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SUMMARY

Delineating the mammary differentiation hierarchy is important for studying mammary gland 

development and tumorigenesis. Mammary luminal cells are considered a major origin of human 

breast cancers. However, how ER+ and ER− luminal cells are developed and maintained remains 

poorly understood. The prevailing model suggests that a common stem/progenitor cell generate 

both cell types. Through genetic lineage tracing in mice, we find that SOX9-expressing cells 

specifically contribute to the development and maintenance of ER− luminal cells and, to a lesser 

degree, basal cells. In parallel, PROM1-expressing cells only give rise to ER+ luminal cells. Both 

SOX9+ and PROM1+ cells specifically sustain their respective lineages even after pregnancy-

caused tissue remodeling or serial transplantation, demonstrating characteristic properties of long-

term repopulating stem cells. Thus, our data reveal that mouse mammary ER+ and ER− luminal 

cells are two independent lineages that are maintained by distinct stem cells, providing a revised 

mammary epithelial cell hierarchy.

eTOC Blurb

Wang et al. discovered two distinct lineage-biased stem cells in the mouse mammary gland: one 

contributes to the development of estrogen receptor negative luminal cells; the other maintain the 
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development of estrogen receptor positive luminal cells. These findings provide a new framework 

for studying mammary differentiation and breast cancer etiology.

INTRODUCTION

Mammary gland development and homeostasis involves extensive postnatal growth and 

tissue remodeling. While the mouse mammary epithelium is specified during 

embryogenesis, it remains largely quiescent as a rudimentary ductal structure until puberty 

(Cowin and Wysolmerski, 2010; Watson and Khaled, 2008). During puberty, the ductal 

rudiment undergoes extensive growth and branching morphogenesis to form a fully 

developed mammary ductal tree, which then goes through constant turnover during each 

estrous cycle (Khokha and Werb, 2011; Watson and Khaled, 2008). At pregnancy, the ductal 

tree massively expands to form milk-secreting alveoli, which are then cleared by apoptosis 

after lactation through a process called involution. Each mammary gland can sustain 

repeated rounds of alveologenesis and involution during the reproductive period of the 

organism. This remarkable tissue remodeling demands robust stem/progenitor activities, and 

identifying the stem/progenitor cells involved in mammary development and homeostasis is 

a major focus of the mammary gland field (Makarem et al., 2013; Visvader and Stingl, 

2014).

The mammary epithelium is composed of heterogeneous cell types classified into two 

lineages: basal and luminal. The basal lineage, consisting mostly myoepithelial cells, forms 

the outer layer of the ducts adjacent to the basement membrane. The luminal lineage 

includes ductal and alveolar luminal cells, which constitute the inner layer of the ducts and 

the milk-secreting alveoli, respectively. Luminal cells are also classified by their expression 

of hormone receptors, particularly estrogen receptor (ER). While ducts contain both ER− 

and ER+ luminal cells, alveolar luminal cells are mainly ER− (Visvader and Smith, 2011; 

Visvader and Stingl, 2014). Previous studies of transplanted cell populations have identified 

multipotent stem cells capable of regenerating the entire mammary ductal tree (Plaks et al., 
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2013; Shackleton et al., 2006; Sleeman et al., 2006; Spike et al., 2012; Stingl et al., 2006; 

Zeng and Nusse, 2010). However, subsequent lineage-tracing studies have revealed that 

basal- or luminal-restricted unipotent stem cells, as well as multipotent stem cells, can all 

contribute to postnatal mammary gland development and maintenance, suggesting the 

existence of heterogeneous stem cell populations in the mammary gland (Rios et al., 2014; 

van Amerongen et al., 2012; Van Keymeulen et al., 2011; Wang et al., 2015).

Despite the substantial progress, the interrelationship of various luminal cell types and the 

identity of their stem/progenitor cells remains poorly understood (Sreekumar et al., 2015; 

Visvader and Stingl, 2014). It has been widely believed that a common luminal stem/

progenitor cell produces all luminal cell types, including both ER+ and ER− cells (Visvader 

and Stingl, 2014). This common luminal stem/progenitor cell is thought to be ER−, and the 

ER+ cells are considered mature cell types, as they lack substantial proliferative potential in 
vitro (Shehata et al., 2012; Sleeman et al., 2007). However, recent studies found that 

NOTCH1-expressing progenitors generates ER− but not ER+ luminal cells and that ER+ 

cells can undergo significant proliferation in vivo (Giraddi et al., 2015; Rodilla et al., 2015). 

