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SUMMARY
Systemic and local signals must be integrated by mammary stem and progenitor cells to regulate their cyclic growth and turnover in the

adult gland. Here, we show RANK-positive luminal progenitors exhibiting WNT pathway activation are selectively expanded in the

human breast during the progesterone-high menstrual phase. To investigate underlying mechanisms, we examined mouse models

and found that loss of RANK prevents the proliferation of hormone receptor-negative luminal mammary progenitors and basal cells,

an accompanying loss of WNT activation, and, hence, a suppression of lobuloalveologenesis. We also show that R-spondin1 is depleted

in RANK-null progenitors, and that its exogenous administration rescues key aspects of RANK deficiency by reinstating a WNT response

andmammary cell expansion. Our findings point to a novel role of RANK in dictatingWNTresponsiveness tomediate hormone-induced

changes in the growth dynamics of adult mammary cells.
INTRODUCTION

The terminal ductal lobular units in the adult humanmam-

mary gland and their lobuloalveoli counterparts in the

mouse are key hormone-sensitive structures (Cardiff and

Wellings, 1999). They are also foci of milk-secreting cells

following pregnancy and represent major sites of breast

cancer development in both species. Increased progester-

one levels that occur both during the reproductive cycle

and pregnancy trigger a dynamic growth response in these

structures, resulting in a documentedmarked expansion in

the number of stem and progenitor cells in the mammary

glands of mice (Asselin-Labat et al., 2010; Joshi et al.,

2010). These primitive cells lack estrogen and progesterone

receptors (ER–PR–) and thereforemust respond to these hor-

mones through indirect mechanisms via receipt of critical

signals from other types of cells within the mammary

stem cell niche that are ER+PR+ (Joshi et al., 2012). WNT

signaling is thought to contribute to the regulation of

stem cell self-renewal and differentiation responses in

many tissues (Nusse et al., 2008), including the mouse

mammary gland (van Amerongen et al., 2012; Zeng and

Nusse, 2010). However, the specific mechanisms that con-

trol the ability of mammary stem and progenitor cells to

respond to WNT ligands have remained largely undefined.

In this study, we show that the Receptor Activator of Nu-

clear factor Kappa B (RANK) ligand andWNT paracrine sig-

nals are conserved in adult mouse and human mammary

tissue and fluctuate similarly during the cyclic progenitor

expansion seen in both species. By exploiting a combina-
tion of genetic and pharmacological approaches, we also

reveal an interaction between the RANK and WNT path-

ways that provides the molecular circuitry essential for

the WNT response and the expansion of ER–PR– mammary

progenitors in the adult mouse mammary gland.
RESULTS

Luminal Progenitors Are Targeted by Progesterone in

the Adult Human Breast

We have previously reported that the progesterone-domi-

nant phase of the mouse estrous cycle is marked by an

increase in stem and progenitor cells, likely arising from

paracrine stimulation of ER–PR– primitive cells by RANKL

and WNT4 produced from adjacent ER+PR+ cells (Joshi

et al., 2010). To determine whether a similar mechanism

is operative in the human mammary gland, we analyzed

analogous subsets of mammary epithelial cells isolated

from reduction mammoplasty samples obtained from 63

normal premenopausal women at different stages of the

menstrual cycle (Figure 1A). Parallel sections of tissue

from each of these samples were classified as luteal-phase

(progesterone-high) or follicular-phase (progesterone-low)

according to previously published histologic criteria (Ram-

akrishnan et al., 2002). Phenotypic analyses, using es-

tablished marker sets (Eirew et al., 2008), showed that

the proportion of CD49f+EpCAM+ luminal progenitor-en-

riched cells was significantly higher in the luteal as

compared to the follicular phase, whereas the proportion
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Figure 1. Increased Luminal Progenitors in the Progesterone-High Human Breast
(A) Schematic of the experimental procedure. Breast cells depleted of endothelial and hematopoietic cells are referred to as Lineage–

(Lin–).
(B) FACS profiles of human breast cell populations derived from morphologically categorized progesterone-high and -low breast tissue
samples: basal (CD49f+EpCAM�/lo), luminal progenitor (CD49f+EpCAM+), mature luminal (CD49f�EpCAM+), and stromal (CD49f�EpCAM�)
cell subsets.
(C) Quantification of basal, luminal progenitors, and mature cells in progesterone-high and -low human breast samples; data represent
mean ± SEM (n = 34 for progesterone-high, n = 29 for progesterone-low).
(D) Colony forming cell (CFC) frequency in FACS-purified basal and luminal progenitor subsets from P-high and P-low phases; data represent
mean ± SEM (n = 6 breast samples/phase).
(E) Ki67 and RANKL immunostaining in progesterone-high (P-high) and -low (P-low) tissue sections; scale bar, 50 mm.
(F) Quantification of Ki67 and RANKL positivity in P-high and -low tissues from E, measured as a ratio of Ki67 or RANKL positive pixel to
total pixel count within glandular regions; data represent mean ± SEM (n = 3 breast specimens/group).

(legend continued on next page)
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of CD49f+EpCAMlo/– basal cells was lower, and the propor-

tion of mature luminal cells remained unaffected by the

menstrual phase of the donor (Figures 1B and 1C).

In vitro colony-forming cell (CFC) assays performed on

these subsets from progesterone-high and -low samples

showed that even the frequencies of CFCs within both

the basal and luminal progenitor fractions were slightly

higher in the luteal phase samples (Figure 1D). Immuno-

staining of tissue sections prepared from these groups

showed abundant RANKL+ cells and increased numbers

of proliferating (Ki67+) cells in the luteal phase (Figures

1E and 1F). Taken together, these data suggest that

transient elevated progesterone levels induce a parallel

expansion of the luminal progenitor compartment in the

mammary glands of normal premenopausal women.

We also found levels of PR, RANK, RANKL, WNT4 tran-

scripts and the WNT downstream target TCF1 to vary in

expression between luteal and follicular phase samples of

purified human breast epithelial subpopulations (Fig-

ure 1G). PR expression was found to be the highest in the

mature luminal cell compartment and relatively lower in

the other fractions. RANKL, WNT4, and TCF1 were ex-

pressed in all three epithelial subsets, but RANKL and

WNT4 transcript levels were highest in the mature luminal

cells and further elevated in the luteal phase samples. In

contrast, TCF1 was elevated in the expanded luminal pro-

genitor subset in the luteal phase. RANK expression was

also detected in all epithelial subsets but at relatively higher

levels in the luminal progenitor-enriched fraction. This

pattern of gene expression is consistent with a mechanism

of progesterone effects on human mammary tissue being

mediated by a stimulation of mature PR-expressing cells

to produce RANKL, which then potentiates WNT respon-

sive luminal progenitors to induce their proliferation,

akin to the hormone-triggered mitogenic response previ-

ously identified in the mouse mammary gland.

