02, Bright, 1)_4.

Fluorescence-activated cell sorting (FACS)

Mouse

Freshly dissociated mouse mammary epithelial cells were stained with the following antibodies: PE/Cy7-conjugated lineage anti-
bodies as described above, and various combinations of antibodies were employed: anti-CD24-APC-eFluor® 780 (1:400), anti-
CD24-PerCP-eFluor® 710 (1:400), or anti-CD24-FITC (1:400), and anti-CD49f-APC (1:100) or anti-CD49f-FITC (1:100) to distinguish
between the total basal and total luminal cell populations. Further refinement of LP and ML populations was achieved by incorpo-
rating CD49b-PE (1:250), anti-Ly-6A/E (Sca-1)-APC/Cy7 (1:500) antibodies. Dead cells were excluded with DAPI (5 mg/mL;
1:10,000). Cell sorting was performed on a BD FACSAria Il (v8.0.1) and FACSDiva.

Human

Freshly dissociated human mammary epithelial cells were stained with antibodies: anti-human CD45-PE/Cy7 (1:200), anti-human
CD31-PE/Cy7 (1:50), anti-human CD326 (EpCAM)-PE (1:50) and anti-CD49f-FITC (1:100). Dead cells were excluded with DAPI
(5 mg/mL; 1:10,000). Cell sorting was performed on a BD FACSAria Il (v8.0.1) and FACSDiva.

Human mammary epithelial flow cytometry
The same anti-human antibody panel was utilized, as detailed in the FACS section above. Dead cells were gated out using Zombie UV
Dye (1:100). Flow cytometry analysis was conducted using BD LSR Il or BD LSRFortessa and analyzed with FlowJo software.

Neutral comet assay

Freshly FACS-sorted basal, LP and ML cells from adult virgin female mice were resuspended in PBS at 20,000 cells/mL and were
mixed with 0.7% low-melting point agarose gel at 1:10 ratio. Each population mixture was laid on a glass slide pre-coated with
1% normal melting point agarose and covered with an 18x18 mm coverslip. The coverslips were carefully removed after gel solid-
ification at 4°C, and the slides were then processed according to the manufacturer’'s recommendation (Trevigen Neutral
CometAssay®). Briefly, slides were immersed in Lysis solution at 4°C overnight and then immersed in 1X Neutral Electrophoresis
buffer for 30 min. The slides were transferred to the CometAssay electrophoresis unit filled with chilled 1X Neutral Electrophoresis
buffer and electrophoresed at 21 V for 7 min at 4°C. The slides were then fixed in DNA Precipitation Solution followed by 70% ethanol
for 30 min each at room temperature. The slides were dried at room temperature and stained with SYBR® Gold gel staining solution
(1:10,000). The Olive tail moment was measured by using Komet Software.

For in vitro irradiation experiment, 500-2000 freshly FACS-sorted cell populations were seeded in a 96-well plate in 100 ul of culture
media: DMEM/F12 (1:1) supplemented with 10% FBS, 5 ug/ml insulin, 10 ng/ml hEGF, 10 ng/ml cholera toxin, 1.8x10* M adenine,
0.5 ng/ml hydrocortisone and 10 uM ROCK inhibitor. Next day, the cells were irradiated at 20 Gy and incubated at 37°C, 5% CO..
When a time-point was reached, cells were trypsinized, washed in PBS, mixed with 0.7% low-melting point agarose gel at 1:10 ratio,
and the rest of the neutral comet assay was performed as above. Agilent BioTek Cytation 5 was used for automated comet assay
imaging. Acquired comet images were analyzed using BioTek Gen5 software following the manufacturer’s protocol (https://www.
agilent.com/cs/library/applications/automated-comet-assay-dual-mask-5994-2595EN-agilent.pdf).
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In situ immunofluorescence staining

Freshly harvested mouse mammary glands were fixed in 4% PFA at 4°C overnight and subsequently stored in 70% EtOH before be-
ing sent off to Toronto Center for Phenogenomics for paraffin-embedding and tissue sectioning services. Tissue-section slides un-
derwent deparaffinization and rehydration prior to antigen retrieval in Decloaking Chamber™ Pro for 30 minutes at 121°C in Reveal
Decloaker (commercial pH 6.0 citrate buffer). The sections were blocked with a blocking buffer (5% goat serum, 1% glycerol, 0.1%
BSA, 0.1% cold water fish skin gelatin) in PBS for 1 h at room temperature. The sections were stained with a cocktail of primary an-
tibodies that were diluted in the same blocking buffer overnight at 4°C. Next day, the tissue sections were washed in 0.1% Tween-20/
PBS and then incubated with secondary antibodies diluted in blocking buffer for 1 h at room temperature. The sections were mounted
in Anti-fade ProLong™ Gold with DAPI. Primary antibodies used are as follows: anti-Keratin 14 (K14; 1:400), anti-Ki67 (1:400), anti-
phospho-Histone H2A.X (Ser139; 1:400), anti-RAD51 (H-92, 1:50 or 14961-1-AP, 1:400), anti-DNA-PKcs (phospho S2056; 1:400),
anti-progesterone receptor (PR; 1:400). Secondary antibodies (1:200-1:500) used are as follows: anti-rat conjugated to
AlexaFluor® 647, anti-chicken-CyTMS AffiniPure, and anti-rabbit-AlexaFluor® 488.

