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In brief

Nightingale and Reehorst et al. identify a
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mouse mammary gland development and
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mammary epithelial cells into milk-
producing cells during pregnancy. They
also show that Ehf is an important
suppressor of tumor development in this
tissue.
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SUMMARY

The transcription factor EHF is highly expressed in the lactating mammary gland, but its role in mammary
development and tumorigenesis is not fully understood. Utilizing a mouse model of Ehf deletion, herein,
we demonstrate that loss of Ehf impairs mammary lobuloalveolar differentiation at late pregnancy, indicated
by significantly reduced levels of milk genes and milk lipids, fewer differentiated alveolar cells, and an accu-
mulation of alveolar progenitor cells. Further, deletion of Ehf increased proliferative capacity and attenuated
prolactin-induced alveolar differentiation in mammary organoids. Ehf deletion also increased tumor inci-
dence in the MMTV-PyMT mammary tumor model and increased the proliferative capacity of mammary tu-
mor organoids, while low EHF expression was associated with higher tumor grade and poorer outcome in
luminal A and basal human breast cancers. Collectively, these findings establish EHF as a non-redundant

regulator of mammary alveolar differentiation and a putative suppressor of mammary tumorigenesis.

INTRODUCTION

The primary function of the mammary gland is to synthesize and
secrete milk that sustains the growth and development of prog-
eny.' The mammary gland is distinct from most other organs, as
it undergoes major developmental differentiation in post-natal
life.? The adult mammary gland comprises a complex, bilayered
ductal epithelium,® consisting of apically oriented luminal epithe-
lial cells surrounding a central lumen and an outer layer of basal/
myoepithelial cells in contact with the basement membrane.**
Upon pregnancy, progesterone and prolactin induce alveolo-
genesis, an extensive tissue remodeling process that involves
the co-operation of basal cells, hormone-sensing estrogen-
and progesterone-receptor-positive (ER*PR*) luminal cells,
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and ER"PR™ alveolar luminal cells.® Alveologenesis is initiated
with a proliferative phase, involving proliferation of the epithelial
compartment to expand the ductal system® and the formation of
lobuloalveolar structures, which are comprised of a similar bilay-
ered structure to that to the ductal system.® In mid pregnancy,
the secretory initiation phase sees luminal alveolar progenitors
differentiate into mature milk-secreting alveolar cells,” resulting
in the upregulation of milk protein genes and the formation of
intracellular lipid droplets.” Finally, by late pregnancy, secretory
activation triggers milk proteins and lipid droplets to migrate into
the alveolar lumen in preparation for active post-partum
lactation.®®

While a number of signaling pathways have been implicated as
key molecular regulators of the luminal lineage, including but not
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limited to Notch,™'® Prir/Jak2/Stat5,""'* RANK,"® and Erbb4'®
signaling, together with the transcription factors (TFs)
ELF5,'%">1719 GATAS3 and its target FOXA1,%?%?" C/EBPB,*>**
and BLIMP1,%* there remain significant gaps in our knowledge
of the molecular mechanisms that drive alveologenesis.

The epithelium-specific Ets TFs (ESEs) are a subfamily of Ets
TFs comprising four members, ELF3, ELF5, EHF, and SPDEF,
so named due to their predominantly epithelium-specific expres-
sion profiles.”*” Among these TFs, the least characterized is
EHF, which consists of a pointed domain (PNT) with the potential
for homodimerization and co-operative binding with other TFs
and gene transactivation, and an evolutionarily conserved
winged helix-turn-helix ETS DNA-binding domain that binds
the DNA consensus sequence A(T/C)(C/G)AGGAAGT.?®

Previous mapping of cell-specific active enhancers and asso-
ciated TF networks in human mammary epithelial cells (MECs)
identified a transcriptional regulatory network driven by EHF
and ELF5 in luminal progenitor (LP) cells.?® Consistent with this
finding, upregulation of EHF is observed in the mouse and hu-
man LP population®® and EHF was identified as a putative tran-
scriptional regulator in LP cells in an independent single nucleus
ATAC sequencing dataset.®’ Single-cell RNA sequencing
(scRNA-seq) of mouse MECs determined EIf5 and Ehf as among
the most enriched TFs during differentiation toward the secretory
lineage in gestation and lactation,®* and a supporting study
found that Ehf was induced during the initial phase of lactogenic
differentiation in mouse MECs.*® Conversely, the Ehf regulon
was repressed in the basal compartment of the adult gland.**
Interestingly however, high Ehf expression is observed in a rare
mixed-lineage cluster identified among basal cells expressing
a subset of luminal genes in adult mouse MECs, potentially rep-
resenting a population of transit or “lineage-primed” cells®> and
supporting the notion that EHF may be involved in commitment
to a luminal cell fate in the post-natal mammary gland. Neverthe-
less, while this evidence collectively suggests a critical role for
EHF in luminal lineage differentiation of the mammary gland,
direct functional studies to validate these observations are lack-
ing and the role of EHF in post-natal mammary development and
physiology has not previously been reported. Moreover, delin-
eating regulators of normal mammary development has the po-
tential to identify drivers of mammary tumorigenesis, as many
pathways and TFs involved in mammary remodeling are
frequently perturbed during oncogenesis.*® Interestingly, recent
studies in human and mouse breast cancer cells suggest a po-
tential tumor-suppressive role for EHF,*”*8 though this remains
to be tested directly in an in vivo setting.

We recently generated a mouse model that enables systemic
or tissue-specific deletion of the DNA-binding Ets domain of the
Ehf gene.*® Herein, we utilize these Enf© mice to investigate the
role of Ehf in post-natal mammary development and breast
tumorigenesis. In mice with systemic or mammary-specific Ehf
deletion, we identify a defect in mammary alveolar differentia-
tion, establishing EHF as a non-redundant TF required for the dif-
ferentiation of alveolar cells in pregnancy. In addition, we
demonstrate a significant increase in mammary tumor incidence
in EfCMMTV-PyMT mice. This was consistent with low EHF
expression in human breast cancers being associated with
higher tumor grade and poorer outcome, thus identifying Ehf
as a potential breast tumor suppressor.
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RESULTS

Ehf deletion causes a lactation defect

To determine the impact of whole-body Ehf gene deletion on
fertility, mammary gland development, and lactation, Ehf<C,
Ehf*ET, and Enf"" females were mated with E~fY" males. All Ehf<©
females became pregnant and produced viable and phenotypi-
cally normal offspring, born at the expected Mendelian ratio and
litter sizes. However, the neonatal mortality rate from first litters
born to Enf<© females was significantly higher (85.7%) compared
with litters born to EAfET (22.1%) and Ehf'" (7.8%) females
(p < 0.001, chi-squared test) (Figure 1A). Neonate lethality
occurred within 48 h post parturition despite Ehf<C mothers dis-
playing typical nursing behavior. Necropsy examination of
1-day-old pups revealed an absence of milk in their stomachs.
The 8 surviving pups from a total of 56 pups born from Ehf<© fe-
males were fostered onto surrogate mothers. Lethality of neo-
nates was independent of their genotype (Figure 1B), further indi-
cating that the neonatal lethality was due to lactation insufficiency
of Enf© mothers. Second litters born to Ehf© females had a
reduced but still significant neonatal mortality rate of 60% (Fig-
ure 1A), indicating that the lactation defect in Enf<° females is
partially overcome by exposure to a subsequent pregnancy.

Expression of Ehf in the post-natal mammary gland

The inability of Enf<© females to support their pups suggested a
potential defect in mammary gland development. As the role of
Ehf has not previously been studied in this context, we first eval-
uated Ehf expression in whole mammary tissue during post-natal
development. Relative to the pubertal gland, Ehf expression was
1.4-fold higher in the adult gland, then further induced in gesta-
tion, increasing 3.2-fold in early pregnancy (6.5 days pregnant
[dP]), 8.1-fold at mid-pregnancy (10.5 dP), and peaking at
13.6-fold in late pregnancy (18.5 dP). Subsequently, Ehf levels
rapidly declined during lactation (2-3 and 8 [days lactating]), re-
turning to pre-pregnancy levels at 4 days post-involution (4 dPI)
(Figure 1C).

To identify the specific MEC type(s) expressing Ehf, we inter-
rogated published mouse scRNA-seq data of 15 annotated
mouse MECs at four key stages of mammary gland develop-
ment: nulliparous (NP) adult, mid-pregnancy (14.5 dP), during
active lactation (6 dL), and in post-involution (11 dPl) (Fig-
ure 1D).%* Ehf expression was largely restricted to MECs of the
luminal lineage (Figure 1E) and was most highly expressed in
alveolar progenitors in gestation (Avp-G) and lactation (Avp-L),
and in differentiated alveolar cells in gestation (Avd-G) (Fig-
ure 1F). Similarly, publicly available scRNA-data from normal hu-
man mammary cells’® (Figure 1G) confirmed that EHF expres-
sion was confined to epithelial cells of the luminal lineage (LP)
and mature luminal (ML) (Figures 1H and 1l).

Loss of Ehf impairs ductal elongation in puberty and
moderately reduces ductal area in the adult

mammary gland

To eliminate the possibility that the observed lactation defect of
Ehf© mothers was being driven by an abnormality in mammary
tissue architecture occurring in early post-natal mammary devel-
opment, we examined the mammary gland structure at puberty,
during the critical stages of ductal elongation and branching
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Figure 1. Ehf is highly expressed in luminal mammary epithelial cells and its deletion in mice causes a high pup mortality rate

(A) Mortality rate (%) of pups born to uniparous (P1) Enf"7 (n = 17 mothers, 114 pups), Enf&7 (n = 16 mothers, 95 pups), Ehf<© (n = 10 mothers, 56 pups) mothers,
and biparous (P2) Enf<® mothers (n = 6 mothers, 40 pups). ***p < 0.0001, *p < 0.01. Chi-squared test.

(B) Distribution of genotypes of first-born litters from Ehf© mothers mated to Ehf"E” males. n = 41 out of the 48 dead pups genotyped. NS, not significant. Chi-
squared test.

(C) Ehf mRNA expression relative to 8-actin (ACTB) in whole mammary tissue from Enf'" females at puberty (6 weeks old), nulliparous adult stage (NP adult,
10 weeks old), and various stages of pregnancy and post involution (dP, days pregnant; dL, days lactation; dPI, days post involution). n = 5 mice per stage.
(D) 15 annotated clusters of mammary epithelial cells from C57BI/6N female mice at 8 weeks old (NP adult), 14.5 dP, 6 dL, and 11 dPI identified as hormone-
sensing differentiated (HsD), hormone-sensing progenitor (HsP), luminal progenitor (LP), luminal differentiated (LD), alveolar progenitor (Avp), alveolar differ-
entiated (Avd), myoepithelial (Myo), asbal (Bsl), and PRC (Procr+ basal cells, enriched for mammary repopulating units) from Bach et al.** (STAR Methods).
(E) Identification of MEC subsets with expression of Ehf in the 15 annotated MEC clusters.

(F) Ehf mRNA expression in the 15 annotated mouse MEC clusters.

(G) 8 annotated clusters of cells isolated from normal human breast.*°

(H and I) Corresponding EHF expression in these clusters (values shown in | are logCPM). LP, luminal progenitor; ML, mature luminal.

morphogenesis, and in the adult NP setting when the mature Ductal elongation is led by highly proliferative terminal end buds
ductal network has reached the margins of the mammary (TEBs), consisting of an outer layer of pluripotent stem cells,
fat pad.*! termed cap cells,”> and an inner multilayer of undifferentiated
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Figure 2. Ehf is indispensable for alveologenesis

(A) Representative whole mounts of inguinal mammary glands from Ehf*" and Ehf© mice at 18.5 dP. Scale bars, 0.2 mm.