RANK Signaling ExpandsMammary Epithelial Subsets

and Alveolar Progenitors

RANKL is a known, and sufficient, mediator of mammary

lobuloalveologenesis downstream of progesterone (Beleut

et al., 2010; Fata et al., 2000), but little is known of its effect

on different adult mammary epithelial subsets and progen-

itors. In contrast, WNT4 is known to be essential during

early phases of alveoli development in the mammary

gland, but is not sufficient for this process (Brisken et al.,

2000; Kim et al., 2009), although WNTs are accepted as
(G) qRT-PCR for the indicated genes on FACS-purified subsets from
transcript levels plotted relative to the P-high group; data represent
respectively, except for PR where n = 4 per group).
Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p <
important stem cell growth factors (Nusse et al., 2008;

Zeng and Nusse, 2010). We therefore designed a series of

experiments in mice to investigate the role of RANK

signaling in mediating progesterone-driven changes in

distinct mammary epithelial subsets, and whether this

involved activation of a WNT response. Accordingly, we

compared the mitogenic response of mammary cells in

adult keratin 5 (K5)-Cre Rankfl/fl (RANK null) to control

Rankfl/fl ovariectomized mice treated with 17b-estradiol

alone (E) or with progesterone (EP) (Figure 2A). Mammary

cell preparations were depleted of hematopoietic and

endothelial cells during flow cytometry, and the resulting

lineage– (Lin–) population was analyzed using CD49f

and CD24 cell-surface markers (Stingl et al., 2006) to iden-

tify the luminal (CD24+CD49flo), basal (CD24+CD49fhi)

epithelial, and stromal (CD24–CD49f–) subsets (gating #1

in Figure 2A). The luminal CD24+CD49flo subset was

further segregated (gating #2) into CD24+CD49floCD61+

luminal progenitors (hereafter CD61+), and CD24+

CD49floCD61– luminal cells (hereafter CD61–), which in-

cludes mature cells and progenitors (Asselin-Labat et al.,

2007). To discern ER+PR+ and ER–PR– luminal epithelial

subsets, the luminal subset was also refined based on

Sca1 and CD49b markers (gating #3) into ‘‘ER+PR+’’

CD24+CD49floSca1+CD49b– non-clonogenic luminal cells

(hereafter NCL), ‘‘ER+PR+’’ CD24+CD49floSca1+CD49b+

progenitors (hereafter Sca1+) and ‘‘ER–PR–‘‘ CD24+CD49flo

Sca1–CD49b+ progenitors (hereafter Sca1–) (Shehata et al.,

2012). The latter, ER–PR– luminal cells have a high clono-

genic capacity and are considered enriched for alveolar pro-

genitors due to their significant levels ofmilk protein genes

(Shehata et al., 2012; Sleeman et al., 2007). These gating

strategies were used to comprehend the phenotypic and

functional defects arising from Rank deficiency across the

spectrum of cell compartments and progenitors reported

to date. Co-staining for CD61 together with Sca1 and

CD49b markers showed that the CD61+/– and Sca1+/– sub-

populations within the luminal compartment do not

entirely overlap such that Sca1– cells are found in both

the CD61+ and CD61– luminal cell fractions, whereas

CD61� cells are dispersed between the Sca1+ and Sca1�

fractions (Figures S1A and S1B). PCR on genomic DNA

extracted from fluorescence-activated cell sorting (FACS)-

purified CD24+CD49fhi stem cell-enriched basal cells and

CD24+CD49flo luminal cell populations of K5-Cre Rankfl/fl

mammary glands showed that Rank is efficiently

deleted from both of these mammary cell compartments
reduction mammoplasty samples shown in (B); GAPDH normalized
mean ± SEM (n = 6 and n = 7 breast samples for P-low and P-high,

0.0001.
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Figure 2. RANK Is Required for Progesterone-Induced Expansion of Mouse Mammary Epithelial Subsets and Alveolar Progenitor
Activity
(A) Schema of the experimental procedure; 17b-estradiol (E), 17b-estradiol + progesterone (EP), Lineage� (Lin�) i.e., cells depleted of
endothelial and hematopoietic cells, non-clonogenic luminal (NCL) cells, estrogen receptor (ER), and progesterone receptor (PR).
(B) Whole-mount (WM; scale bar, 100 mm) and Ki67 immunostaining (scale bar, 20 mm) of control and K5-Cre Rankfl/fl mammary glands
following EP treatment.
(C) Quantification of Ki67+ proliferating cells in Rank-null and control glands; data represent mean ± SEM (n = 3 mice/group).
(D) FACS profiles of luminal (CD24+CD49flo), basal (CD24+CD49fhi), and stromal (CD24�CD49f�) mammary cell subpopulations in ovari-
ectomized control and K5-Cre Rankfl/fl mice following treatment with E or EP (gating #1).
(E) Representative FACS plots of basal, CD61+ luminal, and CD61� luminal cell populations within CD24+ mammary epithelial cells
(gating #2).
(F) Proportions of NCL cells (hormone receptor-positive), Sca1+ (hormone receptor-positive) progenitors, and Sca1� (hormone receptor-
negative) alveolar progenitors in the luminal population of EP-treated control and K5-Cre Rankfl/fl mice (gating #3).
(G–K) Quantification of (G) luminal (L), basal (B), and stromal (S) cell subsets from (D), (H) indicated cell populations in (E), and (I)
luminal cell populations in (F); data represent mean ± SEM of n = 3 mice/group for (G) and (H) and n = 4 mice/group for (I). Colony forming
cell capacity of FACS-sorted (J) basal and CD61+, CD61� luminal progenitors, (K) Sca1+ and Sca1� progenitors, on fibroblast feeders in vitro
from EP-stimulated control and K5-Cre Rankfl/fl mice; data represent mean ± SEM of n = 3 mice/group for (J) and (K).

(legend continued on next page)
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(Figure S1C). K5 is a basal cell marker in the adult mam-

mary gland, but an absence of Rank in the luminal cells

of the adult mammary gland is not surprising since these

arise during early development frommultipotent K5+ basal

cells (Van Keymeulen et al., 2011). We observed that

administration of progesterone to K5-Cre Rankfl/fl mice

failed to stimulate development of mammary alveoli and

the glands of thesemice containedmarkedly fewer prolifer-

ating cells than Rankfl/fl controls (Figures 2B and 2C),

although they retained normal basal- and luminal-

restricted patterns of cytokeratin and PR expression (Fig-

ure S2A). Importantly, K5-Cre Rankfl/fl mice did not exhibit

the progesterone-stimulated expansion of basal and

luminal epithelial subsets, characteristic of control mice

(Figures 2D–2I). The stromal cell population did not appear

altered in the absence of RANK. In the luminal subsets,

CD61� cells were significantly reduced and the number

of Sca1� progenitors in EP-treated K5-Cre Rankfl/fl mice

was 3-fold lower than in controls (Figures 2E, 2F, 2H, and

2I). In contrast, the number of Sca1+ cells in the same

glands remained similar to controls.