Confocal microscopy image acquisition
All tissue immunofluorescence images were acquired on a Zeiss LSM 700 confocal microscope using a 40X oil-immersion objective
lens. At least three or four Z-planes were acquired per field of view.

In situ foci counting

Z-projected confocal immunofluorescence images were analyzed using FlJI/imaged.”® RAD51 foci were counted by examining nu-
clear (DAPI), RAD51 (AF488), and Ki67 (AF647) masks corresponding to their detection channels. The same enumerated nuclear
mask was then applied to the RAD51 foci mask or the Ki67 mask to count RAD51 foci and assess Ki67 intensity (the sum of all pixel
values per nucleus divided by the nuclear area) for each nucleus. Nuclei exhibiting a Ki67 intensity greater than 50™ percentile were
categorized as “proliferating”. Meanwhile, based on the K14 (Cy3) channel, each identified nucleus was manually annotated as
“basal” (K14") or “luminal” (K14~ cells surrounded by K14* cells). Among the proliferating cells, basal or luminal cells displaying
the total of at least 2 RAD51 foci were counted. All analyzed images represent maximum intensity Z-projections derived from 3-4
acquired Z-planes.

Colony-forming cell (CFC) assay

Mouse

FACS-purified mouse total basal and luminal cells were plated in 6-well plate with 2x10° irradiated (50 Gy) NIH-3T3 feeder cells per
well in Mouse EpiCult media supplemented with 5% FBS, 20 ng/mL hFGF, 10 ng/mL bovine EGF, 4 ug/mL heparin, 5 uM ROCKi,
Antibiotic-Antimycotic Solution (1:100) and incubated in a low oxygen (5%) incubator at 37°C.® On Day 7, grown colonies were fixed
with 1:1 acetone:methanol (v/v) and stained with Giemsa (Fisher, 264-983) according to their manufacturer’s protocol. The total num-
ber of colonies were manually counted under a Leitz dissecting microscope.

Human

A total of 1000 dissociated breast cells along with 2x10° irradiated NIH 3T3 cells in Human EpiCult-B media supplemented with 5%
FBS were plated in a 60 mm culture dish (Greiner, 82050-546) that had been pre-coated with collagen and incubated for 1 hour at
37°C. The seeded cells were subsequently cultured in a low oxygen environment (5%) for 10 days. On the following day, the media
was changed to serum (FBS)-free conditions and maintained in this state until the endpoint.?®“%7® For drug treatments, compounds
or DMSO were introduced during this media change. On the 11th day, colonies were fixed, stained, and counted following the same
procedure as the mouse CFCs. As for the lineage-sorted human CFCs, isolated human mammary single cells were seeded at a den-
sity of 500 cells per well in a 6-well plate and underwent the same processes of culture, fixation, staining, and counting, as outlined
earlier.

Small molecule inhibitors/In vitro drug testing

All inhibitors (olaparib/AZD-2281, talazoparib/BMN-673, and KU-57788/NU7441) prepared in DMSO were added to wells/dishes to
ensure that the final DMSO concentration did not exceed 0.1% (v/v) in each well/dish. The drugs were added on the following day
after cell seeding in all CFC assays.

Gene set enrichment analysis (GSEA)

Protein expression profiles®® of basal, LP, and ML populations from adult female mice treated with estrogen plus progesterone were
included in the pathway analysis using GSEA,* and the cell populations exposed to estrogen alone were excluded from this analysis.
Each mammary population’s protein expression profiles were compared to those of the other two populations (referred to as "Rest")
to identify unique upregulated or downregulated biological pathways in that population. The Gene Matrix Transposed (.gmt) or
Mouse_GOBP_AllIPathways_no_GO_iea_August_01_2017_UniProt.gmt file was accessed from the Bader Lab gene sets website
(http://download.baderlab.org/EM_Genesets/current_release/) and used for GSEA and enrichment map visualization. GSEA param-
eters were defined as suggested by the Bader Lab GSEA Tutorial website (https://enrichmentmap.readthedocs.io/en/docs-2.2/
Tutorial_GSEA.html#step-1-generate-gsea-output-files).
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Enrichment map visualization

GSEA results were visualized by using the Enrichment Map App in Cytoscape. Only the upregulated gene-sets or pathways that have
met the cut-off of FDR<0.01 were clustered using the MCL cluster algorithm in the clusterMaker App. Then, each cluster was manu-
ally annotated with a common biological theme. A node (circle) represents a single pathway defined by publicly available databases
curated by the Bader Lab. An edge (line) represents the extent of shared genes between the two nodes.