(B) Representative H&E-stained sections of thoracic mammary glands from Ehf'™ and Ehf<® mice at 18.5 dP; arrows indicate cytoplasmic lipid droplets. Scale
bars, 200 puM.

(C-E) Quantification of (C) number of alveoli per mm? of mammary gland tissue, (D) average area per alveoli, and (E) alveoli percentage area in mammary gland.
Values shown are mean + SEM of n = 8 mice per genotype.

(F) Representative Krt8/18 and Krt14 immunostained thoracic mammary glands from Ehf"” and Eh#<© mice at 18.5 dP. Red: Krt8/18; green: Krt14; blue: DAPI.
Scale bars, 50 uM.

(G) Representative immunostained thoracic mammary glands from EnfY” and Ehf<© mice at 18.5 dP for mouse-milk-specific protein. Scale bars, 200 uM.

(H) Percentage staining of milk protein in whole mammary gland. Values shown are mean + SEM of n = 7 mice per genotype.

() mMRNA expression in whole mammary gland tissue from Ehf"" and Enf<© mice at 18.5 dP for milk proteins a-casein (Csn1s1), -casein (Csn2), a-lactalbumin
(Lalba), and whey acidic protein (Wap) expressed relative to §-actin (ACTB). Values shown are mean + SEM of n = 9 mice per genotype.

(legend continued on next page)
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body cells*® that drive the filling of the mammary fat pad with an
elaborate ductal system.® Histological examination of whole-
mounted inguinal mammary glands in pubertal mice (6 weeks
old) demonstrated that the directionality of TEBs was unaffected
by Ehf deletion, with all TEBs oriented for forward growth toward
the end of the mammary fat pad* (Figure S1A). However, the
number of TEBs (Figure S1B), and the distance from TEBs to
the end of the mammary fat pad, was significantly greater in Enf<©
mice, indicating slower extension of ducts (Figure S1C).

In adult NP mice (10 weeks old), the ductal tree of inguinal
glands of both Enf'™ and Enf<© females was fully elongated (Fig-
ure S2A). However, while normal secondary and tertiary branch-
ing structures were observed (Figure S2B), a greater number of
TEBs were still present in Ehf<© glands (Figure S2C). The total
number (Figures S2D and S2E) and average size of ducts
(Figures S2D and S2F) was not significantly impacted, whereas
the area of the mammary fat pad occupied by ducts was moder-
ately reduced in Ehf<C glands (Figures S2D and S2G). The bi-
layered ductal structure was not affected by Ehf loss, with a
single layer of Krt8/18-positive cells enveloping a central lumen
surrounded by an outer layer of Krt14-positive basal/myoepithe-
lial cells (Figures S2H and S2I).

From these data, we concluded that as the ductal elongation
defect in Ehf< gland at puberty is largely overcome by the adult
stage, it is improbable that the lactation defect of Enf© mothers
is due to the subtle impact of Ehf deletion in the adult NP gland.

Ehf is indispensable for alveologenesis

To investigate the role of Ehf in mammary development during
pregnancy, we studied the impact of Ehf loss at late gestation
(18.5 dP), when Ehf expression peaks. There was no difference
in the age of Enf" and Ehf<© females at the time of collection
(Figure S3A), and absence of exon 8 of the Ehf transcript was
confirmed in EAf® whole mammary tissue at 18.5 dP (Fig-
ure S3B). Histological analyses of whole mounts of the inguinal
mammary glands (Figure 2A) and H&E-stained corresponding
thoracic mammary glands (Figure 2B) revealed that the mam-
mary glands of Ehf" females at 18.5 dP consisted of well-differ-
entiated lobuloalveolar units, with the mammary fat pad filled by
expanded alveoli containing luminal secretory materials and
cytoplasmic lipid droplets (CLDs) as well as lipids secreted into
the luminal space.’® Comparatively, Ehf<° glands contained
rudimentary low-density alveolar-like structures with an almost
complete absence of CLD, indicative of failed secretory initia-
tion” (Figures 2A and 2B). Ehf© glands also had fewer alveoli,
with the mammary tissue largely comprised of adipocytes and
stroma (Figures 2B and 2C), reduced area of individual alveoli,
consistent with a lack of expansion from luminal secretion (Fig-
ure 2D), and reduced alveoli area to gland area ratio (Figure 2E).
Consistent with the differences in abundance of CLDs and adi-
pocytes, lipidomic profiling uncovered marked remodeling of
the lipidome of the EAf® mammary gland, including a significant
decrease in monoalkyl-diacylglycerols (TG[O]), as well as alke-

Developmental Cell

nylphosphatidylethanolamine (PE[P]) and alkenylphosphatidyl-
choline (PCI[P]), and a number of TG species containing polyun-
saturated fatty acids (PUFAs), particularly 20:5, 22:5, 22:6, and
20:4 (Figure S3C).

To determine whether loss of Ehf also impacted the cellular
composition and structure of alveoli, glands were co-stained
with Krt8/18 and Krt14. Ehf<© alveoli were comprised of the ex-
pected single layer of Krt8/18-positive cells enveloping a central
lumen, surrounded by a discontinuous layer of Krt14-positive
myoepithelial cells** (Figure 2F), demonstrating that the
observed lactation deficiency is not due to perturbation of the bi-
layered alveoli anatomy.

To confirm that the loss of CLD reflected reduced milk produc-
tion, EAfYT and Ehf<© mammary glands were stained for mouse
milk protein. Although some milk protein was present in the
lumen of Ehf<© alveoli, the percentage of milk within the gland
was markedly reduced compared with that in Ehf"” controls
(Figures 2G and 2H). Furthermore, real-time quantitative PCR
analysis determined significantly reduced mRNA expression of
the dominant mouse milk proteins «a-casein (Csnis1), 3-casein
(Csn2), a-lactalbumin (Lalba), and whey acidic protein (Wap)*'
in EAf© mammary tissue (Figure 2I).

A higher proportion of MECs in the mammary glands of Ehf-
deficient mice stained positively for the cell proliferation marker,
Ki67 (Figures 2J and 2K), which was further supported by an
increased expression of the cell cycle regulator, cyclinD1
(Cend1) (Figure 2L). Collectively, these findings demonstrate
that Enf<© glands remain blocked in the proliferative phase of al-
veologenesis at 18.5 dP and identify Ehf as a non-redundant
determinant of successful lactation.

Ehf deletion impacts an epithelial-cell-autonomous
program

As the above findings were established in the context of whole-
body Ehf deletion, we sought to confirm that the requirement of
Ehf for alveologenesis is epithelial cell autonomous by deleting
Ehf specifically in MECs. For this purpose, EAf"" mice were
crossed to MMTVC™ mice to induce recombination in the mam-
mary epithelium from early development.’>“ As the MMTVC™®
transgene may have off-target effects on lactation,”>™" Ehf-
mammary-specific knockout (Ehf<®) mice were studied along-
side two control lines, Enf"" and MMTVC™®, at late pregnancy
(18.5 dP). There was no difference in the age of females at
the time of collection (Figure S3D), and mammary-specific
Ehf deletion was confirmed by real-time quantitative PCR
(Figures S3E-S3G).

Examination of whole-mounted inguinal mammary glands and
histological analysis of corresponding thoracic glands confirmed
the phenotype observed in mice with constitutive Ehf deletion,
with mammary glands from Eh"“© females also containing rudi-
mentary low-density lobuloalveolar structures (Figure 3A) and a
loss of secreted lipids and CLDs (Figure 3B). There were fewer
alveoli in the mammary gland of Ehf"%© mice compared with

(J) Representative immunostained thoracic mammary glands of EhfYT and Ehf© mice at 18.5 dP for the proliferation marker Ki67. Scale bars, 200 uM.

(K) Percentage positive Ki67 staining.

(L) MRNA expression in whole mammary gland tissue from Eh'" and Enf<© mice at 18.5 dP for cyclinD1 (Ccnd1). Values shown are mean + SEM of n = 9 mice per
genotype. ***p < 0.0001, *p < 0.001, *p < 0.01, *p < 0.05; NS, not significant. Unpaired t test.
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Figure 3. Ehf deletion impacts an epithelial-cell-autonomous program
(A) Representative whole mounts of inguinal mammary glands from Ehf*", MMTVC™, and Ehf"¥© mice at 18.5 dP. Scale bars, 0.2 mm.

(B) Representative H&E-stained thoracic mammary glands from Ehf"", MMTVC"™, and Ehf"<© females at 18.5 dP. Arrows indicate CLDs. Scale bars, 200 uM.
(C-E) Number of alveoli present per mm? of mammary gland tissue, (D) average area per alveoli, and (E) alveoli percentage area in mammary gland. Values shown
are mean + SEM of n = 9 mice per genotype.
(F) mRNA expression (relative to 8-actin) of milk protein genes in whole mammary gland tissue from Ehf"" MMTVC™, and EhfK© mice at 18.5 dP: a-casein
(Csn1s1), B-casein (Csn2), a-lactalbumin (Lalba), whey acidic protein (Wap), cyclinD1 (Ccnd1), and Ki67 (Mki67). Values shown are mean + SEM of n = 9 mice per

*u*

genotype.

< 0.0001, ** p < 0.001 *p < 0.01, *p < 0.05; NS, not significant. Unpaired t test. # p < 0.05, 1-tailed t test.
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Figure 4. Ehf loss alters MEC subtype composition and modifies gene expression profiles at late pregnancy
(A and B) t-SNE plots of total mammary epithelial cells (MECs) from 18.5 dP Enf" and Ehf® mammary gland; distribution of cells colored by identification of
epithelial clusters, as defined by Bach et al.>” Abbreviations defined in the methods section. Numbers in the legends indicate the number of cells identified for

each group.
(A) Enf© cells in gray.
(B) EnfT cells in gray.
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Ehf"" but not MMTVC™ glands (Figure 3C), while the size of indi-
vidual alveoli (Figure 3D) and alveoli area to gland area ratio (Fig-
ure 3E) were significantly reduced in Ehf""“© mice compared with
both the EAf"" and MMTVC" controls. Csn1s1, Csn2, Lalba, and
Wap mRNA levels were also significantly reduced (Figure 3F)
while, conversely, expression of Ccnd? and Mki67 were higher
in the mammary tissue of Enf5© mice (Figure 3F). These results
establish that Ehf deficiency in the mammary gland during late
pregnancy disrupts a mammary epithelial autonomous program.

Ehf<© luminal cells have increased clonogenic potential
The effect of Ehf deletion on the clonogenic capacity of isolated
luminal MECs (Lin~ [Ter119~CD31-CD457] CD24*CD29") (Fig-
ure S4A) from EAfYT and ERf© mammary glands at 18.5 dP
was assessed. Consistent with the observed increase in Ki67
positivity, Ehf-deficient luminal cells in late pregnancy had a
higher repopulating activity (Figures S4B and S4C), further sup-
porting the existence of a differentiation block that causes cells
to remain in the proliferative phase of alveologenesis.

Ehf loss alters MEC subtype composition and modifies
gene expression profiles at late pregnancy

To investigate the impact of Ehf deletion on the mammary
epithelial compartment during late pregnancy, we profiled the
MEC population (Figure S4A) from Ehf'T and Ehf© mice by
scRNA-seq. Following gene and cell filtering, 9,871 EnfY" and
6,567 Ehf© cells were included in the analysis. Effective deletion
of Ehf was confirmed by the absence of RNA-seq reads corre-
sponding to Ehf exon 8 in Ehf© MECs (Figure S5A). Unsuper-
vised cell clustering of the single-cell profiles of the Ehf"™ and
Ehf© samples resulted in 18 clusters, visualized by t-distributed
stochastic neighbor embedding (t-SNE) dimension reduction
(Figure S5B). The lineage identity of these 18 transcriptional clus-
ters was then interrogated by assessing expression of canonical
mouse mammary epithelium lineage markers,***° which identi-
fied clusters 1-4, 9, 10, 12, and 14-18 as basal (high expression
of Acta2, Krt5, Krt14, Sparc, Cxcl14, and Myl9) (Figure S5C) and
clusters 5-8, 11, and 13 as luminal (high expression of Krt18,
Krt19, EIf5, Kit, Ehf, and Prlr) (Figure S5D).