We then performed functional assays to examine

whether Rank loss affects progenitor activity. A previous

study reported an increase in the relative numbers of basal

and luminal cells and a decline in CD61+ luminal cells in

Rank overexpressingmice (Pellegrini et al., 2013). However,

we found that the loss of Rank did not significantly alter the

total numbers of CD61+ luminal cells or their CFC content

(Figures 2H and 2J). In contrast, the CFC frequencies in

FACS-purified CD61� cells (Figure 2J) and ER�PR�, Sca1�

(Figure 2K) luminal cells were significantly lower than in

controls, whereas the CFC frequency in basal or ER+PR+

Sca1+ cells was not significantly altered. This suggests that

RANK signaling acts primarily by instructing ER�PR�

alveolar progenitors contained within the Sca1� and

CD61� luminal subsets. In vivo limiting dilution trans-

plantation experiments onmammary cells from ovariecto-

mized EP-treated K5-Cre Rankfl/fl mice further showed that

the frequency of mammary stem cells (able to produce a

macroscopic ductal outgrowth in a pre-cleared mammary

fat pad) was comparable to control cells (Figures 2L and

2M). In contrast, the capacity of Rank-deficient cells to

generate alveoli was severely compromised (Figures 2L

and 2M; Table S1). Thus, RANK is critical for ensuring the

activity and repopulation capacity of adult mouse mam-

mary epithelial progenitors that normally generate alveoli.
(L) Representative images of ductal and alveolar-containing outgrow
control donor mice injected into fat pads of subsequently impregnat
(M) Gland repopulation rates in limiting dilution assays in vivo scored
frequency (MRU freq). Data are pooled from at least two independen
process; control cells: p = 0.81 (ductal and alveolar), K5-Cre Rankfl/fl

*p < 0.05, **p < 0.01. See also Figure S1 and Table S1.
The Adult Mammary Epithelial WNT Response Is

Dependent on RANK Signaling

Next, we determined whether and how an absence of

RANK affects the adult mammary WNT response (Figures

3A–3E). qRT-PCR measurements on FACS-purified cells

showed that the progesterone-mediated induction of

Wnt4 ligand in the luminal compartment still occurred in

K5-Cre Rankfl/fl mice, whereWnt4 was specifically detected

in the CD61� luminal cells that also express high levels of

Rankl (Figure 3A). Rank expression was absent, as expected,

in K5-Cre Rankfl/fl mice and expression of Rankl appeared

reduced in CD61� cells from these mice (Figure 3A). How-

ever, immunostaining revealed a comparable number of

RANKL-positive cells to be detectable (Figures 3C and

3D). Transcript levels for the cell-cycle activators Cyclin

D1 and Cyclin D2 were significantly decreased in CD61�

luminal cells and basal cells, respectively, of RANK-defi-

cient glands (Figure S2B) consistent with their lack of a

progesterone-stimulated proliferative response. Rank-null

CD61� luminal cells also had significantly reduced expres-

sion of themilk protein, b-casein, in comparison to controls

(Figure S2B), consistent with the compromised develop-

ment of functional lobuloalveoli in Rank-deficient glands.

Recently, CXCR4, the receptor for CXCL12, was shown to

be important for mammary progenitor cell fate (Shiah

et al., 2015) and we found its expression to be also

decreased in the Rank-deficient Sca1� luminal progenitor

population, although this effect did not reach statistical

significance (Figure S2C). ELF5 is a transcription factor

that dictates alveolar development, and its expression has

been reported to be decreased in CD61� and CD61+

luminal cells following the loss of Rank (Lee et al., 2013).

Measurement of Elf5 mRNA levels within the Sca1�

luminal progenitor fraction showed no overt changes in

the absence of Rank (Figure S2C). STAT5A is another tran-

scription factor that regulates alveologenesis (Liu et al.,

1997), and we found its expression in Sca1� progenitors

of Rank-deficient mice to be reduced (Figure S2C).

Since progesterone has been shown previously to upre-

gulate the expression of the WNT co-receptor, Lrp5, and

theWNT target, Tcf1, in both luminal and basal mammary

cells (Joshi et al., 2010), we also examined the expression of

these elements in progesterone-stimulated K5-Cre Rankfl/fl

purified mammary cells. Remarkably, there was no

induction in the expression of Lrp5, Lrp6, or Tcf1 in either

the luminal or basal mammary subpopulations of
ths from 5,000 mammary cells of EP-stimulated K5-Cre Rankfl/fl and
ed recipients (scale bar, 500 mm).
for either ductal or alveolar outgrowths; mammary repopulating unit
t experiments for each group and are consistent with a single-hit
cells: p = 0.96 (ductal) and p = 0.13 (alveolar).
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Figure 3. Progesterone-Triggered WNT Responsiveness Is Dependent on RANK Signaling
(A) Expression of RANKL and WNT pathway components measured by qRT-PCR relative to b-actin in FACS-purified CD61�, CD61+ luminal,
and CD49fhi basal epithelial subpopulations from control and K5-Cre Rankfl/fl mice stimulated with 17b-estradiol and progesterone (EP).
Expression was normalized to b-actin levels and plotted relative to that of CD49fhi basal cells from controls, set at 1. Data represent mean ±
SEM; (n = 3 mice for each group).
(B) Pr expression status of FACS-sorted basal (B), non-clonogenic luminal (NCL), Sca1+, Sca1� luminal cells, and Keratin, Rank, Wnt
signaling gene expression in the latter hormone receptor-negative alveolar progenitor population, from control and Rank-null mice in
response to EP; b-actin-normalized transcript levels are shown plotted relative to control NCL cells for Pr, and control Sca1� cells for the
other genes. Data represent mean ± SEM of n = 3 mice/cell fraction/group.
(C) Immunostaining of RANKL and WNT target, TCF1, in paraffin-embedded K5-Cre Rankfl/fl and control mammary tissue sections;
scale bar, 20 mm.

(legend continued on next page)
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EP-stimulated K5-Cre Rankfl/fl mice (Figure 3A), and all

three genes, as well as the Axin2 target gene, were also

markedly reduced in the ER�PR�, Sca1� luminal progeni-

tors isolated by FACS from K5-Cre Rankfl/fl glands by com-

parison to controls (Figure 3B). Moreover, these Sca1� cells

in the luminal compartment that co-express luminal and

basal keratins are considered bipotent (Shehata et al.,

2012) and showed a lower level of K14 expression (a basal

marker) without an alteration in K18 (a luminal marker)

in Rank-null mice (Figure 3B). This suggests that RANK

may help to promote the retention of basal characteristics

in luminal cells. Immunostaining of mammary tissue

from progesterone-treated K5-Cre Rankfl/fl mice showed

that TCF1+ cells remained scarce in contrast to the promi-

nent numbers of TCF1+ cells in similarly treated control

mammary tissue (Figures 3C and 3D). Immunostaining

for AXIN2, a key WNT target gene, also demonstrated a

lack of AXIN2-expressing cells in the RANK-deficient mam-

mary gland compared to their increased abundance

following progesterone stimulation in controls (Figure 3E).