Mathematical modeling of adult mammary cell division kinetics suggests that ER+ and ER− 

luminal cells may be sustained by progenitors within each population in the resting adult 

gland (Giraddi et al., 2015). These findings raise questions of the common luminal stem/

progenitor model. However, it remains unclear whether the proliferating ER+ cells are long-

term repopulating stem cells or only short-term, rapidly dividing progenitors that must be 

replenished by more primitive stem cells. It is also unclear which luminal stem/progenitor 

cells produce ER+ cells during mammary ductal tree development and alveologenesis. Thus, 

long-term in vivo fate mapping studies are required to elucidate the differentiation hierarchy 

of luminal cells.

We have recently identified SOX9 as a key transcription factor regulating mammary stem/

progenitor cell fate (Guo et al., 2012). To further define mammary stem/progenitor cell 

populations, we carried out lineage tracing for SOX9-expressing cells. Surprisingly, we 

found that postnatal SOX9+ cells generated basal and ER− luminal cells but not ER+ cells, 

whereas Prominin 1 (PROM1)-expressing cells specifically maintained ER+ luminal cells 

during mammary gland development and homeostasis. Both SOX9+ and PROM1+ cells were 

long-term repopulating and specifically regenerated their respective lineages even after 

repeated rounds of pregnancy or serial transplantation. These results revealed that ER+ and 

ER− luminal cells are two independent lineages that are maintained by distinct long-lived 

stem cells in the postnatal mouse mammary gland.

RESULTS

SOX9+ cells are long-term repopulating and contribute to the ER− luminal and basal 
lineages in postnatal mammary ducts

To determine the role of SOX9+ cells in mammary gland development and homeostasis, we 

carried out lineage-tracing experiments that allow faithful assessment of stem and progenitor 

cell fates in their native tissue microenvironment. For this, we crossed Sox9-CreERT2 mice 

with R26R-tdTomato reporter mice (Figure 1A) (Kopp et al., 2011; Madisen et al., 2010), 

and treated the animals with tamoxifen at postnatal day 28 (P28). To minimize any 
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interference with mammary gland development, we opted for a low dose tamoxifen (1.5 mg/

mouse) as used in other studies, which allows ~7% of SOX9+ cells to be labelled (Rios et 

al., 2014; Shehata et al., 2014). We found that ~95% of tdTomato+ cells are SOX9+ 24 hours 

after the tamoxifen treatment (Figure S1A). The small numbers of tdTomato+/SOX9− cells 

are likely due to the downregulation of SOX9 expression after the tamoxifen pulse in these 

cells, as SOX9 is a highly unstable protein (~5-hour half-life) (Luanpitpong et al., 2016). 

This result confirms the specificity of Sox9-CreERT2 in the mammary gland, consistent with 

findings in other tissue types (Kopp et al., 2011).

We then carried out long-term lineage tracing of the labeled SOX9+ cells in nulliparous mice 

(Figure 1A). These cells robustly contributed to pubertal mammary gland development 

(Figure 1B). The contribution of tdTomato+ cells to mammary ducts was maintained at high 

levels even after 20 weeks of lineage tracing (Figure 1B). In contrast, mice without 

tamoxifen treatment displayed no tdTomato signal in the mammary gland (Figure 1B).