The gene expression signature of each Ehf’" and Ehf© MEC
was further annotated according to one of the 15 MEC subtypes
previously identified by Bach et al.*® (Figures 4A and 4B). In
concordance with their isolation during late pregnancy
(18.5 dP), >99% of MECs from both Enf'" and Ehf® mammary
gland were classified as gestation (G)-stage or lactation (L)-stage
subtypes (Figure 4C). However, while the majority of EnfV"
MECs were classified as L-stage subtypes (69.4%) (Bsl-L myo,
Avd-L, Avp-L, and Prc-L), Ehf<® MECs were primarily classified
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as the preceding G-stage subtypes (84.6%) (Bsl-G, Avd-G,
Avp-G, and Hsd-G), indicating an overall delay in differentiation
of Enf© MECs (Figure 4C). More specifically, within the luminal
lineage, the Ehf<© gland contained a significantly reduced per-
centage of Avd-L and Avd-G cells and a corresponding increase
in the precursory Avp-G population. Similarly, within the Bsl line-
age, the proportion of Bsl-L Myo was markedly reduced, with a
corresponding increase in the preceding Bsl-G subtype in the
Ehf© gland (Figure 4D). To determine the impact of Ehf deletion
on epithelial cell composition, we performed a pseudotime tra-
jectory analysis along the mammary gland differentiation hierar-
chy. Overlaying the cell cluster identity with the pseudotiming
states demonstrated that E~fY™ MECs displayed a typical alve-
olar differentiation trajectory whereby the Bsl-G population ex-
ists at the bottom left axis, differentiating to produce the Bsl-L
Myo (top left axis) and Avp-G compartments, followed by
Avd-G and Avp-L, which represent intermediate populations in
the trajectory toward production of terminally differentiated
Avd-L cells (far right axis) (Figure 4E, left panel). In contrast, a
high proportion of Bsl-G Ehf<© MECs exist along the pseudotime
trajectory, failing to terminally differentiate and produce Bsl-L
Myo cells, there is also an over-accumulation of Avp-G cells,
and lacking in production of Avd-L cells at the end-fate axis (right
hand side), indicating a failure to differentiate into mature Avd-L
cells (Figure 4E, right panel). These observations were further
confirmed when trajectories of Ehf’" and Ehf© MECs were
plotted individually from unintegrated data (Figure S5E).

In addition to impacting MEC composition, Ehf deletion caused
substantial transcriptional changes within each lactation and
gestational subtype (Table S1). We elected to focus on the
Avd-G compartment as a representative population to assess
transcriptional changes resulting from Ehf deletion. Of the 352
differentially expressed genes (DEGs) in the Avd-G subset, 217
were downregulated and 135 upregulated in the EAf<© gland.
Among the genes most significantly downregulated in Eh#<©,
Avd-G cells were those involved in the synthesis of milk proteins
and lipids (Wap, Lalba, Glycam1, Csn1s1, Csn1s2a, Csn2, Lao1,
Mfge8, and Btniat) and in fatty acid biosynthesis, metabolism,
and transport (Fabp3, Fabp4, Plin2, and Cd36) (Figure 4F). Gene
set enrichment analysis (GSEA) based on the “Hallmark gene
sets” in the MSigDB database (Table S2) identified that the
most downregulated pathways in Ehf® Avd-G cells included pro-
tein secretion, apical junction, and apical surface, signaling path-
ways critical for mammary gland development (including /L2/
STATS5 signaling, IL6/JAK/STAT3 signaling, estrogen response
early, estrogen response late, and TGFbeta signaling™), and
several metabolic processes (adipogenesis, fatty acid meta-
bolism, glycolysis, and cholesterol homeostasis) (Figures 4G and

(C) Percentage of cells classified as gestation stage (14.5 dP), lactation stage (6 dL), NP adult stage, post involution stage (11 dPI), and unclassified in Enf*” and

Ehf© mammary gland at 18.5 dP.

(D) Percentage of each cell type. Numbers shown in the legend indicate the total number of cells identified for each group.
(E) Pseudotime analysis of Enf'" and Ehf© MECs along the trajectory of the mammary gland epithelial hierarchy. Left panel: Enf<© cells in gray. Right panel:

Ehf'T cells in gray. Refer to (A) and (B) for color code.

(F) Volcano plot indicating significantly differentially expressed genes in Avd-G MECs at late pregnancy. Yellow: genes involved in cell cycle progression; blue:
synthesis of milk proteins and lipids; pink: fatty acid biosynthesis, metabolism, and transport.

(G and H) Gene set enrichment plots of Hallmarks significantly enriched in (G) Ehf*" and (H) Ehf© Avd-G MECs at late pregnancy (18.5 dP).

() mRNA expression of the Notch signaling genes Notch1, Hey1, Hey2, Hes1, and Arrb1 (relative to 8-actin) in whole mammary gland tissue from Ehf"” and Ehf©
mice at 18.5 dP. Values shown are mean + SEM of n = 9 mice per genotype. ***p < 0.0001, ** p < 0.001 *p < 0.01, *p < 0.05. Unpaired t test
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Figure 5. Ehf loss induces chromatin accessibility changes in DEGs in Avd-G cells
(A) Multidimensional scaling sample clustering of the ATAC-seq datasets (batch corrected) of luminal MEC samples isolated from 4 Enf" and 4 Ehf© animals at

18.5 dP.

(B) Correlation of mMRNA expression (scRNA-seq of Avd-G cells) and corresponding chromatin accessibility changes of the promoter regions (ATAC-seq of
luminal cells) of the 331 genes differentially expressed in Avd-G cells between EnfV" and Ehf© samples at 18.5 dP.
(C) Representative ATAC-seq read coverage tracks of the regions 5 kb upstream to 2 kb downstream of the TSS of Wap, Glycam1, and Csn1s1in Enf'" and Ehf<©

luminal MECs at 18.5 dP.

S6A). Conversely, genes significantly upregulated in EAf<© Avd-G
cells included those involved in cell cycle progression (Mki67,
Ccnd1, Nom1, Top1, Top2a, and Mcm®6) (Figure 4F). This was re-
flected in the GSEA, which revealed enrichment for E2F targets,
G2M checkpoint, MYC targets V1 and V2, DNA repair, Notch
signaling, and mitotic spindle (Figures 4H and S6B). As hyperac-
tive Notch signaling is known to impair alveologenesis,*® we
examined the expression of multiple Notch pathway components
and targets, which confirmed increased expression of Notch,
Hey1, Hey2, Hes1, and Arrb1 in Enf<© glands (Figure 4I).
Collectively, these data demonstrate that in addition to reduced
prevalence, Ehf® Avd-G cells display transcriptional profiles
indicative of diminished alveolar differentiation and a greater pro-
genitor-like state compared with their Enf’" counterparts.

Ehf loss induces corresponding chromatin accessibility
changes in DEGs in Avd-G cells

To study the corresponding epigenetic changes induced by Ehf
deletion in luminal MECs, we next performed ATAC-seq profiling
of Enf'T and Ehf© luminal cells at 18.5 dP. Unsupervised clus-

1996 Developmental Cell 59, 1988-2004, August 5, 2024

tering of the samples based on global ATAC-seq profiles resulted
in clear segregation of the Enf"’" and Ehf<© luminal samples (Fig-
ure 5A), demonstrating that Ehf loss induces significant chromatin
remodeling. To investigate chromatin accessibility changes in the
genes differentially expressed between EAVT and Ehf© Avd-G
cells, we performed a correlation analysis between the ATAC-
seq and corresponding scRNA-seq datasets. Of the 331 DEGs
for which there was corresponding ATAC-seq data, a significant
positive correlation (Pearson correlation 0.264, p < 0.0001) was
observed between gene expression and chromatin accessibility
(Figure 5B). ATAC-seq tracks showing reduced chromatin acces-
sibility of 3 representative genes downregulated in Ehf© Avd-G
cells are shown (Figure 5C). These data are consistent with Ehf
loss impacting the alveolar differentiation program through tran-
scriptional regulation.

Ehf-deficient mammary organoids display impaired
lactogenic differentiation

To directly verify the lactogenic differentiation defect of Ehf<C
MECs, primary mammary organoids were generated from EAf"T
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and Ehf<© adult NP mice and their growth capacity assessed
in vitro. Consistent with an increased proliferative capacity, the
number of viable cells was higher in Eh#© compared with EhV"
organoids (Figures 6A and 6B). Interestingly, both EAf*T and
Ehf© MECs were able to produce ML-type organoids (acinar
structure and enlarged lumen), LP-type organoids (small size,
reduced lumen with some exhibiting rudimentary budding), and
basal or stem cell-like (B) organoids (large size, extensive
branching morphology) (Figure 6C).*%->°

We subsequently assessed the ability of Enf'” and E~f<° or-
ganoids to undergo prolactin-induced lactogenic differentiation.
Notably, Ehf mRNA was induced 3.9-fold in EhfV" organoids 96 h
post treatment (Figure 6D), indicating that its expression is
induced by prolactin. Induction of the known prolactin-regulated
genes, EIf5, Statba, Csn1s1, Csn2, Lalba, and Wap, and repres-
sion of the proliferation marker Ccnd1, was significantly attenu-
ated in Enf© compared with Enf'" organoids (Figure 6D), con-
firming the critical role of Ehf in lactogenic differentiation.

Ehf suppresses mammary tumor development in mice
Given its role in promoting differentiation and attenuating prolif-
eration of luminal MECs, we explored whether Ehf could function
as a suppressor of mammary tumorigenesis. We addressed this
by crossing Enf© mice to the MMTV-PyMT luminal breast tumor
model®’ and assessing tumor incidence. The combined tumor
weight at endpoint was not different between EhfY"MMTV-
PyMT and EhfMMTV-PyMT mice, confirming that the ethical
endpoint was accurately determined (Figure S7A), and efficient
deletion of Ehf in EhfCMMTV-PyMT mammary tumors was
confirmed (Figure S7B). Notably, the delay in ductal elongation
observed in Ehf° mice at puberty was also observed in
EhfCMMTV-PyMT mice (Figures S7C and S7D). Consistent
with this delay, median tumor-free survival (82.5 days vs.
76.0 days for EhfCMMTV-PyMT and EhfY"MMTV-PyMT,
respectively, p < 0.05) (Figure S7E), and the time taken to reach
the ethical endpoint (98.5 days vs. 83.0 days, p < 0.01), were
increased in EAfCCMMTV-PyMT mice (Figure S7F).

Assessment of mammary tumor number at ethical endpoint
demonstrated a significant increase in the number of
macroscopic mammary tumors in EhfCMMTV-PyMT mice
(Figures 7A and 7B), suggesting a tumor-suppressive role for
Ehf. Consistent with this effect, mammary tumor organoids
derived from EhfMMTV-PyMT mice displayed increased
cell viability compared with EhfY"MMTV-PyMT organoids
(Figures 7C and 7D).

Histological assessment of primary mammary tumors re-
sected from ERVTMMTV-PyMT and EhfCMMTV-PyMT mice re-
vealed no major differences, with most tumors classified as inva-
sive carcinomas of no special type (NST), with or without a ductal

Developmental Cell

carcinoma in situ component (Figure S7G). Molecular character-
ization based on expression of the estrogen and progesterone
receptors (Esr1/Pgr), Erbb2, and established markers of pro-
gression in the MMTV-PyMT model (Ccnd1, Septin 9, Collal,
Chad, Ezh2, and Gata3)°"*° also demonstrated no significant
differences between genotypes (Figure S7H).