Heatmap of mouse DDR protein abundance
Protein abundance values of the genes curated in the “DNA double-strand break repair” pathway (R-HSA-5693532; Reactome Data-
base ID Release 63) was queried in our previously published mouse mammary proteomic dataset.’® The heat map created using the
pheatmap R package shows the z-scores of LFQ-adjusted IBAQ values in basal, luminal progenitor (LP), and luminal mature (LM) cell
types from estrogen plus progesterone samples.

In vivo engraftment of human breast cancer and mouse mammary tumor-derived cell lines

Each cell-line suspended in PBS was mixed with Matrigel in 1:1 v/v ratio resulting in a concentration that a 10 pl sample of the cell-
Matrigel mixture contained 0.5M HCC1187, 0.5M MDA-MB-231, 0.3M Pik3ca‘'1%4"F; p537- sg4205/sg4687, 0.15M PyMT, or 1.5M
NDL3903 cells. This volume was then injected directly into the right inguinal mammary gland of 6-7-week-old virgin female NSG
mice using a Hamilton syringe. Xenograft tumours were monitored twice a week starting 7 days after engraftment. Tumour dimen-
sions were measured with a Vernier caliper two times a week and tumour volume (mm?®) was estimated by 0.5 x (minimum diameter in
mm)? x (maximum diameter in mm) from day 7 post-injection until the end of the study. Mice were sacrificed when endpoints were
reached (tumour volume >1500 mm?, cumulative clinical score >8 or a max score for any animal condition).

In vivo drug testing

The powder form of olaparib or talazoparib was dissolved in DMSO and stored at -80°C. A fresh aliquot of 100 mg/mL olaparib or
0.495 mg/mL talazoparib stock solution was diluted 1:10 in the vehicle solution (10% w/v 2-hydroxypropyl-B-cyclodextrin in PBS)
at the time of treatment. Once tumors reached a volume of 100-200 mm?, mice were randomized into two groups and were treated
with either vehicle control (10% DMSO in the vehicle solution) or 100 mg/kg olaparib or 0.33 mg/kg talazoparib daily via intraperito-
neal injections until they reached endpoint.

Human DDR proteomic analysis

The abundance values of proteins in the three mammary epithelial populations: basal (BC), luminal progenitor (LP), and mature
luminal (ML) were extracted from our previously published human mammary epithelial proteome.?® The proteomic dataset contains
log2-transformed iBAQ-adjusted LFQ values representing protein abundance which were adjusted for batch effects using the
ComBat function in the ‘sva’ R package. Only samples from premenopausal patients were taken into account (n=6 for each BC,
LP, ML cell types). Among the 276 curated human DDR genes,® 127 proteins were detected in the mammary proteomic dataset
based on matching by gene symbol.

Volcano plot and pathway analysis on the human DDR proteins

Of the 276 curated human DDR genes,® 127 proteins were detected in the mammary proteomic dataset based on matching by gene
symbol. Of 127 DDR proteins, proteins were defined as highly expressed or enriched in one cell type if they met the fold-change (FC)
and statistical significance cut-offs compared to the other two cell types. Enriched proteins had a log2FC > 0 and a p-value < 0.05
(paired t-test; p-value was adjusted for multiple testing via FDR). These enriched proteins were visualized in a volcano plot. To identify
the top 5 “upregulated” and “downregulated” proteins, their rank values derived from the summation of p-value and fold-change
ranks. The protein with the lowest p-value was given a rank of 1, while the highest earned the rank of ‘r’, which represents the number
of total proteins (in this case, 127). For upregulated proteins, the protein with the most positive log2FC value was given a rank of 1,
while the least positive (log2FC > 0) value was given a rank of r. For downregulated, the protein with the most negative log2FC value
was given a rank of 1, while the least negative (log2FC < 0) value was given a rank of r. The gene names of all enriched proteins were
labelled and visualized in the volcano plots.

Generation of human and mouse mammary lineage signatures

The global human and mouse mammary proteomes consisted of 6034 and 4695 annotated proteins, respectively. Basal, luminal pro-
genitor and luminal mature lineage signatures were established by identifying proteins enriched in one cell lineage compared to the
other two. This enrichment was defined as a fold-change>5 in humans or fold-change>3 in mice, with a p-value<0.05 determined
through one-way ANOVA in conjunction with Tukey’s test.