We further assessed the contribution of SOX9+ cells to various mammary lineages by flow 

cytometry using established cell surface markers (Figure S1B) (Shehata et al., 2012). Two 

days after tamoxifen treatment, both luminal (~3%) and basal (~1%) cells were labeled by 

tdTomato (Figure 1C). During lineage tracing, the frequency of tdTomato+ luminal cells 

increased substantially to ~8% in adult mice, whereas the frequency of tdTomato+ basal cells 

remained steady (Figure 1C). Because the absolute numbers of both luminal and basal cells 

increase dramatically from puberty to adult (Giraddi et al., 2015), this suggests that SOX9+ 

cells in both lineages are highly proliferative, although they preferentially contribute to the 

luminal lineage. Consistent with this notion, immunostaining revealed that 80% of 

tdTomato+ cell clusters contained only keratin 8 positive (K8+) luminal cells after 20 weeks 

of lineage tracing (Figures 1D and S1C), whereas the remaining 20% clusters contained both 

luminal and basal cells (Figure 1D and S1C). These bipotent clusters could be generated by 

a single bipotent stem/progenitor cell or by adjacent lineage-committed stem/progenitor 

cells. To distinguish these two scenarios, we reduced the tamoxifen dose to 25 μg/mouse to 

label SOX9+ cells at clonal density (Figure S1D). In this condition, we observed only 

luminal- or basal-specific clones, but virtually no bipotent clones (Figure S1D). This 

indicates that most SOX9+ cells are committed to either the luminal or basal fate, and 

bipotent SOX9+ cells are rare.

We then asked whether SOX9+ cells give rise to both ER− and ER+ luminal subpopulations 

using previously defined Sca1 and CD49b markers (Figure S1B) (Shehata et al., 2012). 

Surprisingly, SOX9+ cells predominantly contributed to the Sca1−CD49b+ population 

(mostly ER− cells) but not the Sca1+ population (mostly ER+ cells) (Figure 1E). We also 

confirmed that tdTomato+ cells did not express ER or progesterone receptor (PR) by 

immunostaining (Figure 1F).

We then examined whether the ER− luminal lineage is already separated from the ER+ cells 

before the onset of puberty. For this, we started lineage tracing at postnatal day 14 (Figure 

S1E). The prepubescent SOX9+ cells robustly contributed to mammary gland development 

and homeostasis, even after 25 weeks of lineage tracing (Figure S1E). Similar to cells 

labeled during puberty, the prepubescent cells were biased toward the luminal fate, and 
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specifically gave rise to ER− luminal cells (Figures S1F and S1G). We also assessed the fate 

of adult SOX9+ cells by administering tamoxifen at 8 weeks of age. These cells were also 

long-term repopulating (Figure 1G) and gave rise virtually only to ER− luminal and basal 

cells but not ER+ cells (Figures 1H and 1I). Together, these results demonstrate that mouse 

ductal ER− luminal cells are developed and maintained independently from ER+ luminal 

cells by SOX9+ long-term repopulating cells. Importantly, SOX9 is similarly expressed in 

ER− luminal and basal cells in human breast as in different mouse strains, suggesting a 

conserved role of SOX9 between human and mouse (Figure S1H).

SOX9+ cells contribute to alveologenesis

During pregnancy, the mammary gland undergoes massive expansion to generate milk-

secreting alveoli, which are mainly composed of ER− luminal cells and a layer of sparse 

basal cells. Whether ductal and lobular structures are generated by common or distinct 

precursor cells is still under debate (Visvader and Smith, 2011; Visvader and Stingl, 2014). 

Therefore, we examined whether SOX9+ cells also contribute to the development of alveoli 

(Figure 2A). Indeed, the labeled SOX9+ cells efficiently contributed to alveologenesis 

(Figure 2B). Like in nulliparous glands, these cells preferentially contributed to the luminal 

lineage in pregnant glands (Figure 2C). Interestingly, nearly all tdTomato+ alveoli had only 

either labeled luminal or labeled basal cells, and rarely did a single alveolus contain both 

labeled luminal and basal cells (Figure 2D and S2A). Furthermore, these labeled cells were 

virtually all ER− (Figure 2E). This supports the notion that two distinct types of SOX9+ cells 

are involved in postnatal mammary gland development, one contributing to ER− luminal and 

the other to basal cells. This also suggests that basal and luminal cells within each alveolus 

are derived from different stem/progenitor cells.