Low EHF expression is associated with poorer outcome
and high tumor grade in human breast cancer

To extend these findings to human breast cancer, we examined
associations between EHF expression and molecular subtype,
outcome, and histological grade, using publicly available data-
sets.”®*® A range of EHF expression was observed in each of
the molecular subtypes of breast cancer (Figure 7E), with low
EHF expression associated with poorer outcome in luminal A
and basal-like subtypes (Figure 7F). Consistent with Ehf deletion
impairing cell differentiation and maintaining cells in a prolifera-
tive state in the normal mouse mammary epithelium, EHF
expression was significantly lower in high-grade breast cancers
(Figure 7G) and inversely correlated with expression of the prolif-
eration marker MKI67 (Figure 7H). Finally, analysis of the TCGA
breast cancer dataset® revealed a significant inverse correlation
between EHF mRNA expression and methylation, indicating that
loss of EHF expression may be epigenetically driven in human
breast cancers (Figure 71).

DISCUSSION

This study defines an essential and previously unknown role for
the TF Ehf in post-natal mammary gland development and tumor
suppression. In addition to its key role in alveolar differentiation
during pregnancy, we found that Ehf was also important for
development of the ductal network in puberty. This observation
is consistent with previous data showing high Ehf expression in
TEBs and mature ducts.”® Furthermore, in line with the estab-
lished function of estrogen in driving ductal elongation,*® Ehf
has been described as an estrogen-responsive TEB profile
gene, with an induction trajectory increasing from pre-puberty
to puberty and then declining in the adult gland.>” However,
the specific mechanism by which Ehf regulates ductal elonga-
tion, and whether this is aligned with or differs from its effects
on alveolar differentiation during pregnancy, remains to be
determined.

The impact of Ehf deletion on post-natal mammary develop-
ment and differentiation was highly pronounced in pregnancy.
Our findings indicate that Enf© glands can undergo the initial
phase of the alveologenesis program, as features of this stage,
including tertiary branching and the formation of rudimentary
alveolar buds, were evident in Ehf<° glands at 18.5 dP.

Figure 6. Ehf-deficient mammary organoids display impaired lactogenic differentiation
(A) Representative images of primary mammary Enf'” and Ehf<© organoids, t = 72 h post seeding. Scale bars, 500 pM.
(B) Viability of mammary organoids; fold-change normalized to t = 24 h post seeding. Values shown are mean + SEM of n =3 organoid cultures generated from 3

independent animals per genotype.

(C) Representative images of primary mammary Ehf"” and Enf<© organoids demonstrating structures indicative of mature luminal (ML), luminal progenitor (LP),

and basal (B) cell type. Scale bars, 100 uM.

(D) mRNA expression of Ehf, milk protein and proliferation genes in primary mammary EhfYT and Enf<© organoids 96 h post prolactin treatment. Values shown are
mean + SEM of the fold-change relative to control-treated organoids, from n = 3 organoid cultures generated from 3 independent animals per genotype.
***p < 0.0001, “*p < 0.01, *p < 0.05. Unpaired t test. #p < 0.05, 1-tailed t test.
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(A) Representative images of macroscopic primary mammary tumors in situ and following resection (boxed) in Enf""MMTV-PyMT and Ehf“®MMTV-PyMT mice at
an ethically determined endpoint. Scale bars, 10 mm.
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Conversely, the smaller alveoli and absence of CLDs in Ehf<©
mammary glands at 18.5 dP, which are classical features of
mid-pregnancy,”'®*" indicate a failure of Ehf<° MECs to un-
dergo secretory initiation. Furthermore, the shift of MECs from
the proliferative phase into the first alveolar differentiation transi-
tion is demarcated by a strong decline in the proliferation marker
Ki67.%° Our data indicating that 18.5 dP Enf® MECs retain high
Ki67 expression and proliferative capacity in clonogenic assays
further support the notion that these cells exhibit a block in differ-
entiation and remain in the proliferative phase of early preg-
nancy. Collectively, these findings demonstrate that Ehf is
essential for functional alveolar differentiation during pregnancy
and that, in the absence of Ehf, alveolar cells remain in a prolifer-
ative and undifferentiated state.

Interestingly, we observed that the basal cell population
(Bsl-G) in Ehf<° MECs expressed lower levels of milk protein
and lipid genes at late pregnancy. Basal cells expressing milk
protein gene transcripts have been proposed to represent cells
transcriptionally primed toward a luminal cell fate.®* These line-
age-primed basal cells have been identified in the pubertal and
adult mammary glands, with their prevalence increasing in preg-
nancy. The previous identification of Ehf enrichment in lineage-
primed MECs,* paired with our observation that Ehf deletion
causes overaccumulation of Bsl-G, suggests that Ehf may also
contribute to priming of the basal compartment to a luminal
cell fate in pregnancy.

One of the pathways predicted to be enriched in Enf<© MECs
was Notch signaling. As sustained Notch signaling has been
shown to impair alveologenesis through expansion of the LP
population at the expense of differentiation,*® Ehf deletion may
impede alveolar differentiation, at least in part, through failed
suppression of Notch signaling. Notably, constitutive Notch
signaling also promotes the self-renewal and oncogenic trans-
formation of LPs,” and may potentially also underpin the
increased tumor incidence observed in EhRFCMMTV-PyMT
mice. Whether sustained Notch signaling is the mechanism
driving the disrupted alveologenesis and increased mammary
tumorigenesis induced by Ehf deletion would therefore be
worthy of further investigation.

Ehf shares a highly homologous DNA-binding domain with the
related ESE TFs Elf5 and EIf3.?” Comparable with our findings,
EIf5He™O mice exhibit a lactation defect due to failed alveologen-
esis,'® and EIf5 has been shown to be an alveolar-lineage-spe-
cific regulator critical for both proliferation in early pregnancy
and differentiation in late pregnancy.'” Similar to Ehf deletion,
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heterozygous deletion of EIf5 causes an overaccumulation of
the MaSC-enriched and LP populations during pregnancy,
which are blocked in differentiation, as well as an increase in
mammary stem cell activity.'® The functions of the remaining
ESE-family TFs, EIf3, and SPDEF in post-natal mammary tissue
have not been reported; however, the mammary developmental
defect induced by Ehf deletion alone demonstrates that there is
no functional redundancy between Ehf and the other ESE family
members.

Nevertheless, it remains likely that EHF and ELF5 may coop-
erate to regulate a mammary differentiation program; EHF and
ELF5 overlap in their expression pattern and biological function®”
and are also contiguously located on chromosome 11p13 in hu-
mans and chromosome 2 in mice.*® Furthermore, in silico ana-
lyses identified EHF and ELF5 as the predominant TF regulatory
network enriched in LP cells.”® EIf5 has also been shown to
directly regulate Ehf in mammary ductal carcinoma cells.*®
Comparatively, in this study we observed that EIf5 induction in
response to prolactin treatment was markedly attenuated
in Ehf® organoids, suggesting Ehf may also regulate EIf5.
Conversely however, EIf5 expression was increased in Ehf<°-
differentiated alveolar cells (Table S1), which may reflect an
attempt of EIf5 to compensate for Ehf loss. In this regard, while
Ehf deletion resulted in complete neonate mortality of pups
born to first litters nursed by Ehf<© females, this phenotype
was partially rescued by a subsequent parturition, a phenome-
non that has been observed in other knockout models.'*'®
Whether this is due to increased expression of EIf5 or other fac-
tors remains to be determined.

Consistent with its role in suppressing proliferation and pro-
moting alveolar differentiation, this study also provides evidence
that Ehf functions as a suppressor of mammary tumorigenesis.
While whole-body Ehf<© mice were used in this study, the known
epithelium-specific expression of Ehf,>° coupled with the
increased growth capacity of Enf*°MMTV-PyMT tumor organo-
ids, suggests that this effect is at least partially driven by disrup-
tion of the epithelial-cell-autonomous functions of Ehf in MECs.
However, the possibility that the tumor microenvironment may
contribute to tumor development and progression cannot be
ruled out.

The potential tumor-suppressive role of EHF identified herein
is also consistent with findings in the human breast cancer cell
lines MDA-MB-231 and MDA-MB-453, and 4T1 mouse mam-
mary tumor cells, where EHF overexpression attenuated cell
proliferation, migration, invasion and metastasis, and epithelial

(B) Number of macroscopic primary mammary tumors in Enf""MMTV-PyMT and Ehf<MMTV-PyMT mice at ethically determined endpoint. Values shown are
mean + SEM of n = 11 EnfV"MMTV-PyMT and 12 Ehf*MMTV-PyMT mice. *p < 0.05. Unpaired t test.
(C) Representative primary mammary tumor organoids from EhfY"MMTV-PyMT and Ehf<CMMTV-PyMT mice 96 h post seeding. Scale bars, 500 uM.

(D) Cell viability in mammary organoids from EnfY"MMTV-PyMT and Ehf*MMTV-PyMT mice. Values shown are mean + SEM of the fold-change in cell viability
normalized to t =2 h post seeding from n = 3 organoid cultures generated from 3 independent animals per genotype. *p < 0.05. Unpaired t test. # p < 0.05, 1-tailed
t test.

(E) EHF mRNA expression in METABRIC trial dataset® from intrinsic histological human breast cancer subtypes, basal-like (Basal), Her2 enriched (Her2), luminal
A (Lum A), luminal B (Lum B), normal-like (Normal), claudin-low, and not classified (NC).

(F) Correlation of EHF expression with patient-relapse-free survival in luminal A and basal-like breast cancers, accessed from KM Plotter.**

(G) EHF mRNA expression according to histological grade of human breast cancers. Data shown are mean + SEM mRNA expression values assessed by mi-
croarray in the METABRIC trial®® of n = 28 grade 1, n = 88 grade 2, and n = 111 grade 3 breast cancers. *p < 0.05, **p < 0.005. Unpaired t test.

(H) Correlation of EHF mRNA expression with the proliferation marker MKI67 across human breast cancer samples (n = 236, r = —0.233, p = 0.0003, Pearson’s
correlation).

() EHF mRNA expression vs. methylation in the TCGA dataset® (all cases, n = 494; r = —0.237, p < 0.0001, Pearson’s correlation).
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to mesenchymal transition, and promoted tumor cell apoptosis
and cellular senescence.®”*® A tumor-suppressive function for
EHF has also been documented in cell-line and animal models
of prostate,®°°? pancreatic,°*®* and colon carcinoma.®®:%°

Limitations of the study

While our findings establish a non-redundant role for Ehf in alve-
olar differentiation and tumor suppression in the mouse mam-
mary gland, the study has limitations. Although the targeted
deletion of the DNA-binding Ets domain of Ehf in this model en-
ables us to conclude that the observed phenotype is due to loss
of Ehf transcriptional activity,®° the lack of an antibody to reliably
detect mouse EHF protein precludes us from determining
whether expression of the EHF protein is completely abolished.
It therefore remains possible that other activities of EHF, such as
protein-protein interactions mediated through the PNT domain,
may be retained.

We further note that, in seeming contrast to the increased tu-
mor incidence, tumor-free survival and the time to ethical
endpoint were also increased in EAf“®MMTV-PyMT mice. How-
ever, we reason that this is likely due to the confounding effect of
Ehf loss delaying development of the ductal epithelium and
thereby delaying the onset of mammary tumors. Additional
mouse models, whereby Ehf is deleted specifically in the adult
gland, may therefore be required to further validate these
findings.