This complete lack of expression of key WNT signaling

components points to a role for RANK in controlling the

molecularmachinery that generatesWNT-responsive adult

mammary cells when progesterone levels increase. It has

been reported that Wnt4-deficient mammary glands lack

early lobuloalveolar development during pregnancy

(Brisken et al., 2000), and that transgenicWnt4 expression

is not sufficient to generate this morphogenetic program

(Kim et al., 2009), whereas RANKL signaling is (Fernan-

dez-Valdivia et al., 2009). Our findings here explain these

previous observations since we demonstrate that, despite

Wnt4 ligand expression, RANKL-RANK signaling is essen-

tial to establish the WNT response in progenitor cell-

enriched epithelial compartments.

RANK Signaling Activates WNT-Responsive ER�PR�

Subsets of Mammary Epithelial Cells

We next utilized Axin2-LacZWNT reporter mice to investi-

gate whether and how RANK signaling might affect the dy-

namics ofWNT-responsive cell populations. These reporter

mice express lacZ through the endogenous promoter of

Axin2, a WNT/b-catenin target gene (Zeng and Nusse,

2010). Ovariectomized EP-treated Axin2-LacZ mice were

co-administered theRANKL inhibitor, RANK-Fc (Figure 4A).

As seen using our genetic approach to delete Rank, mice

treated with RANK-Fc exhibited a blunted progesterone-

induced expansion of both the luminal (CD24+CD49flo)
(D) Quantification of RANKL and TCF1 protein levels in mammary tissue
total pixel count, averaged from ten glandular regions per mouse ma
(E) Immunofluorescent detection of AXIN2-expressing cells (green; w
response to 17b-estradiol (E) and EP; scale bar, 30 mm.
*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
and basal (CD24+CD49fhi) populations, and also sup-

pressed lobuloalveologenesis (Figures 4B–4D). Previous

studies using WNT reporter mice have documented the

presence of WNT-responsive cells (�5%) within basal, but

not luminal cells, of adult virgin mice (van Amerongen

et al., 2012; Zeng and Nusse, 2010). During pregnancy,

however, lineage tracing experiments have identified

WNT-responsive luminal cells adjacent to basal cells within

alveolar structures, suggesting their origin from a common

bipotent progenitor (van Amerongen et al., 2012). Inmam-

mary tissue from EP-stimulated WNT reporter mice, we

detected Axin2-LacZ+ cells by immunostaining in the

basal layer and in luminal cells, including those that are

PR� (Figure 4E). Abundance of these cells was decreased

following RANK-Fc treatment (Figure 4E). Using flow

cytometry, we observed a small AXIN2+ WNT-responsive

population in the basal fraction and negligible numbers

in luminal subsets of the adult virgin mammary gland

compared to LacZ– controls (Figure 4F), consistent with

previous reports. AXIN2+ cell numbers were found to be

greatly elevated in ovariectomized EP-treated mice, pre-

dominantly existing within ER–PR–, basal (�50%) and

Sca1– luminal subsets (�12%) (Figure 4F). RANK-Fc treat-

ment of these mice resulted in a marked depletion of

WNT-responsive AXIN2+ cells in both the basal and Sca1–

luminal fractions (Figures 4F and 4G). Together, these re-

sults reveal that RANK signaling selectively amplifies hor-

mone receptor-negative, WNT-responsive basal cell and

luminal progenitor numbers in response to progesterone.

R-SPONDIN1 Is a Key Mediator of the RANK-Induced

Activation of WNT Responsiveness

Given the role of R-SPONDIN1 (RSPO1) as a potent WNT

signal enhancer and stem cell renewal factor (de Lau

et al., 2014), we next interrogated whether RSPO1 is altered

when RANK signaling is prevented. In purified cell frac-

tions from EP-stimulated mice, we observed Rspo1 to be

highly expressed in control Sca1� luminal progenitor cells

similar to a previous report (Cai et al., 2014). However, its

expression was severely impaired in Sca1� cells derived

from K5-Cre Rankfl/fl mice (Figure 5A). To determine

whether RSPO1 is a key downstream mediator of RANK

effects on mammary progenitors, fat pads of EP-treated

K5-Cre Rankfl/fl mice were injected once with recombinant

RSPO1 or vehicle, 3 days prior to their analysis (Figure 5B).

RSPO1 injection resulted in the formation of structures

reminiscent of alveoli in Rank-nullmammary glands, albeit
s shown in (C), measured as a ratio of RANKL or TCF1 positive pixel to
mmary gland specimen; data are mean ± SEM (n = 3 mice/group).
hite arrowheads) in control and Rank-deficient mammary glands in
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Figure 4. RANK Signaling Controls WNT-Responsive Mammary Epithelial Subsets
(A) Schema of the experimental procedure involving RANKL blockade in WNT reporter mice; 17b-estradiol (E), 17b-estradiol + proges-
terone (EP).
(B) Mammary gland whole-mounts following EP treatment with/without RANK-Fc (scale bar, 100 mm).
(C) FACS analysis of luminal (CD24+CD49flo), basal (CD24+CD49fhi), and stromal (CD24�CD49f�) mammary subpopulations from mice
treated with E, EP, or EP + RANK-Fc.

(legend continued on next page)

38 Stem Cell Reports j Vol. 5 j 31–44 j July 14, 2015 j ª2015 The Authors



not as uniformly as in controls, suggesting that other

factors downstream of RANK likely cooperate with RSPO1

to maximize alveolar differentiation (Figure 5C). At the

cellular level, RSPO1 led to a robust rescue in the expansion

of basal, total luminal cells, and Sca1� progenitor cell

numbers that were typically defective in the Rank-null

mammary gland (Figures 5D and 5E). The functional clo-

nogenic capacity of Rank-null basal cells and Sca1� cells

alsomodestly increased following in vivo RSPO1 treatment

(Figure 5F). Of note, the WNT response, as determined by

AXIN2 immunostaining, was restored in luminal and basal

cells of Rank-deficient mammary tissue following RSPO1

rescue (Figure 5G). These data collectively uncover RSPO1

as a central executor of RANK signaling effects on epithelial

progenitors and the WNT response in the adult mammary

gland.
DISCUSSION

In this study, we provide evidence that human breast

luminal progenitors undergo a similar type of progester-

one-mediated expansion of their numbers during the luteal

phase of the menstrual cycle as previously documented in

the mouse (Asselin-Labat et al., 2010; Joshi et al., 2010).

