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Glandular epithelia, including the mammary and prostate glands, are composed of
basal cells (BCs) and luminal cells (LCs)*. Many glandular epithelia develop from
multipotent basal stem cells (BSCs) that are replaced in adult life by distinct pools of
unipotent stem cells**8, However, adult unipotent BSCs can reactivate multipotency
under regenerative conditions and upon oncogene expression®® 3, This suggests that
anactive mechanism restricts BSC multipotency under normal physiological conditions,
although the nature of this mechanism is unknown. Here we show that the ablation of
LCsreactivates the multipotency of BSCs from multiple epitheliaboth in vivoin mice
andinvitroinorganoids. Bulk and single-cell RNA sequencing revealed that, after LC
ablation, BSCs activate a hybrid basal and luminal cell differentiation program before
givingrise to LCs—reminiscent of the genetic program that regulates multipotency
during embryonic development’. By predicting ligand-receptor pairs from single-cell

data™, we find that TNF—which is secreted by LCs—restricts BC multipotency under
normal physiological conditions. By contrast, the Notch, Wnt and EGFR pathways
were activated in BSCs and their progeny after LC ablation; blocking these pathways,
or stimulating the TNF pathway, inhibited regeneration-induced BC multipotency.
Our study demonstrates that heterotypic communication between LCs and BCsis
essential to maintain lineage fidelity in glandular epithelial stem cells.

Genetic lineage tracing of BCs of the mammary gland (MG) under
physiological conditions demonstrates that BCs are multipotent dur-
ing embryonic development, giving rise to BCs and LCs that become
lineage-restricted at the end of embryonic development and sus-
tain only the BC lineage postnatally**”®, Transplantation of adult
unipotent MG BCs alone results in MG outgrowth composed of BCs
and LCs**™, demonstrating the multipotent potential of BCs when
they are transplanted without LCs, and illustrating the discrepancy
between the fate of BCs under physiological conditions and their
potential under regenerative conditions. By contrast, when BCs are
transplanted together with LCs, BCs maintain their unipotent basal
fate?, suggesting that LCs might signal to BCs to restrict their multi-
lineage differentiation.

LCablation drives multipotency of MG BSCs

Totest whether LCs restrict the multipotency of BCs, we developed
a genetic mouse model that enabled us to lineage-trace BCs and
lineage-ablate LCs in a temporally regulated manner. The admin-
istration of tamoxifen to eight-week-old K5CreER/Rosa-tdTomato/
K8rtTA/TetO-DTA female mice led to the labelling of most of the

BCs, as demonstrated by the high proportion of tdTomato expres-
sion in CD29"€"CD24"°" or CD29"e"EpCAM"" BCs when analysed by
fluorescence-activated cell sorting (FACS) (Extended Data Fig. 1).
One week after BC labelling, we administered doxycycline (DOX)
to ablate LCs or saline solution (NaCl) as control by intraductal
injection (IDI) into the contralateral gland, and one week later we
assessed the fate of BCs by FACS and confocal microscopy. Consist-
ent with previous studies**", in the absence of LC ablation, BCs gave
rise only to BCs. By contrast, upon DOX administration—which led
to apoptosis of LCs, as visualized by the presence of cleaved cas-
pase 3 (CC3) and by the remodelling of the MG—tdTomato was
observed in both BCs and LCs. FACS analysis for CD24 and CD29,
which enables discrimination between BCs and LCs***°, showed the
appearance of tdTomato-labelled cells in the LC (CD29'°*CD24h"ieh)
population. FACS analysis for EpCAM and CD29 revealed—in addi-
tion to CD29"e"EpCAM'"** BCs—the appearance of tdTomato-labelled
cellsin two distinct populations: anintermediate CD29"¢"EpCAM"e"
population and CD29"*EpCAM"&" L Cs (Fig. 1a—c, Extended Data
Fig. 2a-k). Increasing the dose of DOX led to increased apopto-
sis of LCs and it was found that the presence of 1% CC3*LCs, 12 h
after the administration of 0.2 mg DOX, was the critical threshold
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Fig.1|LCablation promotes BCmultipotency inglandular epithelia.

a, Whole-mount confocal imaging ofimmunostaining for tdTomato (Tom), K14
and E-cadherin (E-cadh) in the mammary glands of K5CreER/tdTomato/
K8rtTA/TetO-DTA mice after IDIwith NaCl (control, n=3 independent
experiments) or 0.2 mg DOX (n=3independent experiments) and chasing for
twoweeks. Scale bars, 20 pm. b, Representative FACS plot of CD29 and EpCAM
expressioninLin‘tdTomato*epithelial cells from control mice (n=5) and from
mice 1week after DOX administration (n=16). The percentage of the gated
population out of all epithelial cells is shown. ¢, Quantification of tdTomato
expressionin CD29"°YEpCAM"e" LCs from control (n=5) and DOX-treated
(n=16) mice. The bar height and error bars are mean +s.e.m., with individual

required to stimulate the replacement of LCs by BCs. LC ablation
and activation of BC multipotency was associated with increased BC
and LC proliferation (Extended Data Fig. 2I-q). Similar to what has
beenreported after bacterial infection of the prostate gland, which
promotes prostate cell death leading to the recruitment of inflam-
matory cells and the stimulation of BC multipotency®, we found that
LC ablationled to the recruitment of CD45"and CD68" inflammatory
cells. Administration of dexamethasone—a potent anti-inflammatory
steroid—decreased macrophage infiltration and the expression of
cytokines and chemokines, and did not inhibit BC multipotency after
LC ablation (Extended Data Fig. 3a-d); this suggests that inflamma-
tion is not essential for BC multipotency.

To assess the plasticity of LCs under regenerative conditions, we
generated another mouse model enabling the ablation of BCs after LC
lineage tracing (K14rtTA/TetO-DTA/K8CreER/Rosa-YFP). We did not
observe replacement of BCs by LCs after the administration of DOX
(Extended Data Fig. 3e, ), suggesting that BCs are more plastic than
LCsunder regenerative conditions—similar to the situation observed
after cell transplantation®.

To assess whether the promotion of BSC multipotency is a basal
intrinsic mechanism, we performed lineage tracing and lineage ablation
using MG organoids that were cultured in vitro and composed of BCs
and LCs only. Similar to what was observed in vivo, DOX-induced dipthe-
riatoxin A (DTA) led to the apoptosis of LCs and to increased prolifera-
tionofboth BCsand LCs (Extended Data Fig. 3g-j). Seventy-two hours
after the generation of DOX-induced DTA, we found that about 20% of
LCshad beenreplaced by tdTomato* BCs, showing that LC ablationin
the absence of stroma and inflammatory cells is sufficient to rapidly
promote BC multipotency in a reductionist in vitro assay (Fig.1d, e,
Extended Data Fig. 3g-k). These findings further suggest that LCs
restrict BC multipotency, and that the promotion of BC multipotency
isanintrinsic mechanismthat does not depend on stromal orimmune
cells.
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d-k, Confocalimaging ofimmunostaining for tdTomato, K8 and K14 or
tdTomato, K8 and K5inthe MG organoid (d), prostate (f), salivary gland (h) and
sweat gland (j) tissues and the respective quantification of tdTomato* cellsin
K8*LCs (e, g, i,k)in K5CreER/tdTomato/K8rtTA/TetO-DTA organoids (d, e) or
inmice (f-k) treated with DOX and analysed 72 h later for organoids and 1 week
later for in vivo mouse experiments. Scale bars, 10 um (organoid); 5 pm (mouse
tissues). Hoechst nuclear staining is shown inblue inimmunofluorescence
images.n=3independentexperiments.Ine, g, i k,thebarheightanderror
barsare mean +s.e.m., withindividual data points shown. Pvalues are derived
fromunpaired two-sided t-tests.

To assess whether proliferation is a necessary step for the genera-
tion of LCs by BCs, we inhibited cell proliferation in MG organoids
derived from K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA mice by
adenovirus-mediated p21 overexpression or by using CDK1 inhibi-
tor. We found that decreasing cell proliferation reduced BC multipo-
tency after LC ablation (Extended Data Fig. 31-n), suggesting that cell
proliferation contributes to de novo generation of LCs from BCs.

BSC multipotency inglandular epithelia

Similar to the MG, the prostate gland is also a branched epithelium
composed of BCs and LCs**. Transplantation of adult prostate BCs
without LCs into the kidney capsule can also lead to the formation of
prostate outgrowth?!®, whereas under physiological conditions the
adult prostate BCs mostly give rise to BCs, as demonstrated by line-
age tracing*”, showing that the regenerative conditions associated
withtransplantation stimulate plasticity and multipotency of prostate
BSCs. To test whether cell-cell interactions also regulate BC fate in
the prostate, as was proposed after deletion of E-cadherin in LCs”, we
assessed whether LC ablation also stimulates multipotency of prostate
BCs.Inthe absence of LC ablation, very few LCs were tdTomato* after BC
lineage tracing, consistent with the presence of rare multipotent BCs
during adult prostate homeostasis®*°. By contrast, one week after LC
ablation, many more tdTomato-labelled LCs were observed throughout
the prostate (Fig. 1f, g), demonstrating that LC ablation stimulates BSC
multipotency in the adult prostate—consistent with previous findings'®.

To determine whether this paradigm of cell fate restriction occurs
in other glandular epithelia, we assessed whether LC ablation stim-
ulates multipotency in salivary glands and sweat glands, which are
also composed of basal or myoepithelial cells and intercalated ductal
or luminal cells that are maintained by their lineage-restricted stem
cells during homeostasis®'®%, The salivary gland is composed of three
regions: the acinar, the intercalated ductal and the granulated ductal
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regions. Conflicting results have been reported as to whether irradia-
tion stimulates multipotency of BCs inthe acinar compartment of the
salivary glands®®?'. Multipotency of BCs towards granulated cells has
beendescribed bothin homeostatic conditions and upon irradiation®.
In sweat glands, lineage ablation of myoepithelial cells increased the
proliferation of myoepithelial cells, whereas ablation of LCs increased
the proliferation of LCs. This suggests that unipotent stem cells con-
tribute to sweat gland regeneration uponinjury, but does not rule out
the contribution of multipotent stem cells to sweat gland repair. To our
knowledge, lineage tracing of BCs followed by LC ablation has not been
performed in either salivary or sweat glands.

In the absence of LC ablation, K5CreER lineage tracing in the sweat
glands and salivary glands led to the labelling of BCs and myoepithelial
cells and not of ductal cells or LCs. However, after LC ablation, tdTo-
mato’ cellswere observedinthe K8" intercalated ductal cells (but notin
the acinar cells) of the salivary gland, and in the LCs of the sweat gland
(Fig. 1h-k, Extended Data Fig. 4a-e), demonstrating that LC ablation
stimulates BC multipotency in these glandular epithelia. Moreover,
in these three glandular epithelia, DOX-induced DTA led to apopto-
sis of LCs and increased proliferation of both BCs and LCs (Extended
DataFig.4f-s). Taken together, these dataindicate thatin four distinct
glandular epithelia, maintained by lineage-restricted stem cells during
physiological conditions, LC ablation stimulates BC multipotency.

BSC multipotency and hybrid state

To elucidate the molecular mechanisms by which LC ablationinduces
BC multipotency, we first performed bulk RNA sequencing (RNA-seq)
of FACS-isolated BCs and LCs from the control MG and after LC abla-
tion—including the intermediate CD29"¢"EpCAM"¢" population that
appeared after LC ablation. Gene set enrichment analysis (GSEA)
comparing the transcriptome of the CD29"€"EpCAM"&" population
with the basal and luminal signatures showed that this new population
expressed a hybrid basal (Krt5, Trp63, Acta2 (which encodes smooth
muscle actin)) and luminal (Foxal, Krt8, Krt19, Elf5) gene signature,
suggesting that this population represents a transition state between
BCs and LCs. After LC ablation, Gene Ontology of the differentially
regulated genes showed that BCs and LCs upregulated many genes
controlling cell division, the extracellular matrix, actin regulators,
inflammation and the epithelial-mesenchymal transition, which was
confirmed by immunostaining and in situ characterization (Fig. 2a-d,
Extended Data Fig. 5).