In summary, this study demonstrates a previously unknown
role for the Ehf TF in alveolar differentiation in the mammary
gland, as well as acting as a putative suppressor of mammary
tumorigenesis. These findings add a key element to our growing
body of knowledge of the mechanism by which development of
this critical tissue is regulated during pregnancy and the mecha-
nisms that protect this tissue from malignant transformation.
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Normal goat serum Thermo Fisher Scientific Cat# 31872

Triton™ X-100 Sigma Aldrich Cat# X100-100ML

Spectral- 40,6-Diamidino-2-phenylindole dihydrochloride (DAPI)
ProLong™ Diamond Antifade Mountant

DMEM-F12

L-glutamine

Fetal Bovine Serum, heat inactivated

Insulin neutral (rys) 1001U/ml

Hydrocortisone sodium succinate 100mg
Recombinant mouse epidermal growth factor (EGF)
Gibco™ Collagenase, Type Il, powder

Hyaluronate 4-glycanohydrolase (Hyaluronidase)
Deoxyribonuclease | (DNase |)

Trypsin (2.5%)

Ethylene glycol-bis(2-aminoethylether)-N,N,NO, NO -tetraacetic
acid (EGTA)

Dispase I

Trypan Blue 0.4% (2,7-Naphthalenedisulfonic acid,
3,3-[(3,3-dimethyl[1,1-biphenyl]-4,4-di yl)bis(azo)]
bis[5-amino-4-hydroxy-, tetrasodium salt)
7-Aminoactinomycin D (7-AAD)

Chloroform (LC grade)

Methanol (LC grade)

Butanol

Ammonium Formate

Acetonitrile (LCMS grade)

Isopropanol (LCMS grade)

Water (LCMS grade)

IGEPAL® CA-630

Digitonin, High Purity

TWEEN® 20

AMPure XP Reagent

Cultrex Reduced Growth Factor Basement Membrane Extract,
Type 2, Pathclear

Advanced DMEM-F12

Cholera toxin
Penicillin-Streptomycin

HEPES

B-27 Supplement minus vitamin A
N-Acetylcysteine

Recombinant mouse FGF2 (basic)
Recombinant mouse FGF-10
Recombinant mouse Wnt3a
Heparin sodium salt

Recombinant murine R-Spondin-1
Y-27632 2HCI

Bovine serum albumin (BSA)
Recombinant Mouse Prolactin Protein
Corning® Cell Recovery Solution

Akoya Biosciences
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Symbion

Symbion

R&D Systems

Thermo Fisher Scientific
Sigma Aldrich

Worthington Biochemical
corporation

Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich
Thermo Fisher Scientific

Sigma Aldrich
Merck

Merck

Merck

Sigma Aldrich
Merck

Merck

Merck

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Beckman Coulter
R&D Systems

Thermo Fisher Scientific
Sigma Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma Aldrich

R&D Systems

R&D Systems

R&D Systems

R&D Systems
Peprotech

Selleck Chemicals
Sigma Aldrich

R&D Systems

In vitro technologies

Cat# NC1526331
Cat# P36970
Cat# 11320033
Cat# A2916801
Cat# 10100147
Cati# 272957
Cat# 328472
Cat# RDS2028-EG-200
Cat# 17101015
Cat# H3506
Cat# LS002140

Cat# 15090-046
Cat# E0396

Cat# 4942078001
Cat# T10282

Cat# A9400

Cat# 1.02445.2500
Cat# 1.06018.2500
Cat# 1.01988.2500
Cat# 516961-100G
Cat# 1.00029.2500
Cat# 1.02781.4000
Cat# 1.15333.2500
Cat# 18896

Cat# 300410

Cat# P1379

Cat# A63880

Cat# RDS3533-010-02

Cat# 12634010
Cat# C8052

Cat# 15140122
Cat# 15630080
Cat# 12587-010
Cat# A7250

Cat# 3139-FB-025
Cat# 6224-FG-025
Cat# 1324-WN-002
Cat# 2812/100
Cat# 315-32-100
Cat# S1049

Cat# A7030

Cat# 1554-PL-050
Cat# FAL354253
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

ReliaPrep RNA Tissue Miniprep System - Fibrous Tissue protocol Promega Cat# 26112
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368814
Chromium Next GEM Single Cell 3’ Kit v3.1 10X Genomics Cat# PN-1000268
lllumina Tagment DNA TDE1 Enzyme and Buffer Kit lllumina Cat# 20034197
MinElute Reaction Cleanup Kit Qiagen Cat# 28204

Opal 4-Color IHC manual kit Akoya Biosciences Cat# NEL810001KT
RealTime-Glo™ MT Cell Viability Assay Promega Cat# G9711
RNeasy® Micro Kit Qiagen Cat# 74004
Deposited data

scRNA-seq of human breast tissue Bach et al.*” GEO: GSE106273

scRNA-seq
ATAC-seq

This Manuscript
This Manuscript

GEO: GSE221684
GEO: GSE260878

Experimental models: Cell lines

EhfYT and Ehf<® mammary epithelial organoids This paper N/A
EhfYTMMTV-PyMT and Ehf®MMTV-PyMT mammary This paper N/A
tumour organoids

Experimental models: Organisms/strains

Mouse: C57bl/6 Ehf"" Generated in house by N/A

Mouse: BALB/c-Tg(CMV-cre)1Cgn/J

Mouse: FVB/N (Tg(MMTVS™®)1Mam/J (MMTV-Cre/Line A)
Mouse: FVB/N-Tg(MMTV-PyVT)634MullJd (MMTVPyMT)

Ozgene

Mouse Genetics Cologne

(MGC) Foundation
Wagner et al.*®

Guy et al.®

Jackson Stock Number: 003465

Jackson Stock Number: 003551
Jackson Stock Number: 002374

Oligonucleotides

Primers for genotyping

Primers for real-time quantitative PCR

See Table S3 for full
sequence

See Table S4 for full
sequences

N/A

N/A

Software and algorithms

edgeR

SPOT Basic Software

Aperio ImageScope software v12.0.1.5027

inForm® tissue analysis software version 2.2

HALO software version 3.4
FlowdJo software v10.1r7

Rsubread v2.6.4

Seurat v4

Robinson et al.,®’
McCarthy et al.,®
Chen et al.,®®

Spot Imaging

Leica Biosystems

Akoya Biosciences

Indica Labs, USA
Tree Star

Liao et al.,”®

R Project for Statistical
Computing

Hao*, Hao* et al.,”’

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://www.spotimaging.com/
software/spot-basic/

https://www.leicabiosystems.com/
en-au/digital-pathology/manage/
aperio-imagescope/
https://www.akoyabio.com/
phenoimager/inform-tissue-finder/
https://learn.indicalab.com/

RRID:SCR_008520; URL:
https://www.flowjo.com/
solutions/flowjo

https://bioconductor.org/packages/
release/bioc/html/Rsubread.html

https://www.r-project.org/

https://satijalab.org/seurat/articles/
install.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Monocle 2 Trapnell et al.,”® https://cole-trapnell-lab.github.io/

Qiu et al.,”® monocle-release/docs/
Qiuetal.,”

Voom Law et al.,”® N/A

Limma Ritchie et al.,”® https://bioconductor.org/packages/
release/bioc/html/limma.html

Subread Liao et al.,”” https://subread.sourceforge.net/

HOMER v4.11 Heinz et al.,”® http://homer.ucsd.edu/homer/

FeatureCounts Liao et al.,”® https://subread.sourceforge.net/
featureCounts.html

Kaleido 3.0 software Perkin Elmer https://www.flinders.edu.au/content/
dam/documents/research/health-
medical-research-institute/ensight-
user-manual.pdf

cellSens Olympus https://www.olympus-lifescience.com/
en/software/cellsens

KMPlotter Curtis et al.>? https://kmplot.com/analysis/

METABRIC dataset Gyorffy>® https://www.cbioportal.org/

TCGA dataset Koboldt et al.,** https://www.cancer.gov/tcga

GraphPad Prism v8.0 GraphPad Software https://www.graphpad.com/

BioRender BioRender https://www.BioRender.com

Other

MasterCycler EP Thermal Cycler Eppendorf https://www.gmi-inc.com/product/

Omni Metal Beads- 2.4 mm diameter
Nanodrop ND-2000

ViiA™ 7 Real Time PCR system
Leica Biosystems RM2245

Epredia™ SuperFrost™ Plus Adhesion Control Microscope Slide
Zeiss Axioskop 2

Aperio AT2 Slide Scanner

VECTRA 3 microscope

Mcllwain tissue chopper, Model TC752

BD FACSAria Fusion

6495C QQQ mass spectrometer
2200 Tapestation

lllumina NextSeq 500

24-well suspension plate
EnSight multimode plate reader
Olympus CKX53 microscope

Capella Science
NanoDrop Technologies
Applied Biosystems
Leica Biosystems

Fisher Scientific
Zeiss

Leica Biosystems
Akoya Biosciences

Mickle Laboratory Engineering

BD Biosciences

Agilent

Agilent

lllumina

Greiner Bio-One
Perkin Elmer
Olympus

eppendorf-mastercycler-ep-thermal-
cycler-range/

Cat# 19-640

Cat# ND-2000

Cat# 4453534

https://www.leicabiosystems.com/
en-au/histology-equipment/
microtomes/leica-rm2245/

Cat# 22-042-941
N/A
N/A
N/A
N/A

Flow Cytometry, WEHI URL:
https://www.wehi.edu.au/research/
research-fields/flow-cytometry

N/A
N/A
N/A
Cat# 662102
N/A

https://www.olympus-lifescience.com/
en/microscopes/inverted/ckx53

RESOURCE AVAILABILITY

Lead contact

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

riadason (john.mariadason@onijcri.org.au).
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Materials availability
Mouse lines and organoids generated in this study are available upon request to the lead contact.

Data availability
® Sequencing data have been deposited in the GEO database under accession codes GEO: GSE221684 (scRNA-seq) and GEO:
GSE260878 (ATAC-seq).
® This paper analyses existing publicly available datasets. Accession numbers are listed in the key resources table.
® This paper does not report any original code.
@ Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of conditional Ehf knockout mice

Mice carrying the Enf"" allele, whereby exon 8 and the coding region of exon 9 were flanked by loxP sites, were generated by oocyte
injection techniques (Ozgene) in C57b1/6 embryonic stem (ES) cells as previously described.®® Enf”" mice were mated with C57b1/6
Tg;CMV*™ mice (Original Source: Mouse Genetics Cologne (MGC) Foundation, provided by Warren Alexander, Walter and Eliza Hall
Institute, Melbourne, Australia) to induce biallelic Ehf gene deletion in all tissues. The CMV"® allele was then bred out of the colony,
and germline Enf<© and Ehf"T control progeny were obtained by Ehf heterozygous mating and studied on a pure C57bl/6 genetic
background. Enf"" mice were also mated with mouse mammary tumor virus (MMTV) long terminal repeat (Tg(MMTVC"®)1Mam/J
(MMTV-Cre/Line A)) mice (Original source: Kay-Uwe Wagner,*® Wayne State University, JAX stock #003551) to generate mammary
epithelial specific Ehf deletion. ERf"" MMTVC™®* (ERKO); ERf"™ and ERf*MMTVC™ (MMTVC™) genotypes for this study were ob-
tained by mating Ehf”* females to Ehf”*MMTVC™®* males, and littermates were studied on a mixed C57bl/6 FVB/N genetic
background.

Generation of Ehf knockout MMTV-PyMT mice

FVB/N-Tg(MMTV-PyVT)634Mul/J (MMTV-PyMT) males (Original source: William Muller®® McGill University, JAX Stock#002374) ex-
pressing mouse mammary tumor virus (MMTV) long terminal repeat upstream of a cDNA sequence encoding the Polyoma Virus mid-
dle T antigen (PyVT) were used in mating due to failure of MMTV-PyMT females to lactate.?° Ehf*’~ females were used in mating due to
failure of Ehf - females to lactate. Female mice heterozygous for germline Ehf deletion (Ehf*") were then crossed to MMTV-PyMT 9+
males; and their Ehf heterozygous deletion progeny were then interbred to generate Ehf*MMTVPyMT (Ehf "MMTV-PyMT'®"*) and
EhfYTMMTVPYMT (Ehf *"*MMTV-PyMT"9*) mice for this study. Female litter mates were studied on a mixed C57bl/6 FVB/N genetic
background.