We further assessed the long-term repopulating ability of SOX9+ cells by subjecting the 

animals to repeated pregnancy and involution, which causes massive turnover of the 

mammary epithelium. We found that the mammary glands, including both ducts and the 

residual alveoli, remained robustly populated by tdTomato+ cells even after at least two 

rounds of pregnancy (Figure 2F). Furthermore, these cells preferentially committed to the 

ER− luminal fate (Figures 2G, 2H and S2B). Interestingly, although SOX9+ cells generated a 

small number of Sca1+ cells (Figure 2G and S2B), these cells remained as ER− (Figure 2H), 

consistent with the previous report that Sca1 expression becomes somewhat promiscuous 

after pregnancy (Shehata et al., 2012).

PROM1+ cells specifically maintain the ER+ lineage

Our unexpected finding that SOX9+ cells repopulate ER− cells but not ER+ cells questions 

the prevailing model that ER− and ER+ luminal cells are sustained by a common stem or 

progenitor cell population. Thus, we sought to identify the cells that maintain the ER+ 

lineage. We first evaluated the expression patterns of reported ER+ cell markers in the 

mammary gland, in order to identify a specific Cre driver for ER+ cells. Although Sca1 is an 

effective marker for separating ER+ and ER− luminal cells (Shehata et al., 2012), it is also 

expressed in significant numbers of basal and stromal cells (Figure S3A). However, we 

confirmed that another ER+ cell marker PROM1 (Prominin-1, also known as CD133) was 

exclusively expressed in ER+ luminal cells in the mammary gland of different mouse strains 
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(Figures S3A and S3B) (Sleeman et al., 2007). Thus, we crossed Prom1-CreERT2 knock-in 

mice with R26R-tdTomato mice to lineage trace ER+ cells (Figure 3A) (Zhu et al., 2009). 

We verified that 48 hours post tamoxifen treatment in P28 Prom1-CreERT2; R26R-tdTomato 
mice, only PROM1+ cells were labeled with tdTomato (Figure S3C).

We then carried out long-term lineage tracing of PROM1+ cells starting from early puberty 

(Figure 3A). The labeled cells efficiently contributed to mammary ductal tree development 

and maintenance, even after 20 weeks of lineage tracing (Figure 3B). Furthermore, these 

cells specifically gave rise to Sca1+ and ER+PR+ luminal cells (Figure 3C and 3D). 

Interestingly, although only a small fraction (2%) of the Sca1+ cells were labeled by 

tdTomato initially, the frequency of tdTomato+ cells increased substantially after long-term 

tracing to average 9% at 20 weeks, suggesting that labeled PROM1+ cells have a high 

proliferative potential (Figure 3C).

We further examined the fate of PROM1+ cells during and after pregnancy. Although a 

relatively small percentage of cells are ER+ in pregnant glands due to expansion of ER− 

alveolar cells, all cells derived from the labeled PROM1+ cells were ER+ (Figure 3E). 

Furthermore, after two rounds of pregnancy, these cells still robustly contributed to the 

mammary ductal tree and remained as Sca1+ (Figure 3F and 3G). We also examined the fate 

of adult PROM1+ cells by initiating lineage tracing in 7 weeks old mice. These cells also 

specifically gave rise to ER+ cells (Figure 3H and 3I). Thus, our data demonstrates that the 

ER+ luminal lineage is indeed an independent lineage maintained by PROM1+ cells.

ER− and ER+ luminal cells are regenerated independently by distinct stem cells during 
serial transplantation

The ability to regenerate in serial transplantation has been considered a cardinal feature of 

long-term repopulating stem cells (Eaves, 2015; Visvader and Clevers, 2016). Therefore, we 

asked whether SOX9+ and PROM1+ cells can contribute to serial mammary gland 

regeneration and maintain their lineage commitment. Previously studies have shown that 

purified luminal cells, when transplanted by themselves, cannot regenerate mammary ductal 

trees (Shackleton et al., 2006; Stingl et al., 2006). However, when mixed with basal cells, 

they can contribute to the luminal lineage in the mammary outgrowths (Van Keymeulen et 

al., 2011). This suggests that for unipotent stem cells to regenerate complex epithelial tissue, 

they need to act in concert with stem cells of complementary lineages. We reasoned that the 

proper ratio and spatial allocation of distinct stem cells can be best maintained by 

transplanting small fragments of mammary ducts, therefore allowing unipotent stem cells to 

contribute to tissue regeneration.