Dimensionality reduction analysis using ¢-distributed stochas-
tic neighbour embedding (¢-SNE) and unsupervised clustering of
single-cell RNA sequencing (scRNA-seq) datashowed that adult mouse
BCs and LCs are molecularly distinct, and that LCs can be subdivided
into two populations—as previously reported’?***—that remain tran-
scriptionally very similar to the respective control BCs and LCs upon
lineage ablation. Notably, the new CD29"&"EpCAM"e" population that
arises after LC ablation represents a cell state that presents a contin-
uum of gene expression between the BC and the LC lineages. These
intermediate hybrid cells express high levels of both basal and luminal
markers, such as Krt5 and Krt8, and show a progressive decrease in
the expression of Trp63, a master regulator of MG development and
BC fate’” . A notable fraction of these cells expressed either Foxal,
amaster regulator of the LC oestrogen receptor (ER)* fate, or FIfS, a
transcription factor associated with LC ER”and alveolar fate® (Fig. 2e, f,
Extended DataFig. 6a,b). To determine whether the hybrid population
emerges fromasubpopulation of quiescent multipotent BSCs express-
ing Tspan8or Procr*®®, we assessed the expression of these markersin
our bulk and single-cell RNA-seq data. The hybrid cells do not express
higher levels of any of these markers compared with normal basal or
luminal cells (Extended Data Fig. 6¢-e), suggesting that hybrid cells are
not derived from the putative quiescent basal population expressing
Tspan8or Procr. We then analysed the scRNA-seq datausing SCENIC, a
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Fig.2|BSCmultipotencyisassociated with a hybrid basal and luminal
signature. a, b, GSEA of the upregulated genesin LCs (a, compared with BCs) or
inBCs (b, compared with LCs). Normalized enrichment scores (NES) are
indicated. Thedesignations ‘upinLCs’and ‘upin BCs’ are derived from the
RNA-seq analysis of FACS-isolated wild-type (WT) BCs and LCs (>2.5-fold).

¢, d, Relative mRNA expression of luminal (c, fold over wild-type BCs) and basal
(d, fold over wild-type LCs) genes measured by RNA-seqin FACS-isolated
wild-typeLCs, LCs under experimental conditions (EXP LCs),
CD29"e"EpCAM"E" EXP (Hybrid EXP), EXP BCs and wild-type BCs. Mean of two
independent experiments. e, Dimensionality reduction using t-SNE of
scRNA-seq data of FACS-isolated wild-type BCs, wild-type LCs, EXP BCs,
CD29"e"EpCAM"E" EXP and EXP LCs. f, Adjusted proportion of LC and BC
marker genes detectedin each cell of the different cell populations.

g, Diffusion map of scRNA-seq datashowing the lineage trajectories, obtained
using Slingshot analysis. For scRNA-seq data, each circle (n=337) represents
one cell. h, Confocalimaging of the MG after immunostaining for tdTomato, K8
and K14 inK5CreER/tdTomato/K8rtTA/TetO-DTA mice, 1 week after IDIwith
NaClor DOX.n=3 mice per condition. i, FACS quantification oftdTomatoin
CD29"e"EpCAM"e" hybrid population. Control, n=4 mice; DOX treatment,
n=20mice.Thebar height and error bars are mean +s.e.m., withindividual
data pointsshown. Pvalues are derived from unpaired two-sided t-tests.

j—o, Confocalimaging of prostate (j), salivary gland (I) and sweat gland (n) after
immunostaining for tdTomato, K8 and K5 or tdTomato, K8 and K14 from
KS5CreER/tdTomato/K8rtTA/TetO-DTA mice treated with DOX for 5 days and
chased for1week, and quantification of the K8'KS" (k) or K8'K14* (m, o) hybrid
cellsintheimmunostaining of prostate (k), salivary gland (m) and sweat gland
(0).n=3miceper condition. The bar heightand error barsare mean+s.e.m.,
withindividual data points shown. Pvalues are derived fromunpaired
two-sided t-tests. Hoechst nuclear staining is shown in blue. Scale bars, 5 pm.

bioinformatic method adapted to scRNA-seq data that enables theiden-
tification of regulatory modules by inferring co-expression between
transcription factors and their target genes containing the respec-
tive transcription-factor-binding motif in their regulatory regions in
each cell®. The analysis suggested that the transition from the basal
towards the hybrid cells is controlled by different BC transcription
factors—such as those encoded by Fgr2 and Trp63—together with the
activation of the pro-luminal program mediated by transcription fac-
torsencoded by Etv6 and Elf1, which have been found to be active inMG



multipotentembryonic progenitors’ (Extended Data Fig. 6f,g). Lineage
trajectory inference using Slingshot® further shows that the transition
fromBCs to LCs upon LC ablation is characterized by the presence of
the CD29"e"EpCAM"e" hybrid state, intermediate between BCs and LCs.
Two trajectories were found, heading towards either ER* or ER"LCs,
with the branching point occurring in the hybrid population (Fig. 2g,
Extended Data Fig. 7). This suggests that the cell fate choice between
ER"and ER"is already occurring in the hybrid state. Taken together,
the scRNA-seq analysis after LC ablation indicates that the reactiva-
tion of multipotency in BCsis a progressive process that is associated
with the transient expression of a hybrid signature in the activated
BCs, which then move towards the luminal compartment and become
reprogrammed into ER* or ER™LCs while losing their basal identity.

Immunostaining of basal and luminal markers at different time
points after LC ablation confirmed the formation of hybrid basal and
luminal cells and showed a progressive reductionin the proportion of
hybrid cellsin favour of luminal K8 tdTomato® cells over time (Fig. 2h, i,
Extended DataFig. 8a-k). Activation of BC multipotencyinthe prostate,
sweat glands and salivary glands was also associated with the transient
appearance of hybrid basal and luminal cells (Fig. 2j-0), suggesting that
the emergence of the hybrid state is a conserved mechanism during
the reactivation of multipotency in glandular epithelia.

TNF restricts BSC multipotency

To define the mechanisms that restrict multipotency in the absence
of injury we used CellPhone-DB, software that enables the definition
of highly significant ligand-receptor pair interactions between the
different cell types presented in single-cell data'. We assessed the
ligand-receptor interaction pairs identified in control adult BCs and
LCs, embryonic multipotent progenitors and upon LC ablation. The
comparison between these pairs showed the presence of different
common ligand-receptor pairs among the different conditions. The
ligand-receptor pairs found exclusively in adult BCs and LCs under
homeostatic conditions were those thought to regulate the communi-
cation between BCs and LCs during homeostasis (Fig. 3a, b). We studied
therole of the most significant ligand-receptor pairs by using inhibitors
ofeither thereceptor or theligand and then assessing the activation of
BSC multipotency in MG organoids in the absence of injury (Fig. 3¢).
Among the differentinhibitor molecules tested, theinhibition of TNF
(previously known as TNFa)—whichis expressed exclusively by LCs both
invivoandin organoidsin vitro (Fig. 3d-f)—using the anti-TNF block-
ing antibody adalimumab, was found to stimulate BC multipotencyin
the absence of injury. This suggests that the expression of TNF by LCs
restricts BSC multipotency under normal physiological conditions.
To assess the relevance of this mechanism in vivo, we injected adali-
mumabintraductally into the MG of adult mice; this was also found to
stimulate BSC multipotency (Fig.3g-i, Extended Data Fig. 8I). Finally,
we showed that the addition of TNF decreases BC multipotency after
LC ablation (Fig. 3j, k). These data provide direct evidence that basal-
luminalinteraction, throughthe secretion of TNF by LCs, restricts the
multipotency of BSCs.

Mechanisms promoting BSC multipotency

Analysis using CellPhone-DB after LC ablation revealed strong statisti-
calenrichmentinthe following ligand-receptor pairs: WNT7B-FZD4,
ROR1-WNT5A, NRG1-ERBB3, EREG-EGFR, JAG1-NOTCHI1 and JAG1-
NOTCH2, suggesting that these signalling pathways might regulate
BSC multipotency after LC ablation. Bulkand scRNA-seq of BCs, hybrid
cells and LCs after ablation showed that genes encoding the Notch
ligands (DII1and Jag2) that activate Notch signalling and LC fate®*>*%,
genes encoding members of the Wnt signalling pathway (Wnt6, Fzd7,
Axin2) and genes encoding proteins of the EGFR signalling pathway
(Ereg,Nrgl, Nrg2)***were upregulated in BCs and hybrid cells after LC

P 2 2 o
F T

A SO
b & F S
a . ST e
WT: 46 Ablation: 73 TgEF’\—IHXFDR(S:E% Y T ® K8+
RSPO1-LGR4| ° T : 1 Target Treatment Tom* (%)
RIPKI-TNFSF10| | o 9
PTPRZ1-MDK | o g ° No treatment 1.3
PDGFR complonbDGrB| & o TNF | Adalimumab (@nti-TNF) | 4.5
T o —— PDGFR| Crenolanib (CP-868596) | 0.7
NE%RE%:N%%EH? ° o CCR2 CCR2 antagonist 13
EFNS@}%@% p S T (CAS 445479-97-0) ’
EE“Q?ZEEHQ; 1 1 : 1 ACVR1 | Vactosertib (TEW-7197) 1.1
cgtz:ggﬂz 1 : I ITGB1 | ITGB1 blocking antibody| 1.2
SRACRLBIEE 1 D L D oo
ACVR1B2B-INHBB ° i expression
CVR1B2B-INHBA ° T . High
CVR1A2B-INHBB ° i ol 9
CVR1A2B-INHBA o .| o8
a1b1 complex-COL8A1 ° * P L
atb1 plex-COL11A1 L 1 ow
dg e g Control Adalimumab
<
) TNF P=0.000 P=0.010 3% 0
2 510 c 60 <8 3
g2 2 S50
£s? 2 40
s 2
588 8330
<5 i 520
E 5 2 E 210
£T 0- S 0
=
h
—~ P=0.007
285 0
3 2
S84 3
© 03 N
£52 3
581 E
Fe0ts °
«© @®
oo o
p®

Fig.3| TNF expressionby LCsrestricts BCmultipotency under homeostatic
conditions. a, Venndiagramrepresenting theinteraction between the
significant ligand-receptor pairs identified by CellPhone-DB analysis on
scRNA-seq datafromwild-type, ablation and embryonic mammary progenitors
(EMP) (n=95cells). b, The mean expression and P values of the ligand-receptor
interaction exclusively significant for wild-type cells (n=25 pairs). Ligand-
receptor pairsinvestigated functionally are denoted in bold. For CellPhone-DB
analysis, Pvalues are derived from one-sided permutation tests (significant
P<0.05).c, The percentage of K8 tdTomato* cells arising from BCs in K5CreER/
tdTomato organoids treated with inhibitors of the ligand-receptor pairs
tested. Mean of2independent experiments. d-f, mRNA (d) and protein (e, f)
expression of TNFin MG (d, e) and MG organoids (f). Mean of 2independent
experiments normalized over wild-type BCs (d). Quantification of TNF K8" and
K14 cells from theimmunofluorescence after cytospin of MG cells (e) or
organoids (f). n=3 independent experiments. The bar heightand error barsare
mean ts.e.m., withindividual data points shown. Pvalues are derived from
unpaired two-sided t-tests. g, h, Confocalimaging of control or
adalimumab-treated KSCreER/tdTomato organoids afterimmunostaining for
tdTomato, K8 and K14 (g) and quantification of tdTomato ‘K8 cellsin these
organoids (h). For adalimumab treatment, organoids were treated with
adalimumab for 48 hand analysed after 72 h. The bar height and error bars are
mean s.e.m., withindividual data points shown. Pvalues are derived from
paired two-sided t-tests.n=3 independent experiments.i, Quantification of
tdTomato*K8" cellsin the MG of control K5CreER/tdTomato mice or mice
analysed one week after IDI of adalimumab (n =4 mice per condition). The bar
heightand error bars are mean +s.e.m., withindividual data points shown.
Pvalues are derived from unpaired two-sided t-tests. j, k, Confocal imaging of
immunostaining for tdTomato, K8 and K14 in K5CreER/tdTomato organoids
treated with DOX, TNF and DOX + TNF for 48 hand analysed after 72 h (j) and
quantification of tdTomatoK8* cellsin these organoids (k). n=3 independent
experiments. The bar heightand error barsare mean +s.e.m., withindividual
data pointsshown. Pvalues are derived from ANOVA followed by two-sided
Dunnett’s tests. Hoechst nuclear staining is shown in blue. Scale bars, 10 um.

ablation compared to their expression under physiological conditions
(Fig. 4a-c, Extended Data Fig. 9).