Mouse studies
All animal breeding and procedures were performed in accordance with specific approvals obtained from the La Trobe University
(AEC16-58) and Austin Health (A2015-05274; A2018-05553; A2019-05648) Animal Ethics Committees (Melbourne) and conformed
to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. All animals in this study were housed in
open-top boxes with basic enrichment and provided with standard mouse chow and drinking water ad libitum. For timed pregnan-
cies, the Jackson laboratory guidelines were followed, whereby the soiled bedding from stud males was added to the females’ boxes
three nights prior to mating to induce synchronized estrous cycles. Adult female mice were mated overnight and assessed for the
presence of vaginal plugs the following morning. The presence of a plug was counted as gestation day 0.5 (0.5 dP). The gestation
stage of females was confirmed at the time of mammary gland collection by examination of the embryos developmental stage.
For the MMTV-PyMT tumour model, EnfY"TMMTV-PyMT and Ehf®MMTV-PyMT female mice were examined and palpated twice
weekly from 4 weeks of age onwards to assess for the onset of mammary tumours. Once palpable tumour/s were detected, their size
was monitored by digital caliper measurements three times weekly until endpoint. Mice were euthanized by CO2 inhalation when
tumours reached the ethically determined combined size limit of 1.5 cm?® (Ethical endpoint cohort), or 6 weeks of age (6-week-old
cohort). At ethical endpoint, macroscopic mammary tumours were excised and weighed. For animals of the 6-week-old cohort,
inguinal mammary glands were whole mounted and carmine alum stained.

METHOD DETAILS

DNA genotyping

DNA extraction for genotyping was performed by incubating 2-3 mm of mouse tail biopsy samples in 30 pL Quick Extract DNA
Extraction solution (Astral Scientific, Australia) at 65°C for 10 minutes followed by 98°C for 5 minutes. To amplify selected regions
of DNA, 18 uL of a master mix consisting of gene-specific forward and reverse primers (6.25uL of each 100uM primer), 500 pL
2xMyTaq Red (Bioline, Australia) made up to 1 mL with nuclease free water was added to 2 uL of DNA. DNA was then amplified using
a MasterCycler Thermal Cycler (Eppendorf, USA). Oligonucleotides used for genotyping are listed in Table S3. For DNA genotyping of
Ehf, using the combination of primer A and C, the wild-type allele produced a 769 bp product, the floxed allele produced a 912 bp
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product and the recombined allele produced a 252 bp product. To further confirm deletion of Ehf, the primer set B and C were utilized,
whereby the wild-type allele produced a 501 bp product, the floxed allele produced a 598 bp product, and the recombined allele
produced no PCR product due to primer B binding within the floxed region of Ehf. Genotyping for MMTVC™ produced a 280 bp prod-
uct in animals with the MMTVC™ allele, with no product produced in wild-type mice. Genotyping for MMTV-PyMT produced a 600 bp
product in animals with the PyMT transgene, with no product produced in wild-type mice.

Specific thermocycler conditions were as follows:

Genotyping for Ehf:

94°C  2:00 minutes
94°C  0:30 minutes
68°C  1:00 minutes | x35 cycles
72°C  1:20 minutes
72°C  3:00 minutes

4oc  ©°
Genotyping for MMTVC™:

94°C  2:00 minutes
94°C  0:40 minutes
60°C  1:00 minutes + x35 cycles
72°C  2:00 minutes
72°C  5:00 minutes

4°C oo
Genotyping for MMTV-PyMT:

94°C  2:00 minutes
94°C  1:00 minutes
55°C  1:00 minutes  x35 cycles
72°C  1:00 minutes
72°C  7:00 minutes

4°c oo

Gel electrophoresis

The products of DNA genotyping reactions were resolved and imaged by agarose gel electrophoresis to determine genotypes.
Agarose (1.5% w/v, Bioline, Australia) in TAE buffer was heated in a microwave until homogenous. The agarose solution was sub-
sequently poured into a gel tray to solidify. Once the gel had set it was suspended in TAE buffer in a gel tank and amplified DNA
(10uL) applied to wells along the top of the gel. Where needed, a 1kb plus DNA ladder (2uL, Invitrogen, Australia) was included to
accurately determine size of bands. DNA from mice with known genotypes were used as controls. The loaded gel was run at 90V
for 60-75 minutes.

Expression of Ehf in MECs from publicly available datasets

Ehf expression in 15 annotated clusters of mouse mammary epithelial cells was derived using the online tool from the Marioni lab
http://marionilab.cruk.cam.ac.uk/mammaryGland. Abbreviations: Basal in gestation (Bsl-G), Myoepithelial in lactation (Myo), Alve-
olar differentiated in gestation (Avd-G), Alveolar differentiated in lactation (Avd-L), Hormone sensing differentiated in gestation
(Hsd-G), Alveolar progenitor in gestation (Avp-G), Procr* basal cells (Prc), Alveolar progenitor in lactation (Avp-L), Basal in nulliparous
gland (Bsl), Luminal progenitor in post involution (Lp-Pl), Luminal progenitor in nulliparous gland (Lp-NP). Hormone sensing differen-
tiated in post involution (Hsd-Pl), and unclassified. EHF expression in human mammary cells was derived from scRNA-seq profiles of
normal human breast tissues from 13 women with no family history of breast cancer, which were integrated and visualized in UMAP.
Cell clusters of the integrated data were identified and annotated as described in Pal et al.*® Log-count-per-million (log-CPM) values
of EHF were computed using the com function of the edgeR package.®”°

Mammary gland RNA isolation, cDNA synthesis and quantitative real time polymerase chain reaction

RNA was extracted from whole thoracic mammary glands and primary mammary tumours using the ReliaPrep RNA Tissue Miniprep
System Fibrous Tissue protocol (Promega, USA) using a metal bead homogenization step (Omni Metal Beads- 2.4 mm diameter,
Capella Science, Australia), with the DNase | treatment step included. RNA concentration and quality was determined spectropho-
tometrically using the Nanodrop ND-2000 (NanoDrop Technologies, USA). RNA purity was determined by the ratio of absorbance at
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260 nm and 280 nm, with ratios of >1.8 deemed of sufficient purity for cDNA synthesis. 200-500ng of RNA was reverse transcribed to
cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) as per manufacturer’s instructions using
random primers. Relative gene expression was determined by quantitative real time PCR using the ViiA 7 Real Time PCR system
(Applied Biosystems, USA). The reaction mixture consisted of 0.75 pL 500nM forward primer, 0.75uL 500nM reverse primer, 1 pL
of 1:10 diluted cDNA, 2.5uL 2x Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Australia). Samples were amplified
using the following program: 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Expression
levels of genes of interest were normalized to the house keeping gene B-actin (ACTB). Gene specific primers used for quantitative real
time PCR are listed in Table S4.

Mammary gland whole mounts and histology

For mammary gland whole mounts, glands were excised and mounted onto SuperFrost slides (Thermo Fisher Scientific, Australia)
then fixed in Carnoy’s fixative (100% Ethanol, Chloroform, Glacial acetic acid; 6:3:1) overnight at 4°C. Glands were then gradually
rehydrated in serial ethanol baths of 70%-, 35%- and 15%- ethanol and water for 5 minutes each, then immersed in distilled water
for 5 minutes at room temperature. Glands were then immersed in Carmine alum (1g Carmine, 2.5g Aluminum potassium sulfate,
Thymol) until the stain penetrated through the mammary epithelial tissue and then gradually dehydrated in serial water baths of
50%-, 35%-, 15%- ethanol and water for 5 minutes each then distilled water for 5 minutes at room temperature then cleared in xylene
until only the epithelium remained.®' Glands were mounted with Entellan™ (Sigma Aldrich). Formalin-fixed paraffin embedded (FFPE)
thoracic and inguinal mammary gland sections and MMTV-PyMT primary mammary tumours were prepared by placing glands in
cassettes in 10% neutral buffered formalin (Australian Biostain) for 48 hours before changing to 80% ethanol. Samples were pro-
cessed and paraffin embedded (Department of Anatomical Pathology, Austin Hospital, Australia). 4 um sections were cut using a
Leica Biosystems RM2245 Semi-Automated Rotary Microtome (Leica Biosystems, Australia) onto SuperFrost slides (Fisher Scien-
tific, Australia). Slides were de-paraffinised and rehydrated through serial xylene and ethanol washes, rinsed in RO water and stained
in filtered Mayer’s haematoxylin (Amber Scientific) for 60 seconds. After washing in warm tap water, slides were placed in Scott’s tap
water for 60 seconds then rinsed in water, counterstained in acidified aqueous eosin Y solution (Sigma Aldrich, USA) for 2-5 minutes
before being dehydrated through serial ethanol and xylene washes and mounted with DPX (Sigma Aldrich, USA). Images from
18.5 dP carmine alum-stained whole mounts were captured using a Zeiss Axioskop 2 microscope using the ACHROPLAN 4x
objective (NA 0.1) (Zeiss AxioCam HRc color camera and SPOT 5.6 software); Whole mounts from other stages and images from
H&E- stained sections were captured using the Aperio AT2 Slide Scanner (Leica Biosystems, USA) using the Olympus 20x
UPLanSApo (NA 0.75) objective.

Immunostaining

FFPE tissue sections (4 um) were cut and placed onto electrostatic glass slides and processed by deparaffinizing and rehydrating
through serial xylene and ethanol washes, then rinsed in tap water. Endogenous peroxidase was quenched by H,0, (3% in RO water,
Science Supply Associates, Australia) at room temperature for 10 minutes. Antigen retrieval was performed by incubation in 10mM
sodium citrate pH 6.0 (sodium citrate tribasic dihydrate (Sigma-Aldrich, USA)), or 1imM EDTA pH 8.0 (Ultrapure EDTA, Invitrogen,
Australia) at 100°C for 30 minutes in RO water. Slides were then cooled to below 65°C before washing in Tris-buffered saline with
0.05% Tween20 (TBST), then stained with the following primary antibodies: Rabbit anti-Mouse Milk Specific Protein (Accurate Chem-
ical and Scientific Corporation, USA at 1:12,000 dilution), and Rabbit anti-mouse Ki67 Monoclonal Antibody (Thermo Fisher Scien-
tific, UK at 1:150 dilution) overnight at 4°C in a humidified chamber. Slides were then washed in TBST and incubated with Dako envi-
sion anti-rabbit labelled polymer-HRP (Dako, USA) secondary antibody for 30 minutes at room temperature, followed by washing in
TBST and visualization by addition of 3, 3-diaminobenzidine (DAB) (Dako, USA). Slides were counterstained with haematoxylin and
dehydrated through serial ethanol and xylene washes then sealed with glass coverslips using DPX mounting solution (Sigma Aldrich,
USA). Stained slides were scanned on an Aperio AT2 slide scanner (Leica Biosystems, USA) and images analysed using Aperio
ImageScope software v12.0.1.5027 using a Nuclear v9.1 or Positive Pixel Count v9.1 algorithm. The algorithm was tested on three
separate samples per stain before being applied to all samples.