This cyclical rise in luminal progenitor numbers would be

anticipated to pose repeated opportunities for mutagenic

events to accumulate, and thus offer an explanation for

an increasing risk of breast cancer with more menstrual cy-

cles (Kelsey et al., 1993). Luminal progenitors have been

implicated as the cell of origin in BRCA1-related breast can-

cers (Lim et al., 2009; Molyneux et al., 2010), and in more

recent work we have shown that these cells possess short

dysfunctional telomeres and higher levels of reactive oxy-

gen species, consistent with a higher propensity for trans-

formation (Kannan et al., 2013, 2014). Previous studies

investigating the effects of progesterone on human mam-

mary cells have relied on progestin treatment of cultured

human breast cells or organoids (Graham et al., 2009;

Tanos et al., 2013). In a recent study, ex vivo progestin

treatment of human mammary epithelial organoids or mi-
(D) Histogram of total Lin� cells in the luminal (L), basal (B), and stro
(EP), n = 6 (EP+RANK-Fc) mice.
(E) Immunofluorescent images of mammary tissues from mice stimu
DAPI+ nuclei; blue (top) and co-stained for progesterone receptor (
Axin2-LacZ+ cells within the PR� luminal compartment and arrowhead
scale bar, 25 mm.
(F) FACS analysis of Axin2-Lacz+ WNT-responsive cells in B, L and segre
row 1), and Axin2-LacZ/+ WNT reporter adult virgin mice untreated (
(G) Quantification of the total numbers of AXIN2+ cells in B, L, Sca1+

represent mean ± SEM of n = 3 mice/cell fraction/group.
*p < 0.05, **p < 0.05, ***p < 0.0001.
crostructures did not shift the distribution of epithelial

subpopulations, although increased RANKL was observed

(Tanos et al., 2013). The significant differences that we

observed may reflect the fact that the cells we analyzed

were obtained directly from tissues removed from women

in progesterone-high and progesterone-low menstrual

phases, thus pointing to the potential importance of avoid-

ing in vitro treatments that may not faithfully recapitulate

conditions operative in vivo. Our data also provide a snap-

shot of RANKL and WNT activity during the luteal phase

in the human breast, thus indicating their involvement

in mediating the physiological changes in circulating

progesterone levels on the human luminal progenitor

compartment.

WNTsignaling is well recognized for its role in regulating

stem and progenitor cells in diverse systems (Nusse et al.,

2008). Elevated levels of b-catenin, indicative of aberrant

WNT signaling, are reported in more than 50% of human

breast carcinomas, correlate with poor prognosis, and are

preferentially found in the aggressive triple-negative

(ER�PR�HER2�) basal-like subtype (Geyer et al., 2011; Lin

et al., 2000; Ryo et al., 2001). RANK signaling is also

emerging as a significant variable in breast cancer (Schra-

mek et al., 2010) withmicroarray data showing the highest

levels of RANK in poor prognosis basal-like human breast

cancers in comparison to other molecularly defined

subtypes (Santini et al., 2011). Progesterone is likewise

becoming increasingly recognized as a critical contributor

to human breast cancer development, largely through

lessons learned from increased breast cancer incidence in

hormone replacement therapy trials with progestin combi-

nations (Beral, 2003; Chlebowski et al., 2015; Joshi et al.,

2015; Rossouw et al., 2002). A recent study also reported

significantly higher levels of progesterone in BRCA1/2

mutation carriers who are at increased risk of ovarian and

breast cancer, suggesting a progesterone influence on pre-

menopausal breast cancer risk (Widschwendter et al.,

2013).

RANKL andWNT signaling are known to be downstream

effectors of progesterone (Beleut et al., 2010; Brisken et al.,

2000; Fata et al., 2000; Joshi et al., 2010; Rajaram et al.,
mal (S) cell fractions. Data represent mean ± SEM of n = 4 (E), n = 5

lated with EP ± RANK-Fc stained for Axin2-LacZ (b-gal); magenta,
PR); green, keratin14 (K14); red (bottom). White arrows indicate
s point to Axin2-LacZ+ cells within the K14+PR� basal compartment;

gated Sca1+ and Sca1� luminal cell populations of Axin2+/+ (LacZ–;
row 2) and treated with EP ± RANK-Fc (rows 3 and 4).
, and Sca1� epithelial subsets in EP ± RANK-Fc treated mice; data
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Figure 5. RSPO1 Rescues the Expansion of Mammary Epithelial Subsets, Progenitors, and the WNT Response in the Absence of
RANK Signaling
(A) R-spondin1 (Rspo1) expression in the basal and luminal (NCL, Sca1+, Sca1�) mammary epithelial subsets of EP-treated control
and K5-Cre Rankfl/fl mice. b-actin-normalized transcript levels are plotted relative to control Sca1� cells; data represent mean ± SEM of
n = 4 mice/group.
(B) Schema of the RSPO1 rescue experimental procedure.
(C) Whole mounts of mammary glands from EP-stimulated control and K5-Cre Rankfl/flmice treated with vehicle or RSPO1; scale bar, 500 mm
(top), 100 mm (bottom, higher magnification).
(D) FACS profiles of luminal, basal, and stromal mammary cell subpopulations (top) and further segregated luminal NCL, Sca1+, and Sca1�

subsets (bottom) from EP-stimulated control and K5-Cre Rankfl/fl mice treated with vehicle or RSPO1.
(E) Quantification of basal (B), total luminal (L) as well as NCL, Sca1+, and Sca1� luminal subsets from (D).
(F) Colony forming cell capacity of FACS-sorted basal (B), Sca1+, and Sca1� mammary progenitors from EP-stimulated control and
Rank-deficient mice treated with vehicle or RSPO1. Data represent mean ± SEM of n = 4 (control), n = 3 (K5-Cre Rankfl/fl+vehicle), and n = 4
(K5-Cre Rankfl/fl+RSPO1) mice for (E) and (F).

(legend continued on next page)
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Figure 6. Model Illustrating the Impact of RANK Signaling on
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Progesterone (P)-triggered RANKL-RANK paracrine signaling
within the mammary stem cell niche stimulates the expression of
R-SPONDIN1 (RSPO1) from the hormone-receptor negative (ER�PR�)
luminal alveolar progenitor compartment (Sca1�), potentiating the
WNT response and amplifying the numbers of ER�PR� luminal pro-
genitors andbasal cells. ER�PR� luminal alveolar progenitors express
basal markers such as K14 and are considered bipotent, likely
contributing to the basal lineage within alveolar structures, while
basal WNT-responsive cells may continue to replenish the luminal
progenitor pool. Together, these cellular events converge to generate
lobuloalveolar units in the adult progesterone-exposed gland.
2015), but their underlying mechanism of action on