Tofunctionally characterize the role of the Notch, Wnt and EGFR path-
waysintheactivation of BC multipotency, we assessed how pharmaco-
logicalinhibition of these signalling pathwaysinthe MGinvivoandin
organoidsinvitroaffectsBSCfateafter LC ablation. Concomitantadmin-
istration of the antibodies anti-DLL1, anti-JAG1and anti-JAG2*—which
inhibit the Notch pathway, as shown by the decrease inexpression of the
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Fig.4|Notch, Wnt and ErbB signalling pathways regulate BSC multipotency
after LC ablation. a-c, mRNA expression of key genes involved in Notch (a),
Wnt (b) and ErbB (c) pathways that were upregulated after LC ablationin BCs
and/or hybrid cells (CD29"¢"EpCAM"#"), Results are normalized over wild-type
LCexpression.Replicates fromn=2independent experiments. d-f, Quantification
of the expression of tdTomato in CD29"°YEpCAM"" LCs in mice treated with
DOXandwith anti-Notchligand antibodies (d), Wntinhibitor (e) or anti-ErbB
inhibitors (f). Afa, afatinib; Sap, sapitinib. The number of mice analysed is
shownin parentheses. The bar height and error bars are mean +s.e.m., with
individual data points shown. Pvalues are derived from unpaired two-sided
t-tests. g, Quantification of tdTomato'K8" cellsin MG organoids first treated
with tamoxifen and then with DOX and the differentinhibitorsfor72h.n=3
independent experiments. The bar heightand errorbarsare mean+s.e.m.,
withindividual datapoints shown. Pvalues are derived from ANOVA followed
by two-sided Dunnett’s tests.

Notchtarget genes Heyl and Nrarp—decreased the activation of multi-
potencyin BCs after LC ablation (Fig. 4d, Extended Data Fig.10a-c, j).
These data show that Notch signalling, in addition to regulating LC
differentiation during development and cell fate reprogramming after
the overexpression of the active form of NOTCH1 in BCs®*****, is also
required to activate multipotency and generate newly formed LCs from
BCs after LC ablation. To assess whether Wnt signalling controls BSC
multipotency, we administered LGK-974—an inhibitor of Porcupine
that prevents the secretion of Wnt ligands**—to mice and assessed the
activation of BC fate transition after LC ablation. Administration of
LGK-974 inhibited Wnt signalling, as shown by the decrease in expres-
sion of the Wnt target gene Axin2, and decreased de novo formation
of LCs from BCs after LC ablation (Fig. 4e, Extended Data Fig. 10d, k).
Toassess the functionalimportance of ErbB signalling for BC multipo-
tency, we treated mice with afatinib (aninhibitor of EGFR, ERBB2 and
ERBB4) and sapitinib (a pan-ErbB inhibitor) and assessed the effect of
theseinhibitors on BC fate after LC ablation. Administration of afatinib
and sapitinib efficiently inhibited the EGFR pathway, as shown by the
decrease of phospho-EGFR, and strongly decreased BC multipotency
after LC ablation (Fig. 4f, Extended Data Fig. 10e, f, I). In contrast to
Notch and Wnt inhibition—which did not affect the proliferation of
BCs and LCs—afatinib and sapitinib decreased cell proliferation, in
particular that of LCs, and decreased the proportion of LCsin the MG.
Treatment of control (NaCl-injected) glands with the various inhibitors
did notactivate BC multipotency (Extended Data Fig.10g-i). These data
show that EGFR signalling—mediated by EREG, NRG1and NRG2—regu-
lates the activation of BC multipotency after LC ablation, possibly by
reducing cell proliferation. The inhibition of these different signalling
pathways also decreased the activation of BC multipotency after LC
ablationin MG organoids in vitro, showing that these inhibitors regu-
late BC multipotency directly and do not act indirectly through the
immune cells or the stromal cells (Fig. 4g, Extended DataFig.10 m, n).

612 | Nature | Vol 584 | 27 August 2020

Discussion

Lineage ablation of tracheal BSCs has revealed that luminal progenitors
that are committed to terminal differentiation canrevert back toaBSC
state in the absence of BCs and can contribute to tissue repair—this
highlights the important plasticity of luminal progenitors and their
ability to de-differentiate into BSCs after injuries*. Severe tracheal
injuries can lead to the activation of facultative myoepithelial stem
cells from the submucosal gland that acquire multipotent BSC-like
properties**. Our study shows that the regulation of multipotent
versus unipotent BC fate and the lineage restriction that occurs in most
adult glandular epithelia are regulated by cell-cell communications
that control the fate of stem cells, instructing them in real time of the
need to generate the different cell lineages required in the tissue. We
identify TNF—a cytokine that has previously been shown to contribute
to mammary epithelial proliferation, branching morphogenesis and
alveolar differentiation*®*’—as akey factor secreted by LCs that restricts
the multipotency of BSCs under physiological conditions. We also
demonstrate the importance of the Notch, Wnt and ErbB signalling
pathways for the activation of BSC multipotency upon LC ablation. Fur-
therstudies willberequired to better understand how these signalling
pathways restrict or promote BSC multipotency and whether allBCs or
onlyarestricted population of BSCs canreactivate multipotency, and
to define the conserved and tissue-specific mechanisms that promote
multipotencyin the different glandular epithelia. The mechanism that

regulates stem cell multipotency inadult glandular tissuesis likely to be

relevant for tumorigenesis, because reactivation of multipotency*'>!3,

cell fate change*® and lineage infidelity*’ have allbeen associated with
tumour heterogeneity.
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Methods

Mice

The generation of K5CreER and K8rtTA mice was previously
described**°. TetO-DTA mice® were provided by J. Rajagopal.
Rosa-tdTomato mice® were purchased from the Jackson Laboratory.
Mouse colonies were maintained in a certified animal facility in accord-
ance with European guidelines. The experiments were approved by
thelocal ethical committee (CEBEA) under protocols 671N and 673N.
The study is compliant with all relevant ethical regulations regarding
animal research. Mice were analysed at adult age (over 8 weeks old),
asindicated in the figure legends.

Samplesize, randomization and blinding

The sample size was chosen based on previous experience in the labora-
tory, for eachexperiment toyield high power to detect specific effects.
No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Organoid culture

For organoid culture, we used a previously published protocol®. In brief,
fat pads of 8-9-week-old virgin female mice were dissected and the lymph
nodes removed. Tissues were briefly washed in 70% ethanol and manually
choppedinto1mm?®pieces. The finely minced tissue was transferred toa
digestion mix consisting of serum-free Leibovitz’s L15 medium (Gibco)
containing 3 mgml™ collagenase A (Sigma) and 1.5 mg ml ™ trypsin (Sigma).
Thiswasincubated for1hat 37 °Cto liberate epithelial tissue fragments
(‘organoids’). Isolated organoids were mixed with 50 pl of phenol-red-free
Matrigel (BD Biosciences) and seeded in24-well plates. The basal culture
medium contained phenol-red-free DMEM/F-12 with penicillin/strepto-
mycin,10 mM HEPES (Invitrogen), Glutamax (Invitrogen), N2 (Invitrogen)
and B27 (Invitrogen). The basal medium was supplemented with Nrgl
(100 ngmI™, R&D), Noggin (100 ngml™, Peprotech) and R-spondin1(100
ng ml?, R&D). Then, 500 pl supplemented basal culture medium was
added per well and organoids were maintained in a 37 °C humidified
atmosphere under 5% CO,. After one week in culture, mammary organoids
were released from the Matrigel by breaking the matrix with a P1000
pipette onice. After2-3 passages of washing and centrifugation at1,500
rpm (140g) for Sminat4 °C, mammary cells were resuspended in Matrigel,
seededin24-well plates and exposed to the previously described culture
conditions. Toinduce the expression of tdTomato, mammary organoids
were treated with 1M of 4-hydroxytamoxifen for 24 h,and to promote LC
ablation the organoids were treated with 10 pg mI™ of DOX for 48 h. For the
treatment of organoids, we added to the medium described above 1pM
LGK-974,1pMsapitinib+1pM afatinib,and 5 ug ml™ for the combination
of blocking antibodies for DII1,Jagl and Jag2. LGK-974 (S7143), sapitinib
(AZD8931, S2192) and afatinib (BIBW2992, S1011) were purchased from
Selleckchem. Anti-DLL1, anti-J1.b70 and anti-J2.b33 blocking antibodies
were provided by thelaboratory of C. Siebel (Genentech). Organoids were
treated with DOX + inhibitors for 48 h, then the media changed and the
organoids kept under treatments for 72 h or for 9 days. CDK1 inhibitor
(Merck, RO-3306) was added in the organoid culture medium to a con-
centration of 1uM 24 h before DOX administration. The treatments were
renewed every 2 days. Tostudy therole of different ligand-receptor cou-
plesinrestrictionof multipotency, we used the following molecules: TNF
blocking antibody 2 pg ml™ (adalimumab, A2010, Selleckchem), CCR2
antagonist10 nM (CAS 445479-97-0, Calbiochem, 227016), PDFGR inhibi-
tor 20 nM (crenolanib, S2730, Selleckchem), Activin receptor inhibitor
50 nM (vactosertib, TEW-7197, Selleckchem), ITGB1 blocking antibody
10 ugmlI™ (LEAF purifiedanti-mouse/rat CD29 antibody, 102209, BioLegend).

Organoid adenovirus infection
Cultured mammary organoids were collected from Matrigel as men-
tioned in the section ‘Organoid culture’ by breaking the matrix onice

followed by 2-3 passages of washing and centrifugation at 1,500 rpm
(140g) for 5min at 4 °C. The structured organoids were broken into
single cells by pipetting the suspension with200 pltips 60 times. After
centrifugationat1,500 rpm (140g) for 5min at room temperature, the
pellet was resuspended with 250 pl Opti-MEM (Gibco). The cell suspen-
sion was then mixed with adenovirus CTR or P21 (abm, 000218A) and
Sugpolybrene (Sigma- TR-1003-G), and the mix seeded into a 48-well
plate. The plate was covered with Parafilm and centrifuged for 1 h at
600gat 37 °C. After the centrifugation, the Parafilm was removed and
the plateincubated for 3 hat37 °Cin humidified atmosphere under 5%
CO,. Allthe mixtures were collected and centrifuged at 600g for 5min
at room temperature. The cell pellet was resuspended with Matrigel
and seeded into 24-well plate, with 500 pl cell suspensionineach well.
Plates were incubated for 15 min in a 37 °C humidified atmosphere
under 5% CO,, then the organoids were added to the culture medium.
The medium was changed every two days.

Targeting tdTomato expression in the MG, prostate, salivary
gland and paw skin

For MG, adult female K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA
mice were induced by intraperitoneal (IP) injection with 2.5 mg of
tamoxifen per day (diluted in sunflower seed oil, Sigma, T5648) for
6 days. For prostate, salivary gland and paw skin, adult male KSCreER/
Rosa-tdTomato/K8rtTA/TetO-DTA mice were induced by IP injection
with 2.5 mg of tamoxifen per day (diluted in sunflower seed oil, Sigma,
T56438) for 5 days.

Administration of DOX in the MG, prostate, salivary gland and
paw skin

For MG, 1week after tamoxifen administration, 0.2 mg per gland DOX
dilutedin 0.9% NaCl solution (physiological serum) wasinjected intra-
ductally (IDI)**in K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA female
mice and, to avoid side effects due to the acidity of DOX, the pH was
adjusted to 5-5.5. For prostate, salivary gland and paw skin, 1 week
after tamoxifen administration, K5CreER/Rosa-tdTomato/K8rtTA/
TetO-DTA male mice were administered 2 mg DOX per day (diluted in
PBS) by IPinjection for 5 days. All mice were killed 7 days after the last
DOX treatment.

MG whole-mount processing and immunostaining

For MG processing at 8-11 weeks, inguinal glands were dissected and
enzymatically digested in HBSS (Gibco) +300 Uml™ collagenase (Sigma,
C0130) +300 pg ml™* hyaluronidase (Sigma, 4272) for 30 min at 37 °C
under shaking. Glands were later fixed in 4% paraformaldehyde (PFA) for
2hatroomtemperature (RT), followed by three 10-min washesin PBS.
For whole-mount (WM) immunostaining, all sasmples were incubatedin
blockingbuffer (BSA 1%, horse serum (HS) 5%, Triton X 0.8% in PBS) for
3 hatRT. The different primary antibodies were incubated overnight
at RT and washed for 1 h at RT with PBS 0.2% Tween20 before incuba-
tion with secondary antibodies diluted in blocking buffer at1:800 for
5hatRT. Thefollowing primary antibodies were used: rabbit anti-K14
(1:800, Thermo), rat anti-E-cadherin (1:800, eBioscience, 14-3249-82).
The following secondary antibodies were used: anti-rabbit, anti-rat,
conjugated to Alexa Fluor 488 (Molecular Probes) or Cy5 (Jackson
ImmunoResearch). Nucleiwere stained withaHoechst solution (1:1,000
in PBS 0.2% Tween20) for 30 min and washed for another hour in PBS
0.2% Tween20 before mounting on slides in DAKO mounting medium
supplemented with 2.5% DABCO (Sigma).