Multicolour immunofluorescence staining was performed using the Opal 4-Color IHC manual kit (Akoya Biosciences). FFPE sec-
tions were deparaffinised and rehydrated through serial xylene and ethanol washes, then rinsed in tap water. Endogenous peroxi-
dase was quenched by H>O, (3% in RO water, Science Supply Associates, Australia) at room temperature for 10 minutes. Antigen
retrieval was performed by incubation in AR6 buffer (Akoya Biosciences) in a microwave (LG). Sections were brought to boiling point
at full power then simmered using 20% power for 15 minutes. Slides were cooled to room temperature for 20 minutes before washing
in RO water followed by TBST, then blocked in 3% normal goat serum (Thermo Fisher Scientific), 0.3% Triton-X-100 (Sigma Aldrich)
in TBS for 30 minutes, followed by Opal blocking buffer/diluent (Akoya Biosciences) for 10 minutes at room temperature. Slides were
then stained with primary antibody rat anti-mouse Krt8/18 TROMA-1 (antibody deposited to the DSHB by Brulet, P. / Kemler, R.
(DSHB Hybridoma Product TROMA-1)), at 1:100 dilution for 1 hour at room temperature. Slides were then washed in TBST and
incubated with InlmPRESS™ HRP Goat anti-Rat IgG (Mouse Adsorbed-Detection kit, Vector Laboratories) secondary antibody
for 10 minutes at room temperature, followed by washing in TBST. Slides were then incubated in Opal fluorophore solution
Opal-690 at 1:100 dilution for 10 minutes at room temperature, followed by washing in TBST. A second antigen retrieval and blocking
procedure was then performed as described above before staining with primary antibody rabbit anti-mouse Krt14 overnight at 4°C
(Biolegend, at 1:800 dilution). Slides were then washed in TBST and incubated with Opal HRP Anti-Ms+Rb (Akoya Biosciences) for
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10 minutes at RT, slides were then washed in TBST and incubated with Opal-570 at 1:150 dilution for 10 minutes at room temper-
ature, followed by washing in TBST. A final antigen retrieval step was performed as described above, followed by washing in RO wa-
ter and TBST. Slides were then stained with spectral DAPI (Akoya Biosciences) as per manufacturer’s recommendation then washed
in TBST and mounted with ProLong™ Diamond Antifade Mountant (Thermo Fisher Scientific). Stained slides were scanned on a
VECTRA 3 microscope with a multispectral camera using the Olympus UPlanSApo 20x/N0.75 objective and analysis performed us-
ing Vectra 3.0 (Akoya Biosciences), inForm tissue analysis software version 2.2 (Akoya Biosciences) and HALO software version 3.4
(Indica Labs, USA).

Mammary epithelial cell preparation and flow cytometry

Thoracic and inguinal mammary glands were resected, lymph nodes removed, and samples collected into cold MEC media (DME-
F12 supplemented with 1 mM glutamine (Thermo Fisher Scientific), 5ug/ml insulin (Symbion), 500ng/mL hydrocortisone (Symbion),
10ng/mL Epidermal growth factor (R&D systems) and 5% Heat inactivated Fetal bovine serum (Thermo Fisher Scientific). For the
scRNA-seq study, mammary glands of 18.5 dP females of the same genotype were pooled. Glands were mechanically dissociated
with a Mcllwain tissue chopper (Mickle Laboratory Engineering), then digested for 1 hour at 37°C in an orbital shaker with 300 U/mL
collagenase (Sigma), 100 U/mL hyaluronidase (Sigma) and 0.1 mg/mL DNase | (Worthington) in MEC media containing 5% Fetal
bovine serum. The resulting suspension was diluted in PBS with 2% fetal bovine serum and cells pelleted by centrifugation at
1050 rpm for 5 minutes at room temperature. The cell pellet was further digested in 0.25% trypsin-EGTA with 0.1 mg/mL DNase |
for 3 minutes at 37°C, then diluted in PBS with 10% fetal bovine serum and cells pelleted by centrifugation at 1050 rpm for 5 minutes
at room temperature. The cell pellet was then digested in 5 mg/mL Dispase (Sigma Aldrich) with 0.1mg/mL DNase | (Roche Diagnos-
tics) at 37°C for 5 minutes, then diluted in PBS with 2% fetal bovine serum. Cells were passed through a 100 um cell strainer (Miltenyi
Biotec 130-110-917) to obtain a single cell suspension, then live cells counted using trypan blue. Single cells were pelleted by centri-
fugation at 1050 rpm for 5 minutes at room temperature, then blocked in rat y-globulin (Jackson Laboratories) and anti-CD16/CD32
Fcy LI/l receptor antibody (BD Pharmingen) with 0.1 mg/mL DNase | for 10 minutes at room temperature. Antibody incubations were
performed at 4°C for 25 minutes. The following antibodies were used for Fluorescence-activated cell sorting (FACS): APC anti-mouse
CD31 (rat, clone 390, BioLegend), APC anti-mouse CD45 Antibody (rat, clone 30-F11, BioLegend), APC anti-mouse TER-119/
Erythroid Cells (rat, clone Ter119, BioLegend), Pacific Blue anti-mouse CD24 (rat, clone M1/69, BioLegend) and FITC-anti-mouse
CD29 (mouse/rat clone HMB1-1, BioLegend). Isotype controls APC Rat IgG2b, k Isotype Ctrl Antibody (clone RTK4530), FITC Arme-
nian Hamster IgG Isotype Ctrl Antibody (clone HTK888), Pacific Blue™ Rat IgG2b, «k Isotype Ctrl Antibody (clone RTK4530) were
used to set up the sorting gates. Cells were diluted in PBS with 2% fetal bovine serum then pelleted by centrifugation at
1050 rpm for 5 minutes, and 0.2mg/ml 7-Aminoactinomycin D (Sigma Aldrich) added to exclude dead cells. The cell suspension
was then filtered through a 40 um cell strainer and the luminal cell population (Ter119"CD31~-CD45~ CD24*CD29') sorted on a
FACS Aria Fusion using a 100 um nozzle (Becton Dickinson). Data analysis was performed on the single, live gate using FlowdJo soft-
ware (v 10.1r7, Tree Star).

Lipidomic profiling

Lipidomic profiling was performed by the Baker Metabolomics Facility. Lipids were extracted from mammary gland homogenates
(50 pg of protein) using a single-phase chloroform:methanol extraction method as described previously.®**° Briefly, 10pl of tissue
homogenates in PBS were mixed with 10 pul of internal stand mix as previously described®® in 1:1 chloroform:methanol, and
200 pl of 2:1 chloroform:methanol, followed by sonication and centrifugation to pellet the protein precipitate. The supernatant
was removed and dried under vacuum before the samples were reconstituted in equal volumes (50 pl) of water saturated butanol
and 10 mM ammonium formate in methanol. Analysis of mammary gland extracts was performed on an Agilent 6495C QQQ
mass spectrometer with an Agilent 1290 series HPLC system and a ZORBAX eclipse plus C18 column (2.1x100 mm, 1.8 um, Agilent)
with the thermostat set at 45°C as described previously.®® Mass spectrometry analysis was performed in both positive and negative
ion modes (negative ion mode was used for free fatty acid species) with dynamic scheduled multiple reaction monitoring (MRM) and
polarity switching. The solvent system consisted of solvent A: 50% H»O / 30% acetonitrile / 20% isopropanol (v/v/v) containing
10 mM ammonium formate and solvent B: 1% H,O / 9% acetonitrile / 90% isopropanol (v/v/v) containing 10 mM ammonium formate.
The gradient was as follows; starting with a flow rate of 0.4 ml/minute at 15% B and increasing to 50% B over 2.5 minutes, then to
57% B over 0.1 minutes, to 70% B over 6.4 minutes, to 93% B over 0.1 minute, to 96% B over 1.9 minutes and finally to 100% B over
0.1 minute. The solvent was then held at 100% B for 0.9 minutes. Equilibration was as follows; solvent was decreased from 100% B to
15% B over 0.2 minutes and held for an additional 3.8 minutes. The following mass spectrometer conditions were used; gas temper-
ature, 150°C, gas flow rate 17 L/min, nebulizer 20psi, sheath gas temperature 200°C, capillary voltage 3500V and sheath gas flow
10 L/min. Lipid species within each class were analyzed by the same method. The levels of individual lipid species were calculated
by taking a ratio of the area under the curve of the lipid of interest to the area under the curve of corresponding internal standard. The
ratio was then multiplied by the amount of internal standard added into the sample. The levels for lipid classes were calculated from
the sum of individual species within each class.
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Single cell capture and library preparation for sequencing

To obtain sufficient cells for scRNA-seq analysis, mammary glands from two female mice per genotype were pooled. The 10x Chro-
mium Single cell 3’ V3 kit was used for freshly sorted mammary epithelial cell capture and cDNA preparation according to the 10x
single cell 3’ protocol.

scRNA-seq bioinformatic analysis

10X single-cell RNA sequencing data were processed using the cellCounts function included in Rsubread package (version 2.6.4).”°
Sequencing reads were mapped to the mouse reference genome GRCm38/mm10. Mapped reads were assigned to NCBI RefSeq
mouse genes (build 38.1) and then collapsed to UMIs. Samples were demultiplexed, and cell barcodes were called based on known
barcode sequences included in the assay kit and gene expression profile of each barcode. The called barcodes must have a gene
expression profile distinct from those of ambient RNA barcodes detected in the data. Cells with >20% mitochondrial UMIs, >40%
ribosomal UMIs or <200 or >5000 expressed genes were excluded from further analysis. Genes with no known symbols, mitochon-
drial and ribosomal genes and genes expressed in fewer than 3 cells in every sample were also removed from the analysis. 11258
MECs from Enf¥T and 7275 from Ehf© mice were obtained, of which 9871 and 6567 respectively, were included in the final analysis
after cell filtering. UMI counts were loaded into R and the Seurat pipeline”" in R was used to select variable genes, cluster cells, and
perform dimension reduction. Cell types were annotated according to one of the 15 subtypes identified in Bach et al.,** (GSE106273:
GSM2834498: NP_1, GSM2834499: NP_2, GSM2834500: G_1, GSM2834501: G_2, GSM2834502: L_1, GSM2834503: L_2;
GSM2834504: PI_1, GSM2834505: PI1_2). The Bach et al. data were converted to log,-CPM, quantile normalized and precision
weighted with the voom function of the limma package.”*"® A reference gene expression vector for each of the 15 cell types was
derived by fitting linear models to each gene using expression data of the gene in all cells belonging to a cell type. The reference vec-
tor contained representative gene expression levels for a cell type. We then performed Pearson correlation between the gene expres-
sion levels of each cell in the EAfY” and Enf© sample and each of the 15 reference vectors. Each cell was assigned to a cell type
where it had the highest Pearson correlation. Where the highest Pearson Correlation was lower than 0.3 the cells were annotated
us ‘Unclassified’. The UMI count matrix was provided to Monocle 272~"* for pseudotime trajectory reconstruction from the uninte-
grated Ehf'" and Enf© samples. Monocle 2 selects genes differentially expressed between clusters of cells to define biological pro-
cess and employs a reversed graph embedding algorithm to reconstruct a pseudotime trajectory in an unsupervised manner. This
algorithm maps the high dimensional gene expression space to a much lower dimensional space in which structure of the trajectory is
determined. Monocle 2 detects the sequence of changes to global gene expression levels as a cell progresses through the biological
process and identifies branch points that describe significant divergences in cellular state automatically. Significantly differentially
expressed genes (DEGs) were identified between the Ehf'T and Ehf<© samples for each of the identified cell types. Cells that failed
to achieve a Pearson coefficient of 0.3 in the correlation analysis were excluded. UMI counts of genes were converted to log,-CPM,
quantile normalized and precision weighted with voom.”® A linear model was fitted to each gene, and an empirical Bayes moderated t
statistic were used to assess differences in expression.?" DE genes were called with an FDR cut-off of 0.05, and a mean UMI value
greater than 1 in at least one of the Ehf'" or Ehf<© samples. The enrichment of gene sets in the expression changes between EAf"”
and Ehf© samples for Avd-G cells was performed using the mroast function in the limma package’®"® to test the enrichment of Hall-
mark genesets in the Molecular Signatures Database (MSigDB) database. An FDR cut-off of 0.05 was used for identifying enriched
Hallmark gene sets.