To fate map SOX9+ cells during transplantation, we used fragments from Sox9-CreERT2; 

R26R-tdTomato mice that had been pre-treated with tamoxifen (see Figure 4A for the 

schematic diagram). In these fragments, a subset of SOX9+ cells and their progeny were 

labeled with tdTomato. Eight weeks after transplantation, we observed that the tdTomato+ 

cells robustly contributed to the regenerated mammary ductal trees (Figure 4B). Importantly, 

these cells specifically gave rise to ER− luminal cells (Figure 4C). To further test their long-

term repopulating ability, we performed secondary transplantation using fragments of the 

primary outgrowths. Similarly, the progeny of labeled SOX9+ cells efficiently contributed to 
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the outgrowths of secondary transplantation (Figure 4B) and remained committed to the ER− 

luminal cell fate (Figure 4D and S4A).

We next investigated whether PROM1+ cells can regenerate ER+ cells during serial 

transplantation using similar approaches (Figure 4A). As expected, PROM1+ cells efficiently 

contributed to the mammary outgrowths of serial transplantation (Figure 4E). And in parallel 

to the SOX9+ cells, they only gave rise to ER+ cells in both primary and secondary 

outgrowths (Figures 4F, 4G and S4B). Of note, in some outgrowths, nearly all ER+ cells 

were derived from the labeled PROM1+ cells, suggesting that ER+ cells can be almost 

entirely regenerated by PROM1+ cells (Figure 4F and 4G). Together, these results strongly 

support the conclusion that SOX9+ and PROM1+ cells are long-term repopulating stem cells 

for the ER− and ER+ luminal cell lineages, respectively.

DISCUSSION

Although much progress has been made in elucidating the mammary epithelial cell 

hierarchy, how various luminal cell types are developed remains an unanswered question in 

the mammary gland field (Makarem et al., 2013; Sreekumar et al., 2015; Visvader and 

Stingl, 2014). It has been widely assumed that a common stem/progenitor cell population 

generates both ER+ and ER− luminal cells, although direct experimental evidence for this is 

still lacking. By combining long-term lineage tracing and serial transplantation approaches 

in this study, we provide clear evidence demonstrating that postnatal ER+ and ER− luminal 

cells are instead two independent lineages that are maintained by distinct long-lived stem 

cells. We showed that SOX9+ cells repopulate ER− luminal and basal cells but not ER+ cells, 

whereas PROM1+ cells specifically repopulate ER+ luminal cells during various stages of 

mammary gland development and regeneration. Together with recent studies (Giraddi et al., 

2015; Rodilla et al., 2015), our findings provide an important revision of the mammary 

epithelial differentiation hierarchy (Figure S4C).

We used rigorous assays to distinguish long-term repopulating stem cells versus short-term 

progenitors, an important distinction which have not been resolved in the previous studies 

(Giraddi et al., 2015; Rodilla et al., 2015). It has been shown that certain progenitors can 

sustain mammary gland growth for an extended period of time (e.g. 8 weeks) and are only 

depleted after long-term lineage tracing (e.g. 20 weeks) (Rios et al., 2014). Thus, to 

determine stem cell capability, we carried out lineage tracing for at least 20 weeks and 

subjected the mice to multiple rounds of pregnancy. Furthermore, we tested the ability of 

these cells to regenerate specific lineages following serial transplantation as another rigorous 

criterion of stemness. Under all these stringent conditions, SOX9+ and PROM1+ cells 

remain long-term repopulating and robustly contribute to their respective lineages. Thus, our 

findings provide key experimental evidence supporting the conclusion that ER+ and ER− 

luminal cells are maintained by separate lineage-biased stem cells.