Immunofluorescence and immunohistochemistry

Dissected MGs, salivary gland and paw skin were pre-fixed in 4% PFA for 2
hatRTordirectlyembeddedin OCT compound (Tissue Tek) and kept at
-80 °C.Pre-fixed tissueswere washed in PBS, incubated overnightin 30%
sucroseinPBSat4 °Cand embeddedin OCT and keptat-80 °C.Sections
of 4 umwere cut usinga HM560 Microm cryostat (Mikron Instruments).



Non-pre-fixed tissue sections were fixed in PFA 4% for 10 min
at RT. Tissue sections were incubated in blocking buffer (BSA 1%, HS
5%, Triton-X 0.2% in PBS) for 1 h at RT. The different primary antibodies
wereincubated overnightat4 °C.Sections were thenrinsed in PBS and
incubated with the corresponding secondary antibodies diluted at
1:400in blocking buffer for 1h at RT. The following primary antibodies
were used: rat anti-K8 (1:1,000, Troma-I, Developmental Studies Hybri-
doma Bank, University of lowa), rabbit or chicken anti-K14 (1:1,000,
Thermo), rabbitanti-K5(1:1,000, PRB-160P-0100, lot number 3260860,
Covance), rabbit anti-p63 (1:500, clone EPR5701, ab124762, Abcam),
rabbit anti-smMHC (1:100, BT562, lot no 5620305, Biomedical Technolo-
gies), rabbit anti-FoxA1(1:100, clone EPR10881, ab170933, Abcam), rat
anti-E-cadherin (1:500, clone DECMA-1, 14-3249-82, eBioscience), rat
anti-integrin $1(1:50, clone MB1.2, MAB1997, lot number 636365, Mil-
lipore), rat anti-AQP5 (1:500, AB3559, Millipore), goat anti-TNF (1:100,
AF-410,R&D), rabbit anti-cleaved caspase 3 (1:100, clone 5A1E, 9664S,
CellSignaling), rabbit anti-Ki67 (1:200, ab15580, Abcam), rat anti-CD45
(1:500, clone 30-F11, 553079, BD), rabbit anti-CD68 (1:500, ab125212,
Abcam), rabbit anti-snail2 (1:100, clone C19G7, 9585, Cell Signaling),
ratanti-TnC (1:500, clone EPR4219, ab108930, Abcam), goat anti-Alcam
(1:200, FAB1172A, R&D), goat anti-1L33 (1:100, AF3626, R&D), rabbit
anti-pEGFR(Y1092) (1:200, clone EP774Y, ab40815, Abcam). The fol-
lowing secondary antibodies, diluted 1:400, were used: anti-rabbit
(A21206), anti-rat (A21208), anti-chicken (A11039) conjugated to Alexa
Fluor 488 (Molecular Probes), anti-rabbit (711-295-152), rhodamine
Red-X or anti-rabbit (711-605-152), anti-rat (712-605-153), anti-chicken
(703-605-155) Cy5 (JacksonImmunoResearch). For intraductal injection
the rat anti-B4 integrin (clone 346-11A, 553745, BD) was used. Nuclei
were stained with Hoechst solution (1:2,000) and slides were mounted
in DAKO mounting medium supplemented with 2.5% DABCO (Sigma).
Dissected lung tissue was pre-fixed in PFA 4% for 2 h. Pre-fixed tissues
were washed in PBS, incubated overnightin 30% sucrosein PBSat4 °C
and embedded in OCT and kept at =80 °C. Sections of 4 um were cut
usingaHM560 Microm cryostat (Mikron Instruments). Tissue sections
were incubated in blocking buffer (BSA 1%, HS 5%, Triton-X 0.2% in
PBS) for1hat RT. The anti-CC10 (1:1,000; s¢9772, Santa Cruz) primary
antibody was incubated overnight at 4 °C. Sections were then rinsed
in PBS and incubated with the anti-goat secondary antibody (A11055)
diluted at1:400 inblocking buffer for 1h at RT. Nuclei were stained with
Hoechst solution (1:2,000) and slides were mounted in DAKO mounting
medium supplemented with 2.5% DABCO (Sigma). For paraffin sam-
ples, paraffin sections were deparaffinized and rehydrated. The anti-
gen unmasking procedure was performed for 20 minat 95 °Cin EDTA
(pH9).Slides wereincubated with anti-IL33 antibody at 4 °C overnight,
followed by a linker rabbit anti-goat (Abcam 1:250) for 30 min at RT.
Finally, slides were incubated with the OmniMap HRP-conjugated
anti-rabbit antibody (Ventana) for 30 min. Standard ABC kit, and
ImmPACT DAB (Vector Laboratories) were used for the detection of
HRP activity. Nuclei staining was done with Mayer’s Haematoxylin
(Labonord), followed by dehydration and mounting with SafeMount
(Labonord).

Histology and immunostaining on prostate sections

Prostate tissue of adult mice was micro-dissected under a stereoscope
to separate the different lobes. Dissected prostates were pre-fixed
in 4% PFA for 2 h at RT. After three 5-min washes with PBS, samples
were incubated overnight in 30% sucrose in PBS at 4 °C. Tissues were
embeddedin OCT and kept at—80 °C. Sections of 5pumwere cut using
aHM560 Microm cryostat (Mikron Instrument). Sections were incu-
bated in blocking buffer (1% BSA, 5% HS, 0.2% TritonX-100 in PBS) for
1hatRT.Primary antibodies diluted inblocking buffer were incubated
overnight at 4 °C. Tissues were rinsed three times in PBS, 5 min each,
andincubated with secondary antibodies diluted in blocking buffer for
1hatRT. Chicken anti-K5 (1:1,000, 905901, Covance) and rat anti-K8
TROMA-1 (1:1,000, Developmental Studies Hybridoma Bank) were

used as primary antibodies. To stain proliferating cells, rabbit anti-Ki67
(1:100, ab15580, AbCam) diluted in blocking buffer was incubated for1h
at RT. To stain apoptotic cells, rabbit anti-cleaved caspase3 (Asp175)
(1:150, 9664S, Cell Signaling) diluted in blocking buffer (1% BSA, 5% HS,
0.3% TritonX-100 in PBS) was incubated for 1.5 h at RT. Anti-chicken,
anti-rabbitand anti-rat conjugated to Alexa Fluor 488 (1:400, Molecular
Probes; A11039, A21206, A21208), and anti-chicken, anti-rabbit and
anti-rat conjugated to Cy5(1:400, Jackson ImmunoResearch; 703-605-
155,711-605-152 712-605-153). Nuclei were stained with Hoechst 33342
dye (Sigma) (diluted 1:1,000 with the secondary antibodies) and slides
were mounted inglycergel mounting medium (DAKO) supplemented
with 2.5% DABCO (Sigma).

Microscope image acquisition

Confocal images were acquired at RT using a Zeiss LSM780 confocal
microscope fitted onan Axiovert M200 inverted microscope equipped
withaC-Apochromat (40x, numerical aperture (NA) =1.2) water immer-
sion objective (Carl Zeiss). Optical sections of 1,024 x 1,024 pixels or
512 x 512 pixels were collected sequentially for each fluorochrome.
Images of maps reconstructing the MG whole-mounts were obtained
atRT using an EC Plan Neofluar (5x, NA = 0.16). Optical sections of 512
x 512 pixels were collected sequentially for each fluorochrome. The
datasets generated were merged and displayed with the ZEN 2 software.

MG whole-mount branching analysis

Maps of the fourth and fifth MG from the contralateral gland of the
same mouse (NaCl injected/DOX injected, oestrus not checked) were
obtained as described in the section ‘Microscope image acquisition’
and images were analysed with Fiji software. In brief, the entire map
was treated in order with flowing plug-ins:3D projection > Split chan-
nels >threshold>skeletonize (3D)>analysis skeleton (3D). Only the K14
immunostaining was analysed.

Mammary cell preparation

AdultMGs were dissected and the lymph nodes removed. Tissues were
briefly washed in HBSS and chopped in1 mm?®pieces. Chopped tissues
were digested in HBSS +300 U ml™ collagenase (Sigma, C0130) + 300
pg ml™ hyaluronidase (Sigma, 4272) for 2 h at 37 °C under agitation.
Physical dissociation using a P1000 pipette was performed every
15 min throughout the enzymatic digestion. EDTA (5 mM) was added
for 2 min, followed by 0.25% trypsin-EDTA for 2 min before filtration
through a 70-pm mesh, and 2 successive washes in 2% FBS/PBS.

Celllabelling, flow cytometry and sorting

Samples were incubated in 250 pl of 2% FBS/PBS with
fluorochrome-conjugated primary antibodies for 30 min, with shak-
ing every 10 min. Primary antibodies were washed with 2% FBS/PBS, and
cellswereresuspended in 2.5 mg mI™” DAPI (Invitrogen, D1306) before
analysis. The following primary antibodies were used: APC-conjugated
anti-CD45 (1:100, clone 30-F11, eBiosciences), APC-conjugated
anti-CD31 (1:100, clone 390, eBiosciences), APC-conjugated
anti-CD140a (1:100, clone APAS, eBiosciences), PE-Cy7-conjugated
anti-CD24 (1:100, clone M1/69, BD Biosciences), FITC-conjugated
anti-CD29 (1:100, clone Ha2/5, BD Biosciences), APC-Cy7-conjugated
anti-EpCAM (1:100, clone G8.8, BioLegend). Data analysis and cell sort-
ing were performed ona FACSAria sorter using the FACS DiVa software
(BD Biosciences). Dead cells were excluded with DAPI; CD45", CD31"
and CD140a" cells were excluded (Lin*) before analysis of the tdTo-
mato’ cells.

RNA-seq and analysis of bulk samples

Wild-type LCs (150,000), wild-type BCs (150,000), EXP Tomato LCs
(10,000), EXP Tomato BCs (150,000) and EXP hybrid cells (5,000)
were isolated by FACS as described in the section ‘Cell labelling, flow
cytometry and sorting’ and collected into kit lysis buffer. RNA was
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extracted with Qiagen RNeasy Micro Kit. RNA quality was checked using
aBioanalyzer 2100 (Agilent Technologies). Indexed cDNA libraries
were obtained using the Ovation Solo RNA-Seq System (NuGen) follow-
ing the manufacturer’s recommendations. The multiplexed libraries
(18 pM) were loaded on flow cells and sequences were produced using
aNovaSeq 6000 S2 ReagentKit (200 cycles fromaNovaSeq 6000 Sys-
tem (Illumina). Approximately 19 million paired-end reads per sample
were mapped against the mouse reference genome (GRCm38/mm10)
using STAR software to generate read alignments for each sample.
Annotations for Mus_musculus.GRCm38.87.gtf were obtained from
ftp.Ensembl.org. After transcripts assembly, gene-level counts were
obtained using HTSeq. Genes with expression levels lower than 5 were
filtered out. The fold changes of mean gene expression for the dupli-
cates were used to calculate the level of differential gene expression.

GSEA analysis

For Fig. 2, GSEA analysis was performed using ranked fold change of
probe expression values between EpCAMMe"CD29"e" cells and wild-type
BCs or wild-type LCs and genes upregulated in BCs or LCs for the dis-
played dataset™.

Gene Ontology analysis of single population signatures

Genes upregulated in each signature were tested for enrichment in
each Gene Ontology (GO) class using the DAVID v.6.8 web server*®~.
Statistically significant enrichments correspond to those presenting
a Benjamini-corrected P value < 0.05, although some genes involved
in non-statistically-significant GO classes were plotted for their
biological relevance.

scRNA-seq

scRNA-seq was performed using a modified Smart-seq2 protocol®.
Lysis buffer (1 pl) in 384-well PCR plates for cell sorting was pre-
pared with 0.4% v/v Triton-X lysis buffer, 2.5 mM dNTPs and 2.5 uM
oligo-dT30-VN. Reverse transcription and PCR was performed accord-
ing to the Smart-seq2 protocol with reduced volumes: 1 pl of reverse
transcription mix instead of 5.7 pl and 3 pl PCR Master mix instead of
15 pl. cDNA was amplified for 23 cycles and cleaned using HighPrep PCR
beads (MagBio Genomics) at a0.8x ratio on aHamilton STAR (Hamilton
Germany GmbH) liquid handler, eluted in 30 pl buffer EB (Qiagen) and
transferred to 384_PP acoustic plates (LabCyte). DNA quantification
was performed with Picogreen assay (Thermo Fisher) and a subset
of samples were selected for quality control using an Agilent 2100
BioAnalyser (Agilent Technologies) using a High Sensitivity DNA kit.