Library preparation for ATAC sequencing

Nuclei were extracted from 50,000 cells per sample by resuspending in 50 pl of ATAC-seq lysis buffer (10 mM Tris-HCI (pH 7.5),
10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 0.1% IGEPAL CA-630 (Sigma Aldrich), 0.01% Digitonin (Sigma Aldrich)) and incubating
on ice for 3 minutes followed by washing with 10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20. Samples were
then centrifuged at 500 g for 10 minutes at 4°C and the supernatant discarded. Transposition of the DNA and ligation of adapters was
performed using the Tagment DNA TDE1 Enzyme and buffer kit (Illumina) as per the manufacturer’s instructions. Briefly, DNA was
digested by incubation with Tn5 Transposase enzyme at 37°C for 30 minutes. Transposed DNA was then purified using the
MinElute reaction cleanup kit (Qiagen), and partially PCR-amplified using Nextera custom barcoded primers® for 5 cycles. To reduce
GC-bias, the number of additional PCR cycles required was determined to be 9 cycles (14 cycles in total) by using a SYBR Green
quantitative real time PCR reaction and calculating the number of cycles corresponding to 1/3 of the maximum fluorescent inten-
sity.®° Libraries were then purified by AMPure XP magnetic bead purification (Beckman Coulter). DNA quantity and quality was as-
sessed using the Tapestation 2200 system (Agilent). All libraries were sequenced on the lllumina NextSeq500 with single end 130 bp
and 1x8 base index reads.

ATAC-seq bioinformatic analysis

ATAC-seq Reads were aligned to the GRCm39/mm39 build of the mouse reference genome using the Subread aligner’” in the Sub-
read package (version 2.0.6). Only uniquely mapped reads were included. Peaks in each individual sample were called by using
HOMER™® (v4.11) with a false discovery rate (FDR) cutoff of <1e-5. The peaks from all the samples were then merged by taking unions
of the overlapping peaks which produced 195818 merged regions. The mapped reads in the individual samples were then assigned
to the merged regions using featureCounts.’® Multi- assignment of a single read was allowed. Merged regions were required to have
at least 10 CPMs in at least 4 samples to be included in the analysis. Read counts were converted to log,-CPM, quantile
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normalized and precision weighted using the voom function of the limma package.”>”® Batch effect was removed by using the
removeBatchEffect function in limma. Sample clustering was performed based on multi-dimensional scaling. A correlation analysis
was performed between the 352 DE genes identified in the Avd-G population from the scRNA-seq analysis and the regions of differ-
entially accessible chromatin identified in the luminal cell population from Ehf'" and Ehf© samples. Out of the 352 DE genes, 331
genes commonly found between the scRNA-seq data and the ATAC-seq data were included in the correlation analysis. Pearson cor-
relation was performed by first calculating the log, CPM values of promoter regions of all genes in the ATAC-seq data. The promoter
regions were defined as the 5kb up and 2kb down region around the TSS of each gene in the mm39 RefSeq gene annotation. A scat-
ter plot was generated to show the log, fold changes in scRNA-seq and ATAC-seq data. Gene read coverage track figures show the
coverage levels (CPM) of the ATAC-seq reads in the promoter regions of the selected genes. The selected genes have fold changes
>1.2in scRNA-seq Avd-G data and in ATAC-seq luminal data. The denominators for calculating CPM values are the number of map-
ped reads in each library. 50-bp bins in the promoter regions were used.

Clonogenic capacity assays of primary mammary epithelial cells

For colony forming assays, 1000 sorted mammary luminal epithelial cells from 18.5 dP Ehf'™ and Enf<© mice were embedded in Cul-
trex Reduced Growth Factor Basement Membrane Extract, Type 2, Pathclear (R&D systems). 20ul domes were then pipetted on a
24-well suspension plate (Greiner Bio-One) and cultured for 11 days in a low O, incubator in Advanced DMEM-F12 (Themo Fisher
Scientific) supplemented with 5% heat inactivated fetal bovine serum, 1 mM L-glutamine (Thermo Fisher Scientific), 5 ng/ml insulin
(Austin pharmacy), 10 ng/ml mouse recombinant epidermal growth factor (R&D systems), 0.5 pg/ml hydrocortisone (Austin Phar-
macy) and 20 ng/ml cholera toxin (Sigma Aldrich). Colonies were scored manually, and images were captured on an Olympus
CKX53 microscope using the LCACHN 20x objective (NA 0.4) (Olympus, Japan) and cellSens standard software (Olympus, Japan).

Primary mammary and tumour organoid culture

Primary mammary organoids and mouse mammary tumour organoids were generated using established protocols.®”~%° Specifically,
the thoracic and inguinal mammary glands from 10-week-old nulliparous EAf"” and Ehf<C mice were resected (lymph nodes
removed). For MMTV-PyMT tumour organoid generation, the largest primary mammary tumour at ethical endpoint was resected.
The resected tissue was collected into Advanced DMEM-F12 (Thermo Fisher Scientific) supplemented with 1 mM L-glutamine (Ther-
mofisher Scientific), Penicillin-Streptomycin (Thermo Fisher Scientific) and 10 mM HEPES (Thermo Fisher Scientific) onice. In a tissue
culture hood, samples were mechanically dissociated by chopping into ~1 mm? pieces, then digested in Advanced DMEM-F12 con-
taining 300U/mL Collagenase Type 2 (Thermo Fisher Scientific) supplemented with 1 mM glutamine (Thermo Fisher Scientific),
Penicillin-Streptomycin (Thermo Fisher Scientific) and 10mM HEPES (Thermo Fisher Scientific), 5 pg/mL Insulin (Symbion), 500
ng/mL Hydrocortisone (Symbion), 10 ng/mL Mouse recombinant epidermal growth factor (R&D systems) and 5% Heat inactivated
fetal bovine serum. Samples were dissociated by repeat pipetting then incubated on an orbital shaker at 37°C for 45-60 minutes,
vortexing every 15 minutes. Following digestion, 10 mLs of cold wash medium was added, and the cell digestion was passed through
a 100 uM MACS smart strainer (Miltenyi Biotec 130-110-917) and pelleted by centrifugation at 400g for 5 minutes at 4°C. The super-
natant was removed, and the cell pellet was washed in 10 mL of cold washing medium, then again pelleted by centrifugation at 400g
for 5 minutes at 4°C. The supernatant was again removed, and the cell pellet was resuspended in cold Cultrex Reduced Growth Fac-
tor Basement Membrane Extract, Type 2, Pathclear (R&D systems). 2x 25 ul domes were pipetted per well in 3 wells of a 24-well
suspension plate (Greiner Bio-One, 662102), and domes set at 37°C for 30 minutes. For the growth of primary mammary organoids,
Basal organoid medium was added to each well containing Advanced DMEM-F12 (Thermofisher Scientific) supplemented with 1 mM
L-glutamine (Thermofisher Scientific), Penicillin-Streptomycin (Thermofisher Scientific) and 10 mM HEPES (Thermofisher Scientific),
5 pg/mL insulin, 100 ng/mL hydrocortisone, B-27 Supplement minus vitamin A (Thermofisher Scientific), 1.25 pM N-Acetylcysteine
(Sigma Aldrich), 50 ng/mL Recombinant mouse epidermal growth factor (R&D systems), 5 ng/mL Recombinant Mouse FGF basic
(R&D systems), 10 ng/mL Recombinant Mouse FGF-10 (R&D systems), 10 ng/mL Recombinant Mouse Wnt-3a (R&D systems),
4 ng/mL Heparin sodium salt (R&D systems), 50 ng/mL Recombinant Murine R-Spondin-1 (Peprotech) with 5 pM Y-27632
(SelleckChem) added for the first 72 hours of culturing. MMTV-PyMT tumour organoids were cultured in Basal organoid medium
as described above, excluding Recombinant Mouse FGF-10 and Recombinant Mouse Wnt-3a.

RealTime-Glo™ MT Cell Viability Assay

Viability of primary mammary organoids and MMTV-PyMT tumour organoids were determined using a protocol established by
Morrow et al.°® For primary mammary organoids, organoids generated from mammary gland from 3 Ehf*" and 3 Ehf<© 10-week-
old adult nulliparous mice were cultured for two passages before assessing viability. For MMTV-PyMT tumour organoids, the viability
of organoids generated from the largest primary mammary tumour from 4 EnfY"MMTV-PyMT and 4 Ehf<° MMTV-PyMT mice at
ethical endpoint was assessed. Organoids were disrupted into single cells and plated in technical triplicates into 96 well Uclear white
edged tissue culture plates (Interpath) at a seeding density of 20,000 cells per well in 50 ul Reduced Growth Factor Basement Mem-
brane Extract, Type 2, Pathclear (R&D systems). RealTime-Glo™ MT Cell Viability Assay (Promega) reagents were prepared accord-
ing to the manufacturer’s instructions in basal organoid culture medium and 200 pl added per well. Organoids were cultured in a hu-
midified 37°C low oxygen incubator and imaged at the same time daily for between three and four days. Luminescence was imaged
on an EnSight multimode plate reader (Perkin Elmer) and quantified with Kaleido 3.0 software (Perkin Elmer). For primary mammary
organoids the Day 0 reading was taken 24 hours post seeding; For MMTV-PyMT tumour organoids the Day 0 reading was taken at
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2 hours post seeding. Wells containing 50 ul Type 2 Reduced Growth Factor Basement Membrane Extract, Culture medium and
assay reagents were used as a reference for background signal. Luminescence was calculated as fold change to the Day 0 reading
with background luminescence removed.

Imaging and Prolactin treatment of organoids

Images of organoids were captured on an Olympus CKX53 microscope using the UPLFLN IPC 4x objective (NA 0.13) (Olympus,
Japan) and cellSens standard software (Olympus, Japan). Prolactin treatment experiments were performed by plating E~f’" and
Ehf*© organoids at a matched seeding density into 6x 25 pl domes and culturing until equivalent confluency (72-96 hours). Organoids
were then washed in PBS and cultured in Basal organoid medium containing 0.1% BSA (vehicle control) or Lactation medium con-
taining Advanced DMEM-F12 (Thermo Fisher Scientific) supplemented with 1 mM L-glutamine (Thermofisher Scientific), 100 U/mi
Penicillin 100 pg/ml Streptomycin (Thermo Fisher Scientific), 10 mM HEPES (Thermo Fisher Scientific), 5 ng/mL insulin (Symbion),
100 ng/mL hydrocortisone (Symbion) and 5 pg/mL recombinant mouse Prolactin protein (R&D systems) for 96 hours, then harvested
for RNA isolation. Mammary organoids were cultured in a humidified 37°C low oxygen incubator for the duration of the study.

Harvesting of primary mammary organoids and RNA isolation

Culture medium was removed, and organoids were washed with cold PBS, then collected by incubation for 1 hour at 4°C on an orbital
shaker in 1 mL of cold Cell recovery solution per well (Invitro technologies). Pipette tips and tubes were precoated with 1% wt/vol
PBS-BSA. Organoids were transferred with precoated pipette tips into precoated tubes and centrifuged at 200g for 5 minutes at
4°C to pellet, the supernatant was removed, and the organoid pellet was resuspended in 350 pul RLT lysis buffer (Qiagen), and
RNA extraction performed using the RNeasy micro kit (Qiagen) according to the manufacturer’s instructions, with the DNase | treat-
ment step included. cDNA synthesis and quantitative real time polymerase chain reaction were performed as described for whole
mammary gland tissue.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical details can be found in relevant figures, figure legends or results. All data are presented as mean + standard error of mean
(SEM) unless otherwise noted. Statistical analyses were performed using GraphPad Prism v8.0 software (GraphPad Software, La

Jolla, CA, USA). Groups were typically compared using the student’s T-test or Chi-square analysis. In all cases p<0.05 was consid-
ered statistically significant.
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