distinct cellular targets in the normal and neoplastic mam-

mary gland remains poorly understood. We now demon-

strate that RANKL from ER+PR+ luminal epithelial cells

acts on the mouse ER–PR– luminal alveolar progenitor

compartment to activate RSPO1 and enable WNT respon-

siveness, resulting in the expansion of ER�PR� luminal

alveolar progenitors and basal cells that jointly culminate

in the generation of lobuloalveoli (Figure 6). Interestingly,

RSPO1 has been shown to be required for alveolar forma-

tion in the mouse mammary gland, where its expression

pattern during gestation paralleled that of Wnt4 (Chadi

et al., 2009). RSPO1 enhances WNT signaling through its

stabilizing effects on the WNT receptor complex and pro-

motes the expansion of intestinal LGR5+ stem cells (de

Lau et al., 2014). Recent work also shows its cooperation

with WNT4 for mammary stem cell renewal (Cai et al.,

2014). Here, we discover a crucial role for RANKL in

inducing RSPO1 and engaging the WNT response in prim-

itive mammary cells, thus enabling them to respond to

progesterone. Given the widely documented role of WNT

signals in controlling stem and progenitor cells in other

tissues, our findings may prove to have broader relevance.
(G) Immunofluorescent staining of mammary tissues from contro
AXIN2 (green), DAPI (blue), Keratin 14 (K14; magenta), and Kera
cells in the luminal compartment, and white arrowheads point to WN
0.05, **p < 0.01.
The RANKL-RANK driven, WNT-responsive ER�PR�

luminal progenitors in the mouse and RANK-expressing

luminal progenitors that expand in the human breast dur-

ing the progesterone-high menstrual phase appear to

represent analogous, highly proliferative progenitors

within lobuloalveolar units. Since lobuloalveoli are the

most common site of mammary cancer development in

both mouse and human, it is tempting to nominate this

progenitor as a strong candidate for breast carcinogenesis.

Targeting RANK signaling in clinical trials utilizing Deno-

sumab, a fully human monoclonal antibody to RANKL,

has proved effective in reducing skeletal-related events

and bone metastasis in breast cancer patients (Stopeck

et al., 2010). Thus, it may be important to test the thera-

peutic capacity of Denosumab against primary breast

cancer for treatment or prevention. However, in light of

breast cancer heterogeneity and emerging RANK expres-

sion data, variable effects on different breast cancer

subtypes and stages would also be anticipated to affect

therapeutic outcomes. Since the WNT pathway is consid-

ered therapeutically elusive, RANK signaling blockade

may also serve as a means to curtail WNT activity during

breast pathogenesis.
EXPERIMENTAL PROCEDURES

Mice
Rankflox mice and K5-Cre Rankfl/fl knockout mice have been

described previously (Schramek et al., 2010) and were maintained

on a pureC57BL/6 background. Cre-mediated deletion is described

in the Supplemental Experimental Procedures.Wild-typemice and

Axin2-LacZ/+ (Stock #009120) mice were purchased from the Jack-

son Laboratory. All mice were cared for according to the Canadian

Council for Animal Care guidelines under protocols approved by

the Animal Care Committee of the Ontario Cancer Institute,

Toronto, Ontario.

Ovariectomy and Treatments
K5-Cre Rankfl/fl, Rankfl/fl controls and wild-type mice (10–13 weeks

old) were bilaterally ovariectomized and allowed to recover for

1 week. Mice were subcutaneously implanted with 14-day slow

release pellets (Innovative Research of America) of 17b-estradiol

(E, 0.14 mg) or 17b-estradiol + progesterone (EP, 0.14 mg E +

14mg P). For RANKL inhibition, RANK-Fc (kindly provided byWil-

liam Dougall, Amgen) was injected subcutaneously (10 mg/kg

RANK-Fc or PBS; three times/week) over the 14-day period. For

Rank knockout rescue experiments, R-SPONDIN1 (R&D Systems)

or PBS + 0.1%BSA (vehicle) alone was injected into the mammary

fat pad (5 mg/gland) following 11 days of EP treatment.
l and K5-Cre Rankfl/fl mice treated with vehicle or RSPO1 for
tin 18 (K18; red); white arrows indicate AXIN2+ WNT-responsive
T-responsive cells found in the basal layer; scale bar, 25 mm.*p <
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Whole-Mount, Immunostaining, RNA Isolation, and

Real-Time PCR Analysis
Please see Supplemental Experimental Procedures for detail

description.

Mammary Cell Preparation and Flow Cytometry
Singlemammary cell suspensions were generated from each pair of

fourth inguinal mammary glands from individual mice by enzy-

matic digestion and flow cytometry performed as reported (Joshi

et al., 2010) and described in Supplemental Experimental Proce-

dures. To analyze b-galactosidase activity andWNT-responsive cells

in Axin2-LacZ/+mice, a fluorogenic b-galactosidase substrate (FDG)

with the FluoReporter lacZ Flow Cytometry kit (Molecular Probes)

was used according to the manufacturer’s protocol. FACS analysis

wasperformedusingFACSCaliburor FACSCanto II (BDBiosciences)

and FlowJo software (Tree Star). Gating was defined based on single

color, isotype, and fluorescence minus one negative controls. Cell

sorting was performed on a FACSAria (BD Biosciences). The purity

of sortedpopulationswas routinely >95%.Histologically confirmed

normal, anonymized discard breast tissue samples from 63 non-

lactating, premenopausal women (17–50 years) undergoing reduc-

tion mammoplasties for indications other than neoplasia were

obtainedwith informed consent according to procedures approved

by the University of British Columbia Research Ethics Board. Their

menstrual phase-specificmorphologywas identified as defined pre-

viously (Ramakrishnan et al., 2002). Viable single cell suspensions

were prepared from previously isolated and cryopreserved organo-

ids as previously described (Eirew et al., 2008). The cells were then

labeled with fluorochrome-conjugated antibodies CD31 (Bio-

Legend, cat. #303118), CD45 (BioLegend; cat. #304016) for endo-

thelial and hematopoietic cell exclusion, respectively; CD49f (BD

Biosciences; cat. #555735) and EpCAM (BioLegend; cat. #324206)

formammarycells;DAPI forcell viability in subpopulationdistribu-

tion analysis by flow cytometry or to enable highly purified subsets

to be isolated by FACS (>95%) using either an Influx-II or FACSAria

(Becton Dickinson) (Eirew et al., 2008).

CFC Assays and In Vivo Limiting Dilution Assays
In vitro 2D CFC assays were performed as reported (Kannan et al.,

2013; Makarem et al., 2013; Stingl et al., 2006). Limiting dilution

transplantation assays of total mammary cells were performed to

determine ductal and alveolar outgrowth rates in vivo. Details

can be found in Supplemental Experimental Procedures.