Library preparation continued from Smart-seq2

Next-generation sequencing library preparation was performed using
aNextera XT DNA library preparation kit with volumes reduced by
one-tenth (Illumina) using an acoustic dispenser. In brief, 100 pg of
cDNAinavolume of 500 nl was tagmented by adding 1.5 pl Tn5-buffer
mix and incubating for 10 min at 55 °C. Tagmented samples were bar-
coded with Nexteraindex sets A-D and amplified with12 cycles of PCR.
After PCR, all samples were pooled and cleaned using HighPrep PCR
beadsata0.6xratio. Library pools were eluted in buffer EB and quality
control was performed using an Agilent 2100 BioAnalyser and High
Sensitiviy DNA chip before adjusting to a concentration of 4 nM. The
diluted pools were quantified using a KAPA qPCR library quantifica-
tion kit on a LightCycler 480 (Roche) before a final dilution to 2 nM.
The pool of 384 samples was sequenced on 2 lanes of a HiSeq4000
with 1x51bp read length.

Single-cell bioinformatics analysis

Sequencing reads were trimmed for adaptor sequences using cuta-
dapt(v.1.13) and reads were aligned to the GRCm38 reference genome
using STAR with default parameters (v.2.5.2b)*. The expression count
matrix was generated using HTSeq (v.0.6.0)°° on GENCODE M12

transcript annotations and counts for each protein-coding gene were
collapsed. Quality control was performed using the scater R package
(v.1.8.0). Cells that complied with one of the following conditions
were excluded: had fewer than 5 x 10* counts, showed expression of
fewer than 3,000 unique genes or had more than 8% counts belong-
ing to mitochondrial sequences. Out of the 384 samples that passed
sequencing, 337 passed quality control. Genes for which less than 20
counts were observed across the complete dataset were excluded from
further analysis. Read counts were normalized using scran with default
parameters (v.1.8.4). t-SNE was performed using the SEURAT®? pack-
age (v.2.3.3) RunTSNE function in R, plots were generated using the
ggplot2 R package (v.3.0.0). For lineage marker gene discovery, we set
the thresholds to all genes with an area under the receiver operating
characteristic curve greater than 0.8 and a P value lower than 0.01.
BC or LC specific markers were obtained from a previously published
paper’. The adjusted proportion of specific markers for each cell was
computed by counting the number of specific LC or BC markers over
the total number of LC or BC specific markers and correcting for dif-
ferences in sensitivity by modelling the linear relationship between
the adjusted proportion of markers detected and the total number
of genes detected for each cell. Gene regulatory network analysis was
performed using pySCENIC (v.0.9.3)* using default parameters. SCENIC
isatool to infer gene regulatory networks from single-cell RNA-seq
data®. The method consists of three steps: first, modules of genes that
are co-expressed with transcription factors (TFs) are identified from
the counts matrix by the GENIE3 algorithm®. These modules are then
pruned by performing cis-regulatory motif detection on the putative
target genes using RcisTarget®?, whereby only genes that contain the
binding motiffor the TF are keptinthe module. Thisset of a TF withiits
putative target genes is thenreferred to as aregulon. Finally, the ‘activ-
ity’ of eachregulonis measured in each cell using arecovery analysis,
whereby allgenesina particular cell are ranked from low to high expres-
sion and plotted against the number of genes in a particular regulon
that can be recovered in that cell. The area under the recovery curve
(AUC) is then used as a measure of the activity for the regulon in that
cell. Differentially activated regulons were determined by performing a
two-sided Kolmogorov-Smirnov non-parametric rank sumtestonthe
regulon AUC values of cells in the various clusters, P values were false
discoveryrate (FDR)-adjusted using the Benjamini-Hochberg method
and regulons with an adjusted P value less than 0.01 were considered
differentially activated.

Lineage trajectory inference

Lineage trajectory inference was performed by applying slingshot
(v.1.1.0)*to adiffusion map representation of the single-cell RNA-seq
data. The diffusion map was computed using the destiny package®*
(v.2.12.0). k-Means clustering (k=4) was applied to the first two compo-
nents of the diffusion map embedding to obtain cluster assignments.
Lineage trajectories were calculated by slingshot, using the diffusion
map and k-means clusters as input. Genes with significantly varying
expressionalongagiventrajectory were detected by fitting a general-
ized additive model (GAM) to the expression data with a LOESS term
for the pseudotime variable of the trajectory, using the R package gam
(v.1.16, https://CRAN.R-project.org/package=gam). Resulting Pvalues
were FDR-adjusted using the Benjamini-Hochberg method and genes
withanadjusted Pvalue of less than 0.01 were considered differentially
expressed along the lineage trajectory.

CellPhone-DB analysis

The CellPhone-DB method was developed™* to predict cell-cell interac-
tionbased onsingle-cell transcriptomics datain astatistic framework.
Inbrief, acurated database of ligand-receptor interactions was created
onthebasis of literature searching and known databases. This database
is then used to look for enriched expression of a receptor by one cell
type and of its corresponding ligand by another cell type. The input
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data consists of the normalized gene counts matrix and a metadata
file containing the cell type label for each cell. First, the cell type labels
ofall cellsare randomly permuted and the mean of the average recep-
tor expression and the average ligand expression for each pair of cell
types is calculated. This is repeated 1,000 times to construct a null
distribution for each ligand-receptor pair in each pair of cell types.
A Pvalue for the likelihood that a given interaction is specific for a
certain cell type pair can then be obtained by taking the proportion
of means from the null distribution that are greater than or equal to
the observed mean. Significantinteractions can then be prioritized on
the basis of their P value. Biologically relevant interactions can then
be chosen on the basis of their average expression level and previous
knowledge. The CellPhoneDB database is publicly available at https://
www.cellphonedb.org/and the software package to perform the statis-
tical testsis available at https://github.com/Teichlab/cellphonedb. We
ran CellPhoneDB on our Smart-seq2 dataset, split between wild-type
and ablation conditions, using default parameters as described above.
However, because the database currently only contains information on
humanreceptor-ligandinteractions, the mouse genes from our data-
set were first converted to their human orthologues before analysis.

RNA extraction and quantitative real-time PCR

The protocol used for RNA extraction on FACS-isolated cells hasbeen
previously described™. In brief, RNA extraction was performed using
the RNeasy micro kit (Qiagen) according to the manufacturer’srecom-
mendations and DNase treatment. After nanodrop RNA quantification
and analysis of RNA integrity, purified RNA was used to synthesize the
first-strand cDNA in a 50 ml final volume, using Superscript Il (Invit-
rogen) and random hexamers (Roche). Genomic contamination was
detected by performing the same procedure without reverse tran-
scriptase. Quantitative PCR analyses were performed with1ng of cDNA
astemplate, using FastStart Essential DNA green master (Roche) anda
Light Cycler 96 (Roche) for real-time PCR system. Relative quantitative
RNA was normalized using the housekeeping geneGapdh. Primers were
designed using the PrimerBank database (https://pga.mgh.harvard.
edu/primerbank/) and are listed in Supplementary Table 1. Analysis
of the results was performed using Light Cycler 96 software (Roche)
and relative quantification was performed using the ddCt method
using HPRT as a reference.

Adalimumab (anti-TNF) intraductal injection

For intraductal injection of adalimumab (A2010, Selleckchem), mice
were prepared as previously described*. The controlateral fourthgland
of the same mouse K5CreER/Rosa-tdTomato was injected either with
PBS or with 0.15 mg of blocking antibody. Mice were euthanized after
one week. To check the antibody penetration into the basal layer, the
fourth gland of CD1 mice was injected intraductally with 15 pl of rat
anti-B4 integrin (clone 346-11A, 553745, BD Biosciences), and after
2 daysthe gland was stained with anti-rat conjugated to Alexa Fluor 488
secondary antibody. Tissue sections were fixed in 4% PFA for 10 min,
rinsed in PBS, and then incubated in blocking buffer (BSA 1%, HS 5%,
Triton-X 0.2% in PBS) for 1 h at RT. The anti-rat secondary antibody
(1:500, Molecular Probes, A21208) was incubated overnight at 4 °C.
Sections were thenrinsed in PBS and nuclei were stained with Hoechst
solution (1:2,000). Slides were mounted in DAKO mounting medium
supplemented with 2.5% DABCO (Sigma).

Blocking antibodies and small-molecule treatments

Anti-DLL], anti-J1.b70 and anti-J2.b33 blocking antibodies were pro-
vided by the laboratory of C. Siebel (Genentech). During treatment
with blocking antibodies, K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA
mice were injected intraperitoneally for the first time with 15 mg kg™
of each blocking antibody or 30 mg kg™ of control antibody two days
before intraductal DOX administration, and the second time with
7.5mgkg of each blocking antibody or 15 mg kg™ of control antibody

two days after intraductal DOX administration. LGK-974 (catalogue
number S7143), sapitinib (AZD8931, S2192) and afatinib (BIBW2992,
S1011) were purchased from Selleckchem. LGK-974 was dissolved
in 0.5% methylcellulose (Sigma-Aldrich, M0430), 0.4% Tween 80
(Sigma-Aldrich, P8074) solution in distilled water. During LGK-974
treatment, K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA mice received
daily for 9 days 10 mg kg™ LGK-974 by oral gavage, the IDI of DOX was
performed on the third day of treatment and mice were killed 7 days
after DOX administration. Sapitinib was dissolved in 1% Tween 80 solu-
tionin distilled water and afatinibin 0.5% methylcellulose, 0.4% Tween
80 solutionindistilled water. During sapitinib and afatinib treatment,
mice received daily for 8 days 20 mg kg sapitinib and 10 mg kg™ afatinib
by oral gavage, the intraductal injection of DOX was performed on
the third day of treatment and mice were killed 7 days after. For both
treatments, control K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA mice
received 0.5% methylcellulose, 0.4% Tween 80 solution in distilled
water by oral gavage for 9 days.

Statistics and reproducibility

Allexperiments were repeated at least three times with similar results
unless adifferentnumber of repeatsis stated in thelegend or in the fig-
ure. Two-tailed Student’s t-tests were performed using GraphPad Prism
v.6.0 (GraphPad Software). ANOVA was followed in case of statistical
significance by two-sided Dunnett’s tests; many-to-one comparisons
were performed using IBM-SPSS v.26.0 statistical software (IBM). Pand
nvaluesareindicatedinthe figurelegends orin the figures themselves.
No statistical method was used to predetermine sample size. All experi-
mental mice used in this study were females or males of mixed genetic
backgrounds. No mice were excluded from the study. No method of
randomization was used. The investigators were not blinded to alloca-
tion during experiments or outcome assessment.

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

Data availability

Bulk RNA-seq data have been deposited in the NCBI Gene Expression
Omnibus under accession number GSE127975. Single-cell RNA-seq data
have been depositedinthe Gene Expression Omnibus under accession
number GSE148791. Data supporting the findings of this study are
available within the article. Source data are provided with this paper.

50. Watson, J. K. et al. Clonal dynamics reveal two distinct populations of basal cells in
slow-turnover airway epithelium. Cell Rep. 12, 90-101(2015).

51.  Weber, T. et al. Inducible gene expression in GFAP* progenitor cells of the SGZ and the
dorsal wall of the SVZ—a novel tool to manipulate and trace adult neurogenesis. Glia 59,
615-626 (2011).

52. Madisen, L. et al. A robust and high-throughput Cre reporting and characterization
system for the whole mouse brain. Nat. Neurosci. 13, 133-140 (2010).

53. Jardé, T. et al. Wnt and Neuregulin1/ErbB signalling extends 3D culture of hormone
responsive mammary organoids. Nat. Commun. 7, 13207 (2016).

54. Krause, S., Brock, A. & Ingber, D. E. Intraductal injection for localized drug delivery to the
mouse mammary gland. J. Vis. Exp. 80, 50692 (2013).

55. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl Acad. Sci. USA 102,
15545-15550 (2005).

56. Huang, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44-57 (2009).

57.  Huang, W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res. 37,
1-13(2009).

58. Picelli, S. et al. Smart-seqg?2 for sensitive full-length transcriptome profiling in single cells.
Nat. Methods 10, 1096-1098 (2013).

59. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21(2013).

60. Anders, S., Pyl, P. T. & Huber, W. HTSeq—a Python framework to work with
high-throughput sequencing data. Bioinformatics 31, 166-169 (2015).

61.  McCarthy, D. J., Campbell, K. R, Lun, A. T. & Wills, Q. F. Scater: pre-processing, quality
control, normalization and visualization of single-cell RNA-seq data in R. Bioinformatics
33, 1179-1186 (2017).


https://www.cellphonedb.org/
https://www.cellphonedb.org/
https://github.com/Teichlab/cellphonedb
https://pga.mgh.harvard.edu/primerbank/
https://pga.mgh.harvard.edu/primerbank/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127975
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148791

Article

62. Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species.
Nat. Biotechnol. 36, 411-420 (2018).