Our data suggests that SOX9+ cells contribute to either ER− luminal cells or basal cells, and 

rarely did a single SOX9+ cell contribute to both lineages. Based on the recent report that 

basal and luminal cells are mainly self-maintaining and there is little “flux” of cells between 

these two compartments (Wuidart et al., 2016), we think there are two types of SOX9+ cells, 
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one in the luminal and the other in the basal compartment (Figure S4C). In addition to 

SOX9+ cells, other basal stem cells, such as LGR5+ and AXIN2+ cells, are likely to 

contribute to the basal lineage as well (de Visser et al., 2012; Koren et al., 2015; Plaks et al., 

2013; van Amerongen et al., 2012). The exact relationship of these cells remains to be 

defined in future. Interestingly, the luminal-committed SOX9+ cells are similar to recently 

characterized NOTCH1+ cells that are restricted to the ER− luminal cell fate in the postnatal 

mammary gland (Rodilla et al., 2015). It is likely that these SOX9+ and NOTCH1+ cells 

largely overlap, as SOX9 is a key downstream target of NOTCH (Shih et al., 2012; Yanger et 

al., 2013). Of note, our previous work showed that SOX9 is a key regulator in transplantable 

multipotent stem cells (Guo et al., 2012). The limited multipotent repopulating activity of 

SOX9+ cells in lineage tracing is likely due to the difference of cell fates in transplantation 

versus endogenous gland development, as shown in recent studies (van Amerongen et al., 

2012; Van Keymeulen et al., 2011).

The finding that ER+ cells are capable of self-maintenance is unexpected, as the prevailing 

view considers these cells as mature cells derived from ER− common luminal stem/

progenitor cells (Tornillo and Smalley, 2015; Visvader and Stingl, 2014). We showed that 

PROM1+ cells specifically repopulate ER+ cells in mice. Whether PROM1 can be applied to 

identify ER+ luminal cells in human has not been directly tested, although it seems to be 

more broadly expressed in human breast (Lim et al., 2009; Raouf et al., 2008). Since it is not 

uncommon for human and mouse stem cells to have different cell surface markers, future 

work will be needed to identify human equivalent of mouse PROM1+ cells. Furthermore, 

although we have shown a clear role of lineage-biased stem cells in luminal cell 

development and regeneration, it is important to point out that our results do not rule out the 

contribution of multipotent or bipotent stem cells in these processes. Future work is need to 

demonstrate the relationship of various stem cell types. It also remains to be determined 

whether the functions of various multipotent and lineage-biased stem cells are influenced by 

mouse stain background. Nevertheless, the discovery of lineage-restricted stem cells raises 

important questions as to whether they serve as cells-of-origin for distinct breast cancer 

subtypes. It is particularly intriguing to speculate whether ER+ stem cells are a preferred 

origin of ER+ cancers, which represent the majority of human breast cancers.

EXPERIMENTL PROCEDURES

Mouse reagents

Sox9-CreERT2 (JAX #018829) and Prom1-CreERT2 mice (JAX #017743) were bred with 

R26R-tdTomato mice (JAX #007914) to generate inducible lineage-tracing models. Female 

mice at indicated ages were used for experiments. All experimental procedures were 

performed in accordance with protocols approved by the Institutional Animal Care and Use 

Committee of Albert Einstein College of Medicine.

Tamoxifen-induced lineage tracing

Female mice were treated by a single intraperitoneal injection of 1.5 mg tamoxifen/mouse 

(Sigma T5648; diluted in 100 μl corn oil) for lineage tracing from P28 days and 8 weeks, 
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except for lineage tracing from P14 days (2 mg/mouse) and clonal analysis of SOX9+ cells 

(25 μg/mouse).

Cleared mammary fat pad transplantation

Mammary ductal fragments (1–2 mm) containing tdTomato+ cells were dissected from the 

endogenous glands or primary outgrowths and transplanted into cleared mammary fat pads 

of 3–4 weeks old female NOD-SCID mice as previously described (Guo et al. 2012). One 

fragment was transplanted into each cleared fat pad. The fat pads were analyzed 8–12 weeks 

post-transplantation. Only the outgrowth with branched ductal trees and terminal end buds 

was scored as positive reconstitution and included in the analysis.

Mammary cell flow cytometry, mammary whole-mount and immunostaining

Mammary cell flow cytometric analysis was performed as previously described (Zhang et 

al., 2016). Detailed protocols for flow cytometry, whole-mount and immunostaining are 

described in the Supplemental Experimental Procedure.