Enrichment of signatures in breast cancer subtypes

Human and mouse lineage signatures in breast cancer expression profiles from METABRIC via single-sample Gene Set Expression
Analysis (ssGSEA) using the ‘GSVA’ R package. The scores were categorized by PAM50 plus Claudin-low subtypes for each signa-
ture and assessed for significance using a one-way ANOVA and Tukey’s multiple comparisons test.
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Enrichment in human breast cancer cell-lines

Enrichment of human or mouse lineage signatures in 50 human breast cancer cell-lines from the Genomics of Drug Sensitivity in Can-
cer database was determined using the ssGSEA algorithm. For mouse signatures, gene symbols were converted to human homologs
using the ‘biomaRt’ R package. The top cell-lines were determined based on the most substantial differences in ssGSEA enrichment
scores between basal and luminal progenitor signatures.

Correlation to breast cancer cell-line drug sensitivity screening

Pearson correlations were performed to assess the association between enrichment scores for each cell type and IC50 values of 23
DDR-related drugs categorized under ‘DNA replication’ or ‘Genome integrity’ in human breast cancer cell-lines from the Genomics of
Drug Sensitivity in Cancer portal.®’ We limited our analysis to the top ten cell-lines enriched for each basal and luminal progenitor
signature. Pearson’s correlation coefficients and p-values were computed in R. The IC50 data was sourced from: https://www.
cancerrxgene.org/gdsc1000/GDSC1000_WebResources/Home.htmi

Enrichment of signatures in human breast cancer PDX

Enrichment of human mammary lineage signatures in the transcriptomes of 47 human breast cancer patient-derived xenograft
models was determined using the ssGSEA algorithm. The heatmap depicting enrichment scores with annotations for response to
talazorapib (ie. response angle) and PAM50 subtype was created using the R packages ComplexHeatmap and circlize. Linear
models were fitted using the Im (linear regression) function and QR factorization method in R. Pearson correlation was used to mea-
sure the linear dependence between “response angle” and ssGSEA values for each lineage. Point shapes depicted PAM50 sub-
types: basal (Basal-like), Normal (Claudin-low) and ‘other’ (HER2+, Luminal A, Luminal B, unknown).

DDR gene expression in human single-cell RNAseq data

Core DDR/HR genes were referenced from Knijnenburg et al.® Cell cycle phases were determined using the CellCyclceScoring func-
tion and visualized in the volcano plots using the VInPlot function within Seurat.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive statistical analyses were conducted using Prism 9. Fisher’s Exact test and Pearson’s correlation were performed using R.

Details regarding sample sizes, the specific statistical tests employed, and corresponding p-values for each figure, are provided in
the figure legends, the results section, and/or the Methodology section.

26 Cell Reports 42, 113256, October 31, 2023


https://www.cancerrxgene.org/gdsc1000/GDSC1000_WebResources/Home.html
https://www.cancerrxgene.org/gdsc1000/GDSC1000_WebResources/Home.html

	Differential DNA damage repair and PARP inhibitor vulnerability of the mammary epithelial lineages
	Introduction
	Results
	Breast epithelial cells differ in DDR protein expression
	Normal mammary epithelial populations have variable ability to respond to DNA damage
	Mammary epithelial lineages exhibit differential engagement of HR
	Lineage-specific HR differences exist irrespective of the cell cycle
	Mammary cell lineage is a key factor in PARPi sensitivity
	Mammary lineage resemblance correlates with PARPi response of breast cancer cells

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Mice
	Primary human breast specimen
	Primary mammary single-cell suspensions
	Mouse
	Human

	Primary mouse mammary tumour cell-lines
	Human breast cancer cell-lines
	Human breast cancer PDX modeling


	Method details
	Irradiation
	In vivo
	In vitro

	γ-H2AX intracellular flow cytometry
	Imaging flow cytometry
	Staining
	Image acquisition
	High-throughput DSB repair foci counting

	Fluorescence-activated cell sorting (FACS)
	Mouse
	Human

	Human mammary epithelial flow cytometry
	Neutral comet assay
	In situ immunofluorescence staining
	Confocal microscopy image acquisition
	In situ foci counting
	Colony-forming cell (CFC) assay
	Mouse
	Human

	Small molecule inhibitors/In vitro drug testing
	Gene set enrichment analysis (GSEA)
	Enrichment map visualization
	Heatmap of mouse DDR protein abundance
	In vivo engraftment of human breast cancer and mouse mammary tumor-derived cell lines
	In vivo drug testing
	Human DDR proteomic analysis
	Volcano plot and pathway analysis on the human DDR proteins
	Generation of human and mouse mammary lineage signatures
	Enrichment of signatures in breast cancer subtypes
	Enrichment in human breast cancer cell-lines
	Correlation to breast cancer cell-line drug sensitivity screening
	Enrichment of signatures in human breast cancer PDX
	DDR gene expression in human single-cell RNAseq data

	Quantification and statistical analysis