63. Huynh-Thu, V. A, Irrthum, A., Wehenkel, L. & Geurts, P. Inferring regulatory networks from
expression data using tree-based methods. PLoS One 5, €12776 (2010).

64. Angerer, P. et al. destiny: diffusion maps for large-scale single-cell data in R.
Bioinformatics 32, 1241-1243 (2016).

Acknowledgements We thank the ULB animal facility and ULB genomic core facility (F. Libert
and A. Lefort); J. M. Vanderwinden and LiMif for help with confocal microscopy; J. Rajagopal
and P. R. Tata for their suggestions concerning the TetO-DTA mice; and B. Lloyd-Lewis for help
with the organoid culture. This work was supported by the ERC and the FNRS. A.C. is supported
by the FNRS/FRIA. S.L. is a long-term EMBO fellow. C.B. is supported by WELBIO, FNRS,
TELEVIE, Fond Erasme, Fondation Contre le Cancer, ULB Foundation, European Research
Council and the Foundation Baillet Latour. A. Sifrim, JV.H. and TV. are supported by KULeuven
(SymBioSys - C14/18/092), the Fondation Contre le Cancer (2015-143) and FWO postdoctoral
fellowships 12W7318N and I001818N.

Author contributions A.C., S.L. and C.B. designed the experiments and performed data
analysis. A.C. and S.L. performed most of the biological experiments. E.T. performed the
experiments and data analysis on prostate glands. A. Sifrim, M.M., Y.S., JV.H. and TV.
performed the bioinformatic analysis. A.D. and G.B. provided technical help. C.D. performed
FACS experiments. N.D. provided technical help with single-cell RNA sequencing. A.C., S.L.,
M.F., AW. and AV.K. performed immunostainings, blocking antibodies and small-molecule
treatments and experiments with follow-up mice. A. Sahay contributed genetic tools. V.d.M.
performed statistical analysis. CW.S. provided the Notch antibodies. A.C., AV.K. and C.B.
wrote the manuscript. All authors read and approved the final manuscript.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41586-020-
2632-y.

Correspondence and requests for materials should be addressed to C.B.

Peer review information Nature thanks Jacco van Rheenen and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-020-2632-y
https://doi.org/10.1038/s41586-020-2632-y
http://www.nature.com/reprints

a b c d e Before TAM
Debris exclusion Doublets exclusion Dead exclusion Lin exclusion In lin- o In lin-
© U
g S
a Q,
< 2 3 o
o o < L%
2 7] Q =
L L‘:) e
] 2 Q -
s 100 150 zn 250 > B SRR M S A O it e W et et e
(x1.000) (x1.000) (x1.000) CD29-FITC-A CD29-FITC-A
FSC-A FSC-A SSC-A
Before TAM f After TAM
In lin- In lin- Tom+ In lin- Tom+
o < o]
< 1% N < <=10.89% TJ053%  1.63%
& ] 3= 9] & 3 : G ’ :
S d g S 21~ 0"
E o o = ] = o Q.
<§t & < <§F <§( % by 99.1% | <=
3 N 3 E _'
O ] a < [ N o 97.84%
o o Q = 81 éu =
8 IR ) b it s gl S S R R
(x1.000)
CD29-FITC-A SSC-A CD29-FITC-A CD29-FITC-A
g After DOX h
CJINO DOX
In lin- In lin- Tom+ In lin- Tom+ Epox
< < - p=0.209 p=0.154
< ~E < <=4 12% ,\:g. 6.06% 454% B Ao "
~ > w ~ ¥ O R 8
S 3 &S 3 R 28
i a o & o T O
a < < o % 8% | I A\, 52 4
8 = 5 S Z. 894% | O3
o %' " T T T o i T | W T uoc.’l- i ! T T T X
8 AN R ey i e e ! AR R
x1.000 92 92 o ot
CD29-FITC-A CD29-FITC-A SC-A ( ) CD29-FITC-A CD29-FITC-A &o\OOQO\OON\W\Ozw\GO

Extended DataFig.1|FACS analysis of MG epithelial cells. a-d, Unicellular
suspension of MG cells from adult K5CreER/tdTomato/K8rtTA/TetO-DTA mice
induced at 8 weeks stained for endothelial,immune and fibroblast markers
(Lin*) (CD31,CD45,CD140a) in APC,EpCAMin Apc-Cy7 and CD29in FITC, were
gated to eliminate debris (a), doublets were discarded with gates (b), the living
cells were gated by DAPI dye exclusion (c) and the non-epithelial Lin* cells were
discarded (d). CD24/CD29 and EpCAM/CD29 expression was studied inLin". e~
g,CD24/CD29 gates, EpCAM/CD29 gates and the absence of leakiness of
fluorescentreporter recombination before tamoxifeninjection (e), after
tamoxifen injection (f) and after DOX injection (g). The CD29'"*CD24"&" and the
CD29"°"EpCAM"¢"gate corresponds to LCs, the CD29"¢"CD24'*" and the

c© OO(L?,QO ?’QO

CD29"e"EpCAM' gate corresponds to BCs, the CD29"#"EpCAM"&" correspond
to the new population described in this manuscript. A total of 400,000 events
isshowninthegraphs. Percentages are calculated on the total LCs and BCs or
LCs, CD29"¢"EpCAM"e" and BCs shown. n=3 independent experiments per
condition. h, Graphshowing the percentage of BCs that were
tdTomato-labelled on the total number of BCs gated on CD24/CD29 before
DOXinjection (79.5+2.2%; n=20 mice, dataare mean = s.e.m.) after DOX
injection (CD24 83.9 +2.6%; n=23 mice, dataare mean =s.e.m.) and EpCAM/
CD29 before DOX injection (84.8+2.2%; n=20 mice,dataare meants.e.m.)
and after DOXinjection (88.9 £1.9%; n=23 mice, dataare meants.e.m.). P
values are derived from unpaired two-sided t-tests.
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Extended DataFig.2|DOX administrationto K5CreER/tdTomato/K8rtTA/
TetO-DTA mice promotes LC death, MG remodelling and proliferation. a,
Scheme summarizing the histology of the MG and its different lineages.b, c,
FACS plot of CD29/CD24 expressionin Lin"tdTomato® epithelial cells (b) and
quantification of tdTomato* LCs (c) in CTR mice and 1week after DOX
administration. The percentage of the gated population fromall epithelial cells
isshown.Number of mice analysed is shownin parentheses. Pvalues are
derived from unpaired two-sided t-tests. d, e, Confocalimaging (d) and FACS
quantification (e) ofimmunostaining for tdTomato, cleaved caspase 3 (CC3)
and K8inK5CreER/tdTomato/K8rtTA/TetO-DTA MG after IDIwith NaCl
(0.29£0.02CC3"cells) or 0.2mgDOX (1.3+ 0.4 CC3* cells) and chased for12h
(n=6miceper condition).Scalebar (d), 5um.Pvaluesare derived from
unpaired two-sided t-tests. f-j, Scheme of the different parameters measured
to quantify MG remodelling (f), quantification and representation after Image)
analysis of branchlength, number of branches, branch points and terminal end
buds of K5CreER/Rosa-tdTomato/K8rtTA/tet-O-DTA (g, h) or K5CreER/Rosa-
tdTomato/K8rtTA contralateral MG (i, ) injected either with NaCl or DOX.

Number of mice analysed is shownin parentheses. Scale bars, 100 um. Pvalues
arederived from paired two-sided t-tests. k, Confocal imaging of
immunostaining for tdTomato, E-cadherinand K14 of terminal end buds,
branching points and ducts where LC replacementis occurringinapatchy and
focal manner throughout the gland (n=3 mice). Scale bars, 20 pm. I, m, Graphs
showing the percentage of K8'CC3* cellsat 0 h,12hand 24 h (n=3 mice per
condition) after DOX injection (I) and FACS quantification of K8'CC3* cells12h
after different DOX doses (m). Number of mice analysed isshownin
parentheses. n, 0, Confocal imaging ofimmunostaining for tdTomato, K8 and
CC3 (n) and FACS quantification of K8 tdTomato" cells (0) in mice after
intraductalinjectionwith NaCl or DOX at different doses after 12 h. Number of
mice analysed is shownin parentheses. p, q, Confocalimaging (p) and
quantification (q) ofimmunostaining for tdTomato, Ki67 and K8 in K5CreER/
tdTomato/K8rtTA/TetO-DTA MG after IDIwith NaClor 0.2 mg DOX and chased
for1week.Scalebars,5pm.n=3mice per condition. Pvalues are derived from
unpaired two-sided t-tests. Dataare mean +s.e.m. For theimmunofluorescence
data, Hoechst nuclear staining isshowninblue.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig.3|DOX-induced DTAinLCs promotesinflammation, LC
death, proliferationand activation of BCmultipotencyinMGinvivoand
organoidsinvitro.a, b, Confocalimaging ofimmunostaining for tdTomato,
CD68 and CD45 (a) and FACS quantification of CD45°CD68" cells in MG cells
fromK5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA CTR mice or DOX or
DOX+DEX treated (DEX, dexamethasone) (b). n=3 mice. Pvalues are derived
fromunpaired two-sided t-tests. ¢, QRT-PCR analysis of the whole MG of
K5CreER/Rosa-tdTomato/K8rtTA/TetO-DTA mice CTR, DOX, No DOX+DEX or
DOX+DEX (n=3 mice for each group), showing the upregulation of
inflammation markers upon LC ablation and its normalization after DEX
treatment.d, FACS quantification of tdTomato* LCs in mice after DOX or
DOX+DEX treatment (n=5mice). Pvalues are derived from unpaired two-sided
t-tests. e, f, Representative FACS plot of CD29/EpCAM expressioninLin"YFP*
epithelial cells of MG from K14rtTA/TetO-DTA/K8CreER/Rosa-YFP micein CTR
oroneweek after IDIof NaCl or DOX (e) and quantification of YFP* cellsin LCs
and BCs (f) (n=5mice). g, h, Confocal imaging (g) and quantification of
immunostaining (h) for tdTomato, CC3 and K8 in K5CreER/tdTomato/K8rtTA/

TetO-DTAMG organoids without DOX (CTR) or 6 hafter DOX.n=4independent
experiments. Pvalues are derived from unpaired two-sided t-tests. i,j, Confocal
imaging (i) and quantification (j) ofimmunostaining for tdTomato, Ki67 and K8
inK5CreER/tdTomato/K8rtTA/TetO-DTA in organoids without DOX (CTR) or
24 hafter DOX.n=4independent experiments. Pvalues are derived from
unpaired two-sided t-tests. k, Confocalimaging ofimmunostaining for
tdTomato, K8 and K14 in K5CreER/tdTomato/K8rtTA/TetO-DTA CTR organoids
or after DOX. Lower magnification of theimages showninFig.1d.n=3
independent experiments.l, m, Confocalimaging (I) and quantification (m) of
immunostaining for tdTomato, Ki67 and K8 in K5CreER/tdTomato/K8rtTA/
TetO-DTA organoids treated with DOX, DOX+adeno-P21 or DOX+CDK1
inhibitor (CDK1-i) for 48 hand chased for 24 h. n, Quantification of
tdTomato*K8* cellsin KSCreER/tdTomato/K8rtTA/TetO-DTA organoids
treated with DOX, DOX+adeno-P21or DOX+CDKlinhibitor.Forl-n,n=3
independent experiments. Pvalues are derived from ANOVA followed by two-
sided Dunnett’s tests. Dataare mean +s.e.m. For theimmunofluorescence
data, Hoechst nuclear staining isshowninblue. Scale bars, 10 pm.
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Extended DataFig.4|DOX administrationinadult K5CreER/tdTomato/
K8rtTA/TetO-DTA mice promotes LC death and proliferationinthe
prostate, salivary gland and sweat gland. a, Schematic representation of the
histology of the salivary gland and its lineages. b, ¢, Confocalimaging (b) and
quantification (c) ofimmunostaining for tdTomato, AQPS and smooth muscle
heavy chain myosin (SMH) of salivary gland acinar cells. n=3 mice per
condition. Pvalues are derived from unpaired two-sided t-tests. d, e, Confocal
imaging (d) and quantification (e) ofimmunostaining for tdTomato, K8 and
SMHinthegranulated duct showingthe contribution of BCs to replenishing
granulated ductal cells during homeostasis. n=3 mice per condition. Pvalues
arederived from unpaired two-sided t-tests. f, Schematic representation of the
histology of prostate and its lineages. g-j, Confocal imaging (g, i) and
quantification (h, j) of prostate immunostaining for tdTomato, K8 and CC3 or
Ki67in CTR or K5CreER/tdTomato/K8rtTA/TetO-DTA mice treated with DOX
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for 5daysand chased for1day. Pvalues are derived from unpaired two-sided
t-tests.n=3mice per condition.k, Schematic representation of the histology
ofthe sweat gland and its different lineages. -0, Confocalimaging (I, n) and
quantification (m, 0) of sweat gland immunostaining for tdTomato, K8 and CC3
(I, m) ortdTomato, K8 andKi67 (n,0) in CTR or K5CreER/tdTomato/K8rtTA/
TetO-DTA micetreated with DOX for 5 days and chased for1day. Pvalues are
derived from unpaired two-sided t-tests. n=3 mice per condition. p-s,
Confocalimaging (p, r) and quantification (q, s) of the intercalated duct of
salivary gland immunostaining for tdTomato, K8 and CC3 (p, q) or tdTomato,
K8andKi67 (r,s)in CTR or K5CreER/tdTomato/K8rtTA/TetO-DTA mice treated
with DOX for 5 days and chased for1day. n=4 for CC3 and n=3forKi67 mice per
condition. Pvalues are derived from unpaired two-sided t-tests. Dataare

mean s.e.m. For theimmunofluorescence data, Hoechst nuclear staining is
showninblue.Scalebars, 5pum.
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Extended DataFig. 5| Transcriptional profiling associated withBC
multipotency induced by LCablation. a, b, Gene ontology (GO) analysis of
genes upregulated more than 2.5-fold in CD29"&"EpCAM"&" cells compared to
LCs (a) or BCs (b). Histograms represent -log,, of the Benjamini Pvalue.n=2
independent experiments. ¢, d, Graphs representing mRNA expression
measured by bulk population RNA sequencing of basal (c) and luminal (d)
upregulated genes in FACS-isolated wild-type BCs, LCEXP, BCEXP,
CD29"e"EpCAM"e" EXP. Fold change over wild-type LCs (c) or over wild-type