Statistical analysis

All data are represented as mean ± standard error of the mean (SEM). Comparisons between 

two groups were done using the unpaired t test unless stated otherwise, and P < 0.05 is 

considered significant. Statistical analyses were performed with GraphPad Prism 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• SOX9+ cells maintain the development and long-term homeostasis of ER− 

luminal cells

• SOX9+ cells contribute to alveologenesis

• PROM1+ cells sustain the development and long-term homeostasis of ER+ 

luminal cells

• ER− and ER+ luminal cells are regenerated by distinct cells during 

transplantation
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Figure 1. SOX9+ cells are long-term repopulating and maintain the ER− luminal and basal 
lineages in the postnatal mammary gland
(A) The mouse models (upper) and the experimental schedule (lower) for lineage-tracing 

experiments shown in Figure 1B to 1F.

(B) Representative tdTomato whole-mount images of Sox9-CreERT2; R26R-tdTomato 
mammary glands at the indicated time points after tamoxifen treatment. Mice without 

tamoxifen treatment (No TAM) at 24 weeks of age were used as the negative control (inset). 

Minimum 3 animals were examined for each time point.

Wang et al. Page 13

Cell Rep. Author manuscript; available in PMC 2017 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Percentages of tdTomato+ cells in the basal and luminal populations at the indicated time 

points, as determined by flow cytometry (mean ± SEM, n = 3–8).

(D) K8 and K14 immunostaining of mammary gland sections for characterizing the 

tdTomato+ cells after 20 weeks of lineage tracing. Representative luminal only and bi-

lineage tdTomato+ ducts are shown. The arrow head and arrows point to basal and luminal 

cells, respectively. Total 57 tdTomato+ cell clusters in 3 mice were counted.

(E) Percentages of tdTomato+ cells in the Sca1+ and Sca1− luminal populations at the 

indicated time points, as determined by flow cytometry (mean ± SEM, n = 2–3).

(F) ER and PR immunostaining of mammary gland sections 2 weeks after tamoxifen 

treatment. Magnification of the selected areas is shown on the right of each panel. 98% of 

tdTomato+ cells were ER− and PR−.

(G) Experimental schedule (left) for adult Sox9-CreERT2 lineage-tracing experiments as 

shown in Figure 1G to 1I, and a representative tdTomato whole-mount image (right) of 

Sox9-CreERT2; R26R-tdTomato mammary glands 20 weeks after the tamoxifen treatment.

(H) Percentages of tdTomato+ cells in the basal, Sca1+ and Sca1− luminal populations at 

indicated time points after the tamoxifen treatment, as determined by flow cytometry (mean 

± SEM, n = 3–6).

(I) ER immunostaining of mammary glands after 20 weeks of lineage tracing of adult 

SOX9+ cells. 99.5% tdTomato+ cells were ER−.

*P < 0.05, **P < 0.01, ***P<0.001, and ****P < 0.0001.

See also Figure S1.
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Figure 2. SOX9+ cells contribute to alveologenesis and persist after repeated pregnancy
(A) The experimental schedule for lineage-tracing studies shown in Figure 2.

(B) A representative tdTomato whole-mount image of Sox9-CreERT2; R26R-tdTomato 
mammary glands on day 17.5 of pregnancy (Preg17.5d).

(C) Percentages of tdTomato+ cells in the basal and luminal populations of Preg17.5d mice, 

as determined by flow cytometry (mean ± SEM, n = 3, paired t-test).

(D) K8 and K14 immunostaining of Preg17.5d mammary gland sections for characterizing 

the tdTomato+ cells. Examples of alveoli with either tdTomato-labeled luminal or basal cells 
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were shown. The graph on the right shows percentage of alveoli containing the indicated 

types of tdTomato+ cells.

(E) ER immunostaining of Preg17.5d mammary gland sections. 99% tdTomato+ cells were 

ER−.

(F) A representative tdTomato whole-mount image of Sox9-CreERT2; R26R-tdTomato 
mammary glands at least 3 weeks after weaning of the second litter.