Statistical Analysis
Values are reported as mean ± SEM comparison of data between

multiple groups was performed using one-way ANOVA followed

by Tukey’s post hoc multiple comparison test, and analysis be-

tween two specific groups was made using Student’s t test. Statisti-

cal significance is recognized at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, two figures, and one table and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2015.05.012.
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Figure S1, related to Figure 2. Co-staining of mammary epithelial popula ons for CD61 and Sca1, and Rank 
dele on in mammary cell compartments. FACS plots depicƟng the expression paƩern of (A) NCL, Sca1+ and 
Sca1- luminal cells within the CD24+CD49floCD61+/- cell compartments and (B) CD61+ and CD61- luminal cells 
within the CD24+CD49floSca1+/-CD49b+/- fracƟons. (C) PCR on genomic DNA extracted from FACS-purified 
luminal (L:CD24+CD49flo), basal (B:CD24+CD49fhi) and stromal (S:CD24-CD49f-) cells from Rankfl/fl (control) and 
K5-Cre Rankfl/fl mice to confirm Rank deleƟon; floxed (fl/fl) and deleted (Δ) Rank alleles. 
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Figure S2, related to Figure 3. Expression of epithelial markers in the Rank-null mammary gland. (A) Immunostaining for 
Keratin 14, 18 and the progesterone receptor isoform A (PR) in paraffin-embedded K5-Cre Rankfl/fl and control mammary 
tissue sections; scale bar=20µm. (B) Expression of lineage markers and cyclins in FACS-sorted basal and CD61+, CD61- luminal 
mammary epithelial subsets from EP-stimulated control and Rank-null mice. (C) Expression of the indicated genes in purified 
Sca1- luminal alveolar progenitors from control and Rank-null EP-treated mice. β-actin-normalized transcript levels are 
shown plotted relative to control basal cells in B and Sca1- cells in C. Data represent mean± s.e.m of n=3/cell fraction/group 
for B and C. 
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No. of cells injected/
fat pad

No. of fat pads positive for outgrowths/
total no. of fat pads injected

K5-Cre Rankfl/fl Control

10,000 1/3 3/3

5,000 2/7 7/7

1,000 2/7 7/7

500 1/8 5/8

MRU frequency 1/10,594 1/385

(95% CI) (1/4,517 – 1/24,848)  (1/199 – 1/743) 

Single cells isolated from mammary glands of ovariectomized 11-14 week old K5-Cre Rankfl/fl and 
control mice stimulated with 17β-estradiol+progesterone were injected at limiting dilution into 
cleared inguinal contralateral fat pads of 3 week-old syngeneic recipients which were mated 3 
weeks following transplantation. Outgrowths were scored following isolation of the fat pads 
from mid-pregnant hosts. Outgrowth numbers reported are pooled from at least 2 independent 
experiments for each group.

Table S1, related to Figure 2. 
Effect of Rank deletion on mammary repopulation by alveolar outgrowths. 



Supplemental Experimental Procedures 

 

Deletion analysis 

To determine Cre‐mediated Rank deletion in K5‐cre Rankfl/fl mice, genomic DNA was extracted from 

FACS‐sorted populations of epithelial and stromal cells. Rankflox allele was detected by PCR using primers 

P88: AGTGTGCCTGGCATGTGCAGACCTT and P105: CTGGTGGTTG TTCTCCTGGTGTCAT, and RankΔ allele 

using primers P87:GGCAGAACTCGGATGCAC AGATTGG and P88: AGTGTGCCTGGCATGTGCAGACCTT. 

 

Whole‐mount analysis and immunostaining 

Murine  thoracic  mammary  glands  were  analyzed  for  morphology  by  carmine‐alum  whole‐mount 

staining, as described previously (Fata et al., 2001). For  immunohistochemistry, 4% paraformaldehyde‐

fixed  paraffin‐embedded  tissue  sections  were  de‐paraffinized  in  xylene,  gradually  rehydrated  in 

descending  concentrations  of  ethanol,  and  subsequently  treated  in  Borg Decloaker  antigen  retrieval 

solution  (pH 9)  for 30 minutes at 121°C and 10 seconds at 90°C using a Decloaking chamber  (Biocare 

Medical). For RANKL, TCF1 and AXIN2  immunostaining, sodium citrate antigen retrieval solution (pH 6) 

was used. Tissue sections were stained using HRP‐AEC tissue staining kits according to manufacturer’s 

instructions  (R&D Systems). Antibodies used were anti‐mouse against K14  (Covance Cat.#PRB‐155P or 

#SIG‐3476,  Santa  Cruz  Cat.#sc‐53253  ),  K18  (Cedarlane  Cat.#10R‐C161A),  Ki67  (Thermo  scientific 

Cat.#RM‐9106‐S0),  PR  (Thermo  Scientific  Cat.#MA5‐12658  or  Santa  Cruz  Cat.#  sc‐7208),  SMA  (Sigma 

Cat.#A2547),  RANKL  (R&D  Cat.#AF462),  TCF1  (Cell  Signaling  Technology  Cat.#2203S),  AXIN2  (Abcam 

Cat.#ab32197)  and  beta Galactosidase  (Abcam  Cat.#ab9361).    Ki67  positive  cells were  quantified  by 

counting ~500 cells per mouse mammary  tissue section. For  immunofluorescence, paraffin‐embedded 

tissue sections were stained with primary antibodies followed by anti‐mouse, anti‐rabbit or anti‐chicken 

secondary  antibodies  conjugated  to  Alexafluor  488,  Alexafluor  647  (Life  Technologies  Cat.#A11008, 

A21235) or  Cy3‐Affinipure  (Jackson  Immunoresearch Cat.#103‐165‐155),  and mounted  using  ProLong 

Gold Anti‐fade  reagent with DAPI. Human  paraffin‐embedded  breast  tissue  sections were  processed 

similarly although treated with the antigen retrieval solution  (pH 9) for only 30 seconds at 125°C, and 

subsequently stained with antibodies against Ki67 and RANKL (kindly provided by Amgen). RANKL, TCF1 

in mouse mammary gland, and RANKL, Ki67 in human breast were quantified by measuring the ratio of 

positive  pixels  to  total  positive+negative  pixels  within  glandular  regions  using  Aperio  Imagescope 

software (Aperio technologies Inc.). 

 



Mammary cell preparation and flow cytometry 

Mouse  mammary  glands  were  digested  for  2.5  hours  at  37°C  in  DMEM:  F12  (3:1)  with  750Uml‐1 

collagenase and 250Uml‐1 hyaluronidase as described previously (Joshi et al., 2010). Organoids obtained 

after vortexing were subjected to red blood cell lysis in NH4Cl, further dissociation in 0.25% trypsin for 2 

min, 5 mgml‐1 dispase with 0.1 mgml‐1 DNaseI for 2 min, and filtered through a 40 μm mesh to obtain 

single  cells.  All  reagents were  from  STEMCELL  Technologies.  Cells were  incubated with  biotinylated 

mouse/human chimera cocktail containing anti‐CD45+/Ter119+ (STEMCELL Technologies) and anti‐CD31 

(BD  Biosciences  Cat.#553371)  to  label  hematopoietic  and  endothelial  cells  respectively  which  were 

excluded by  flow cytometry  following secondary conjugation with streptavidin‐PE‐Cy7  (BD Biosciences 

Cat.#557598). Alternatively, CD45, Ter119, CD31 antibodies directly conjugated to PE‐Cy7  (eBioscience 

Cat.#25‐0451‐82, 25‐5921‐81, 25‐0311‐81) were used.  Dead cells were excluded with propidium iodide 

staining (PI, Sigma). To identify and isolate mammary epithelial cell populations, the following antibodies 

were used: anti‐CD49f‐FITC (clone GoH3; BD Biosciences Cat.#555735), anti‐CD24‐PE (clone M1/69; BD 

Biosciences  Cat.#553262)  or  anti‐CD24‐APC‐eFluor  780  (clone M1/69;  eBioscience  Cat.#47‐0242‐80), 

anti‐CD61‐APC  (clone HMbeta3‐1;  Invitrogen Cat.#MCD6105), anti‐Sca‐1‐APC‐cy7  (clone D7; Biolegend 

Cat.#108126) or anti‐Sca‐1‐V500 (clone D7; BD Biosciences Cat.#561228) and anti‐CD49b‐Alexafluor 647 

(HMa2; Biolegend Cat.#103511) or anti‐CD49b‐PE (HMa2; Biolegend Cat.#103506).  