Collagen

BCs (d) of genesinvolved in different biological processes.n=2independent
experiments. e, Confocalimages of MGs from CTR mice or mice with IDIDOX.
Immunostaining for K14, Snail2 and K8. f, Immunohistochemistry of 1133 in CTR
MGs or MG after DOXIDI. g, Immunostaining for tdTomato, TnCand K14. h,
Masson’s trichrome staining for collagenin CTRMGs or MG after DOXIDL. 1,
Immunostaining for tdTomato, Alcam and K14. n=3 mice per condition.
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Extended DataFig. 6 |See next page for caption.
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Extended DataFig. 6 | Single-cell transcriptional profiling reveals the
hybrid features of CD29"E"EpCAM"" cells associated with LC-ablation-

induced BC multipotency. a, Heat map of normalized scRNa-seq expression.

Rowsrepresent marker genes (ROCAUC >0.7 and log fold change >0.25) for
clusters discovered through unsupervised clustering (resolution=0.2) and
columnsrepresentindividual cells, grouped by lineage and treatment
condition. Colour valuesin the heat map represent normalized and scaled
expression values. These datashow the hybrid basal and luminal signature of
the CD29"s"EpCAMM"e" cells (Hybrid EXP) after LC ablation. b, &-SNE plots
illustrating the expression of markers for BC and LC lineages (n=337 cells).c,
Graphshowing the mRNA expression (read per million) of Tspan8and Procr.
n=2independentexperiments.d, t-SNE and violin plotsillustrating the
expression for Tspan8. These datashow that Tspan8is expressed at similar

levelsin the different MG populations under physiological conditions and after
LCablation (n=337 cells). e, --SNE and violin plotsillustrating the expression
for Procr. These datashow that Procris expressed at very low levelsin the
different MG populations under physiological conditions and is not increased
after LC ablation (n=337 cells). For -SNE plots, data points represent individual
cells, the colour scaling represents the expression level of the respective
marker gene (high, yellow; low, black). For violin plots the minima, maxima,
centreand percentiles are provided in the Source Data.f, g, -SNE plots for
differentially activated regulons (FDR-corrected Pvalue <0.01from one-sided
Kolmogorov-Smirnov test) as computed by SCENIC, data points represent
individual cells (n=337), the colour scaling represents the regulon AUC value as
ameasure of the number of transcription factor target genes being expressed
(high yellow, low black).
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Extended DataFig.7|See next page for caption.



Extended DataFig.7|Lineage trajectory inference using Slingshot.a, b, pseudotime in the GAM fit. f, Diffusion maps showing normalized expression

Diffusion maps showing normalized expression of Krt14 (a, BC) and Krt8 (b, of markers for ER- LC (Elf5, Heyl and Kit). For the diffusion maps the colour bars
LC).c,Heat map representing the top 100 most significant (lowest adjusted P represent normalized expression levels, going fromblack (low expression) to
value) genes differentially expressed along trajectory1(n=337cells). FDR- yellow (high expression). For the heat maps rows represent the genes, ordered
corrected Pvalues from F-test on Loess-term for pseudotime in the GAM fit. d, by hierarchical clustering. Colours correspond to the Z-score scaled expression
Diffusion maps showing normalized expression of markers for ER+LC (Foxal, ofagene. Columnsrepresent cells, which are ordered by their pseudotime
Lyé6a/Scal and Pgr). e, Heat map representing the top 100 most significant valueintherespective trajectory and their types (BC, hybrid or LC) in control or
(lowest adjusted Pvalue) genes differentially expressed along trajectory 2 experimental condition (wild-type or EXP) are indicated at the top of the heat

(n=337 cells). FDR-corrected Pvalues from F-test on Loess-term for map.
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Extended DataFig. 8| Immunostaining of basal and luminal markers after
LCablation and antibody permeability. a-f, Confocal imaging of
immunostaining for E-cadherin, K5 and tdTomato (a-c) or E-cadherin, K14 and
tdTomato (d-f) in CTR (a, d) or KSCreER/tdTomato/K8rtTA/TetO-DTA mice
after IDIof DOX and chased for 1week (b, ) or 2weeks (c, f) (n=3 mice per
condition). g, Quantification of the proportion of hybrid K8'K14 ‘tdTomato*
cellsandK8*tdTomato" cells on the total K8*tdTomato"* cells at 1week (n=7
mice),2weeks (n=4 mice), 4 weeks (n=3 mice) and 7 weeks (n=3 mice) after
DOX treatment. The Pvalue between1week and 7 weeks, derived from ANOVA
followed by two-sided Dunnett’s test, isshown. h, i, Confocal imaging of
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immunostaining for K14, p63 and K8 (h) and quantification of p63*cellsin
K8K14" cells (i) in CTR or K5CreER/tdTomato/K8rtTA/TetO-DTA mice after
DOXIDIland chased for1week.n=3 mice per condition. j, k, Confocal imaging
ofimmunostaining for K14, Foxal and K8 (j) and quantification of Foxal' cellsin
K8K14" cells (k) in CTR or K5CreER/tdTomato/K8rtTA/TetO-DTA mice after
DOXIDIand chased for1week.n=3 mice per condition.l, Confocalimaging of
immunostaining for K14 and anti-rat Alexa Fluor 488 (green) in CTRMG not
injected or MG after IDl of rat anti-B4 integrin (CD104) and chased for 2 days.
n=3mice per condition. Dataare mean +s.e.m. For theimmunofluorescence
data, Hoechst nuclear staining isshownin blue. Scale bars, 5pum.
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Extended DataFig.9|CellPhone-DB and scRNA-seqon the heterotypic
interactionsignificantuponLCablation. a, Graphrepresenting the mean
expressionand Pvalues of the heterotypicligand-receptorinteraction
significant only after LC ablation compared to the wild type condition (n =242
cells). Pvalues are derived fromaone-sided permutation test. b-d, - SNE and
violin plotsillustrating the expression for the ligand-receptor couples

tSNE_1
WNT7B-FZD4 (b),JAG1I-NOTCH1(c) and NRG1-ERBB3 (d) in the different cell
populations and experimental conditions (n=337 cells). For violin plots the
minima, maxima, centre and percentiles are provided in Source Data. e, t-SNE
plotsillustrating the expression of Jag2, Wnt6 and Nrgl (n=337 cells). Data
pointsrepresentindividual cells. The colour scaling represents the expression
level of the respective marker gene (high, yellow; low, black).
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Extended DataFig.10 | Effect of administrationofanti-DLLI1, anti-JAG1and
anti-JAG2blocking antibodies; LGK-974; sapitinib and afatinibonMG and
MG organoids. a, QRT-PCR analysis of Notch target gene HeyI and Nrarp of
FACS-isolated LCs and BCs of K5CreER/tdTomato/K8rtTA/TetO-DTA mice
treated withIgG2a (CTR Ab) or anti-DII1, Jagl, Jag2 blocking antibodies (n=5
mice per condition), showing the efficientinhibition of Notch target genes
after blocking antibody administration. Pvalues are derived from unpaired
two-sided t-tests. b, Immunostaining for CC10 in lung sections of KSCreER/
tdTomato/K8rtTA/TetO-DTA mice treated with CTRIgG2a or anti-DII1,Jagland
Jag2blocking antibodies, showing the disappearance of the goblet cells
demonstrating the efficiency of Notch inhibition (n =3 mice per condition).

¢, Representative FACS plot of CD21/CD23 in CD45'CDS5 spleen cellsin mice
treated with CTRIgG2aor anti-DII1, Jagl and Jag2 blocking antibodies showing
the disappearance of the marginal zone B cells (CD21"€"CD23") demonstrating
theefficiency of Notchinhibition (n=3 mice per condition).d, qRT-PCR
analysis of Wnt target gene Axin2 of FACS-isolated LCs and BCs of K5CreER/
tdTomato/K8rtTA/TetO-DTA CTR mice or treated with LGK-974, showing the
efficientinhibition of Wnt target genes by LGK-974 (n =3 mice per condition).
Pvalues are derived from unpaired two-sided t-tests. e, f, Confocal imaging (e)
and quantification (f) ofimmunostaining for tdTomato, phospho-EGFR
(p-EGFR) andK8in CTR and K5CreER/tdTomato/K8rtTA/TetO-DTA MG after
DOX IDIand chased for1week and mice after DOX IDI and treated with sapitinib
(Sap) and afatinib (Afa) and chased for 1week (n=3 mice per condition).
Pvaluesare derived from ANOVA followed by two-sided Dunnett’s tests.

g, Quantification of the expression of Ki67 in MG after IDIof DOX in the absence
orinthe presence of different inhibitors. The number ofindependent mice
analysedis shownin parentheses. Pvaluesare derived from ANOVA followed by
two-sided Dunnett’s tests. h, FACS analysis of the LC/BC ratio of MG in control
mice (n=6 mice); mice treated with anti-Notch ligand antibodies (n =3 mice);
with LGK-974 (n =4 mice) and anti-ErbB inhibitors (n=3 mice) for 9 days
showing thattheinhibition of Notch or Wnt signalling does not affect the ratio
between LCs and BCs whereas Erbb inhibitors decreased the proportion of LCs.
Pvalues are derived from ANOVA followed by two-sided Dunnett’s tests. i, FACS
analysis of MG showing tdTomato" cells in LCs after NaClIDI (n =4 mice); DOX
IDI (n=5mice); NaCl or DOXIDIand anti-Notch ligand antibodies (n =3 mice);
NaClor DOXIDIand Wntinhibitor (n=4 mice); NaClor DOX IDIand anti-ErbB
inhibitors (n=3 mice); for 9 days. Pvalues are derived from unpaired two-sided
t-tests.j-m, Confocalimaging ofimmunostaining for tdTomato, K8 and K14 of
MG (j-1) and organoids (m) after DOX or DOX+anti-Notch ligand antibodies (j);
DOX+Wntinhibitor (k); DOX+sapitinib/afatinib (I). n, Quantification of the
expression of tdTomato in K8 cellsin MG organoids treated with DOX,
DOX+anti-Notch ligand antibodies, DOX+LGK-974 or DOX+sapitinib/afatinib
for48 hand chased for 10 days with media and the corresponding inhibitor.
Dataarenormalized over DOX.Form, n,n=3independent experiments. Data
aremean+s.e.m.Pvaluesare derived from ANOVA followed by two-sided
Dunnett’s tests. Dataare mean +s.e.m. For theimmunofluorescence data,
Hoechst nuclear staining is showninblue. Scale bars, 5 pum.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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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.
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X [ X

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

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)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give 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
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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 The confocal (LSM 780 ) images generated were merged an diplayed using the ZEN 2 software (Carl Zeiss).
Flow cytometry data analysis and cell sorting was performed on a FACSAria sorter using the FACS DiVa software (BD Biosciences).

Data analysis The confocal (LSM 780 ) images generated were merged an diplayed using the ZEN 2 software (Carl Zeiss).
Flow cytometry data analysis and cell sorting were performed on a FACSAria sorter using the FACS DiVa software (version 8.0.1, BD
Biosciences).

t-test and U-test were performed using Prism (version 6).