 

In vivo limiting dilution assays 

Total mammary cells were generated as single cell suspensions from EP‐stimulated K5‐Cre Rankfl/fl and 

Rankfl/fl  control mice.  Cells were  resuspended  in  a  10  μL  volume  containing  50% Matrigel  and  50% 

Hanks’ balanced salt solution plus 2% FBS and 0.02% Trypan blue  (Sigma). Viable cells  (10,000, 5,000, 

1,000 and 500) were  injected  into cleared mammary  fat pads of pre‐pubescent, 21 day old syngeneic 

recipient females. Cells derived from K5‐Cre Rankfl/fl mice and controls were transplanted  into the two 

contra‐lateral 4th  inguinal glands of the same recipient mouse to allow cells from knockout and control 

animals  to be exposed  to  identical hormonal milieu. After 3 weeks, mice were mated and mammary 

glands dissected at mid‐pregnancy. Glands were then carmine alum‐stained for whole mount analysis. 

Fat pads were scored as positive or negative  for ductal and alveolar outgrowths and  the  frequency of 

mammary repopulating units (MRUs) in the cell suspensions thus assayed was calculated using Poisson 

statistics  and  the method  of maximum  likelihood  using  L‐Calc  software  (Stem  Cell  Technologies). An 

estimate of  the MRU  frequency range was obtained using one‐sided 95% Clopper Pearson Limits, and 



goodness of fit to a single‐hit Poisson model was tested using Chi‐squared statistics as described (Stingl 

et al., 2006).. 

  

CFC  assays   

FACS‐sorted mammary  epithelial  cells  from  individual mice were plated with  irradiated  fibroblasts  in 

DMEM:F12 (3:1) medium containing 10% FBS, insulin (Life Technologies), cholera toxin (Sigma), adenine 

(Sigma), hydrocortisone (STEMCELL Technologies), and Rock inhibitor (Reagents Direct)(Makarem et al., 

2013). Basal and  luminal cells were cultured  in 5% oxygen conditions. Colonies were scored after 7‐10 

days.  Human  mammary  CFC  assays  were  performed  in  dishes  precoated  with  1.6%  Matrigel  (BD 

Biosciences) in SF7 medium with 5% fetal bovine serum (STEMCELL Technologies), 20 μM ROCK inhibitor 

(Reagents Direct), and irradiated feeders as previously documented (Kannan et al., 2013).  

 

RNA isolation and real‐time PCR analysis  

Total RNA was prepared  from  FACS‐sorted primary mammary  cell  subpopulations using  the PicoPure 

RNA  Isolation  Kit  (Arcturus).  The  quality  and  concentration  of  RNA  was  determined  by  visualizing 

purified RNA samples on SyBr Green  II  (Invitrogen) stained  formaldehyde agarose gels and by analysis 

with a NanoDrop 2000 Spectrometer (260/280 ratio; Thermo Scientific). Isolated and purified total RNA 

was reverse transcribed into first strand cDNA and amplified using the SMARTer PCR cDNA Synthesis Kit 

and  Advantage2  PCR  Kit  (Clontech)  as  previously  reported(Joshi  et  al.,  2010).  Relative  quantification 

Real‐time PCR  (ΔΔCt) was performed on 2 ng of cDNA generated  from sorted primary mammary cells 

using an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). TaqMan gene expression 

assay mix  containing  unlabelled  PCR  primers  and  FAM‐labelled  TaqMan MGB  probes were  used  to 

detect expression of specific genes as listed by catalogue number in the table below. All raw data were 

analyzed using  Sequence Detection  System  software Version 2.1  (Applied Biosystems). The  threshold 

cycle (CT) values were used to calculate relative RNA expression levels. Transcript levels were normalized 

to endogenous β‐actin  transcripts and  compared  to  the  control basal or  luminal population  (Relative 

Expression = 1). 

 

Applied Biosystems Gene Expression Assay catalogue numbers and sequences:  

Gene                                           Catalogue number 

Keratin 18  Mm01601706_g1 

Keratin 5  Mm00503549_m1 



Keratin 14  Mm00516876_m1 

PR 

Probe 

Forward 

Reverse 

 

5’ ‐ CACGCCATAGTGACAGCCAGATGCTT ‐ 3’ 

5’ ‐ CACAGTATGGCTTTGATTCCTTACCTC ‐ 3’ 

5’ ‐ TGCCCTCTTAAAGAAGACCTTGC ‐ 3’ 

Rankl  Mm01313944_g1 

Rank  Mm01286484_m1 

Wnt4  Mm01194003_m1 

Lrp5  Mm01227476_m1 

Lrp6  Mm00999795_m1 

Tcf1  Mm01293215_m1 

Axin2  Mm01265783_m1 

Rspo1  Mm00507077_m1 

β‐casein  Mm04207885_m1 

Cyclin D1  Rn00596851_g1 

Cyclin D2  Mm03053712_s1 

Cxcr4  Mm01996749_s1 

Elf5  Mm00468732_m1 

Stat5a  Mm03053818_s1 

β‐actin (ACTB)  Mm01205647_g1 

 

For qRT‐PCR measurements in human mammary epithelial cells, we isolated total RNA from FACS‐

purified cells using Trizol (Invitrogen) according to the manufacturer’s protocol. We then converted the 

RNA into cDNA using SuperScript III RT (Invitrogen) with random hexamer primers.  

 

Sequence‐specific primers designed using qPrimerDepot: 

Gene                                          Primer Sequence 

PR‐F  CGATGCAGTCATTTCTTCCA   

PR‐R  AATCTGTGGGGATGAAGCAT  

RANK‐F  GATGATGTCGCCCTTGAAGT 

RANK‐R  GGAGGCTCCCAAGCTCAG 



RANKL‐F  ATGTGCTGTGATCCAACGAT 

RANKL‐R  TGAGACTCCATGAAAATGCAGA 

Wnt4‐F   AGTTTCTCGCACGTCTCCTC 

Wnt4‐R   CTCGTCTTCGCCGTCTTCT 

TCF1‐F    GACTTGACCATCTTCGCCAC 

TCF1‐R    CCTCAAAGAGCTGGAGAACCT 

GAPDH‐F    CCCATCACCATCTTCCAGGAG   

GAPDH‐R    CTTCTCCATGGTGGTGAAGACG 
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