Mammary gland maps were analysed using Fiji version 8, the entire map was treated in order with flowing plug-ins:3D projection>Split
channels>threshold>skeletonize (3D)>analysis skeleton (3D).

GSEA analysis was performed using ranked fold change of probe expression values between populations of interest using GSEA2-2.2.2.
Genes up-regulated in each signature were tested for enrichment in each Gene Ontology class using the DAVID 6.8 web server.

For single-cell bioinformatic analysis sequencing reads were trimmed for adapter sequences using cutadapt (version 1.13) and reads
were aligned to the GRCm38 reference genome using STAR with default parameters (version 2.5.2b). The expression count matrix was
generated using HTSeq (version 0.6.0) on GENCODE M12 transcript annotations and counts for each protein-coding gene were collapsed.
Quality control was performed using the scater R package (version 1.8.0). Read counts were normalized using scan with default
parameters (version 1.8.4). tSNE was performed using the SEURAT package (version 2.3.3) RunTSTE function in R, plots were generated
using the ggplot2 R package (version 3.0.0). Gene regulatory network analysis was performed using pySCENIC (version 0.9.3) using
default parameters. Lineage trajectory inference was performed by applying slingshot (version 1.1.0) to a diffusion map (DM)
representation of the single-cell RNA-seq data. The DM was computed using the destiny package (version 2.12.0). The R gam package
(version 1.16) was used to determine genes with significantly varying expression.

The CellPhoneDB method was developed by Vento-Tormo et al. (2018) to predict cell-cell interaction based on single-cell transcriptomics
data in a statistic framework. The input data consists of the normalized gene counts matrix and a metadata file containing the cell type
label for each cell. First, the cell type labels of all cells are randomly permuted and the mean of the average receptor expression and the
average ligand expression for each pair of cell types is calculated. This is repeated 1000 times to construct a null distribution for each
ligand-receptor pair in each pair of cell types. A p-value for the likelihood that a given interaction is specific for a certain cell type pair can
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then be obtained by taking the proportion of means from the null distribution that are greater than or equal to the observed mean.
Significant interactions can then be prioritized based on their p-value. Biological relevant interactions can then be chosen based on their
average expression level and prior knowledge.

Sequencing reads were preprocessed using cutadapt (version 1.13, https://pypi.org/project/cutadapt/), alignments were generated using
STAR (version 2.5.2b, https://github.com/alexdobin/STAR) and transcript counts were generated using HTSeq (version 0.6.0, https://
pypi.org/project/HTSeq/). Quality control and analysis was performed using the scater (version 1.8.0, https://bioconductor.org/packages/
scater/) and Seurat (version 2.3.3, https://github.com/satijalab/seurat) R packages. Normalization was performed using the scran R
package (version 1.8.4, https://bioconductor.org/packages/scran/). Gene regulatory network analysis was performed using pySCENIC
(version 0.9.3, https://github.com/aertslab/pySCENIC). Pseudotime trajectory analysis was performed using the Slingshot (version

1.1.0, https://bioconductor.org/packages/slingshot/) and destiny (version 2.12.0, https://github.com/theislab/destiny/) R packages.
Ligand-receptor cell-cell interaction analysis was performed using CellphoneDB (version 2.0.0, https://github.com/Teichlab/cellphonedb).

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/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Bulk RNAseq data have been deposited in the NCBI Gene Expression Omnibus under accession number GSE127975 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE127975). Single cell RNAseq data have been deposited in the Gene Expression Omnibus under accession number GSE148791 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148791). Data supporting the findings of this study are available within the article. Source data behind Figure 1,
2, 3, 4 and Extended Data Figure 2, 3, 4, 5, 6, 8, 9 and 10 are available within the manuscript file.
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Life sciences study design

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

Sample size No statistical methods were used to predetermine sample size. All experiments were repeated at least three times with similar results, except
for RNAseq for which experiments was repeated twice, and single cell RNAseq, for which experiment was repeated one time. Sample sizes for
experiments involving mice was determined accordingly to the protocols 671N and 673N, stating that the number of mice used for an
experiment should be reduced at the minimum as soon as the result is reproducible within each experiment. Each experiment involving mice
was performed at least three times for at least 2 animals/experiment. Regarding the in vitro experiments, each experiment was repeated
three times obtaining reproducible and cosistent results.

Data exclusions  No animals were excluded from the analysis.

Replication All experiments were repeated at least three times (3 biological independent experiments/mice and 3 different experiments for organoids)
showing similar results, except for RNAseq analysis and for Sapitinib and Afatinib treatment for which experiments were repeated twice (2
biological independent experiments/mice), for organoids treatments were the farmacological screening was repeated twice if any significant
result was obtained and for scRNAseq for which experiment was repeated ones.

All attempts at replication were successfull and are shown, n is described in legends.

Randomization  The experiments were not randomized. The mice included in this study were selected according to their correct genotype. The mice received
tamoxifen injection/s when they were 8 weeks, and 1 week after they received doxyclycline (one single intraductal injection for females and 1
injection/day for 5 days for males). Transgenic mice of mixed background received doxyclycline and were compared with mice of the same
genotype injected with physiological serum.

Blinding The investigators were not blinded to allocation during experiments and outcome assessment. Blinding was not possible as the same
investigator processed the animals and analysed the data.

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.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X|[ ] chip-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology E D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOXXO S
OOXOOK

Antibodies

Antibodies used The following primary antibodies were used:
anti-K8 (rat, 1:1000, Troma-I, Developmental Studies Hybridoma Bank, University of lowa),
anti-K14 (rabbit or chicken, 1:1000, Thermo),
anti-K5 (rabbit, 1:1000, PRB-160P-0100, lot no 3260860, Covance),
anti-p63 (rabbit, 1:500, clone EPR5701, ab124762, Abcam),
anti-smMHC (rabbit, 1:100, BT562, lot no 5620305, Biomedical Technologies),
anti-FoxA1 (rabbit, 1:100, clone EPR10881, ab 170933, Abcam),
anti-Ecadherin (Rat, 1:500, clone DECMA-1, 14-3249-82, Ebioscience),
anti-integrin B1 (Rat, 1:50, clone MB1.2, MAB1997, lot no 636365, Millipore),
anti-AQP5 (Rat, 1:500, AB3559, Millipore),
anti-TNFa (Goat, 1:100, AF-410, R&D),
anti-cleaved caspase 3 (Rabbit, 1:100, clone 5A1E, 9664S, Cell Signalling),
anti-Ki67 (Rabbit, 1:200, ab15580, Abcam),
anti-CD45 (Rat, 1:500, clone 30-F11, 553079, BD),
anti-CD68 (Rabbit, 1:500, ab125212, Abcam),
anti-snail2 (Rabbit, 1:100, clone C19G7, 9585, Cell Signaling),
anti-TnC (Rat, 1:500, clone EPR4219, ab108930, Abcam),
Anti-Alcam (Goat, 1:200, FAB1172A, R&D),
anti-IL33 (Goat, 1:100, AF3626, R&D),
anti-pEGFR(Y1092) (Rabbit, 1:200, clone EP774Y, ab40815, Abcam).
The following secondary antibodies, diluted 1:400, were used: anti-rabbit (A21206), anti-rat (A21208), anti-chicken (A11039)
conjugated to AlexaFluor488 (Molecular Probes), anti-rabbit (711-295-152), Rhodamine Red-X or anti-rabbit (711-605-152), anti-
rat (712-605-153), anti-chicken (703-605-155) Cy5 (JacksonimmunoResearch).
For intraductal injection the anti-CD104 (rat, clone 346-11A, 553745, BD) was used.
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Validation Antibodies specificity was controlled by using sections of tissues know to express high levels of the antigen, as well as sections of
tissues know to lack expression of the antigen. Antibodies used in this study were previously described in Van Keymeulen et al,
Nature 2011, Van Keymeulen et al, Nature 2015, Wuidart et al, Genes and Dev 2016, Van Keymeulen et al, Cell Reports 2017,
Wouidart et al al, Nature Cell Biology 2018.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The generation of K5CreER and of K8rtTA was previously described (Van Keymeulen et al. 2011; Watson et al 2015). TetO-DTA
mice (Weber et al. 2010) were kindly provided by Jayaraj Rajagopal. Rosa-tdTomato mice were purchased from Jackson
Laboratory (Madisen et al. 2010). Mice colonies were maintained in a certified animal facility in accordance with European
guidelines. The experiments were approved by the local ethical committee (CEBEA) under protocols #671N and #673N. The
study is compliant with all relevant ethical regulations regarding animal research. Mice were analysed at adult age (over 8 weeks)
as indicated in figure legends. For experiments on mammary gland female mice were used, while for experiments on prostate,
salivary gland and sweat gland male mice were used.

Wild animals No wild animals were used in this study.
Field-collected samples No field-collected samples were used in this study.
Ethics oversight Mice colonies were maintained in a certified animal facility in accordance with European guidelines. The experiments were

approved by the local ethical committee (CEBEA) under protocols #671N and #673N. The study is compliant with all relevant
ethical regulations regarding animal research

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

Plots

Confirm that:

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

E 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).

E All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Adult MGs were dissected, and the lymph nodes removed. Tissues were briefly washed in HBSS and chopped in 1mm3 pieces.
Chopped tissues were digested in HBSS + 300 U/ml collagenase (Sigma cat#C0130) + 300ug/ml hyaluronidase (Sigma cat#4272)
for 2h at 37°C under agitation. Physical dissociation using a P1000 pipette was done every 15 mins throughout the enzymatic
digestion. EDTA 5mM was added for 2 minutes, followed by 0,25% Trypsin-EDTA for 2 minutes before filtration through a 70-um
mesh, and 2 successive washes in 2% FBS/PBS.

Samples were incubated in 250ul of 2% FBS/PBS with fluorochrome-conjugated primary antibodies for 30 minutes, with shaking
every 10 minutes. Primary antibodies were washed with 2% FBS/PBS, and cells were resuspended in 2.5mg/ml DAPI (Invitrogen
D1306) before analysis. The following primary antibodies were used: APC-conjugated anti-CD45 (1:100, clone 30-F11,
eBiosciences), APC-conjugated anti-CD31 (1:100, clone 390, eBiosciences), APC-conjugated anti-CD140a (1:100, clone APAS,
eBiosciences), PECy7-conjugated anti-CD24 (1:100, clone M1/69, BD Biosciences), FITC-conjugated anti-CD29 (1:100, clone
Ha2/5, BD Biosciences), APCCy7-conjugated anti Epcam (1:100, clone G8.8, Biolegend). Data analysis and cell sorting was
performed on a FACSAria sorter using the FACS DiVa software (BD Biosciences). Dead cells were excluded with DAPI; CD45+,
CD31+ and CD140a+ cells were excluded (Lin+) before analysis of the Tomato+ cells.

FACSAria Ill (BD Bioscience)
FACSDiva Software 8.0.1 (BD Bioscience)
The proportion of the relevant cell populations is depicted in Figure 1 j.

Extended Data Figure 1. Unicellular suspension of MG cells from adult KSCREER/td-Tomato/K8rtTA/TetO-DTA mice induced at 8
weeks stained for endothelial, immune and fibroblast markers (Lin+) (CD31, CD45, CD140a) in APC, EpCam in Apc-Cy7 and CD29
in FITC, where gated as shown in a to eliminate debris, doublets where discarded with gates shown in b, the living cells were
gated by DAPI dye exclusion as shown in ¢, the non-epithelial Lin+ cells were discarded in d, EpCAM and CD29 expression was
studied in Lin- as shown in e. The CD29Lo/EpCAMhi gate corresponds to luminal cells (LC), the CD29hi/EpCAMIo gate
corresponds to basal cells (BC). Unicellular suspension of MG cells from adult KSCREER/td-Tomato/K8rtTA/TetO-DTA mice
induced at 8 weeks and analyzed 1 week after intraductal doxycycline administration stained for Lin (CD31, CD45, CD140a) in
APC, EpCAM in APC-Cy7 and CD29 in FITC, where gated as shown in f to eliminate debris, doublets where discarded with gates
shown in g, the living cells were gated by DAPI dye exclusion as shown in h, the non-epithelial Lin positive cells were discarded in
i and the PE+ (tomato+) cells were gated as shown in j. EpCAM and CD29 expression was studied in Lin- tomato+ cells, as shown
in k. The CD29Lo/EpCAMNhi gate corresponds to luminal cells (LC), the CD29hi/EpCAMIo gate corresponds to basal cells (BC) and
the CD29hi/EpCAMhi correspond to the new population described in this manuscript.

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