(G) Percentage of tdTomato+ cells in the basal, Sca1+ and Sca1− luminal populations 3 

weeks after weaning of the second litter (mean ± SEM, n = 6).

(H) ER immunostaining of mammary glands after the 2nd pregnancy. 99.5% of tdTomato+ 

cells were ER−.

*P < 0.05 and **P < 0.01.

See also Figure S2.

Wang et al. Page 16

Cell Rep. Author manuscript; available in PMC 2017 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. PROM1+ cells are long-term populating and specifically maintain the ER+ lineage
(A) The mouse models (upper) and the experimental schedule (lower) for PROM1+ cell 

lineage-tracing experiments as shown in Figure 3A–3D.

(B) Representative tdTomato whole-mount images of Prom1-CreERT2; R26R-tdTomato 
mammary glands at the indicated time points after tamoxifen treatment. Mice without 

tamoxifen treatment (No TAM) at 24 weeks of age were used as the negative control. 

Minimum 3 animals were examined for each time point.
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(C) Representative flow cytometric profiles of the basal, Sca1+ and Sca1− luminal 

populations showing percentages of tdTomato+ cells after 20 weeks of lineage tracing. 

Percentages of tdTomato+ cells in specific cell populations are quantified on the right (mean 

± SEM, n = 3–6, paired t-test).

(D) ER and PR immunostaining of mammary gland sections after 20 weeks of lineage 

tracing. 97% and 100% of tdTomato+ cells are ER+ and PR+, respectively.

(E) The experimental schedule for lineage-tracing studies of Prom1-CreERT2; R26R-
tdTomato mice during pregnancy (left), and ER immunostaining of mammary gland sections 

at Preg17.5d (right). All tdTomato+ cells were ER+.

(F) A representative tdTomato whole-mount image of Prom1-CreERT2; R26R-tdTomato 
mammary glands 3 weeks after 2 rounds of pregnancy and lactation.

(G) Percentages of tdTomato+ cells in the indicated mammary cell types 3 weeks after 2 

rounds of pregnancy and lactation, as determined by flow cytometry (mean ± SEM, n = 6, 

paired t-test).

(H) Percentages of tdTomato+ cells in the indicated mammary cell types at the indicated 

time points of adult PROM1+ cell lineage tracing (n = 2–3).

(I) ER immunostaining of mammary gland sections after 8 weeks of adult PROM1+ cell 

lineage tracing. 96% tdTomato+ cells were ER+.

***P<0.001.

See also Figure S3.
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Figure 4. ER− and ER+ luminal lineages are regenerated by different unipotent stem cells during 
serial mammary gland transplantation
(A) A schematic diagram of the serial transplantation experiments. Sox9-CreERT2; R26R-
tdTomato or Prom1-CreERT2; R26R-tdTomato mice were treated with tamoxifen at P28. 

Small mammary ductal fragments were isolated ≥8 weeks later and used for cleared 

mammary fat pad transplantation. The fragments of primary outgrowths were then used for 

secondary transplantation.

(B) Representative tdTomato whole-mount images of the primary and secondary outgrowths 

regenerated by Sox9-CreERT2; R26R-tdTomato mammary ductal fragments.
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(C) Representative flow cytometric profiles and quantification of percentages of tdTomato+ 

cells in the indicated cell types of Sox9-CreERT2; R26R-tdTomato primary outgrowths 

(mean ± SEM, n = 4).

(D) ER and PR immunostaining of the secondary outgrowths from Sox9-CreERT2; R26R-
tdTomato ductal fragments. 97% and 99% of tdTomato+ cells were ER− and PR−, 

respectively.

(E) Representative tdTomato whole-mount images of the primary and secondary outgrowths 

derived from Prom1-CreERT2; R26R-tdTomato mammary ductal fragments.

(F) Representative flow cytometric profiles and quantification of frequency of tdTomato+ 

cells in the indicated cell types of Prom1-CreERT2; R26R-tdTomato primary outgrowths 

(mean ± SEM, n = 7).

(G) ER and PR immunostaining of the secondary outgrowths from Prom1-CreERT2; R26R-
tdTomato ductal fragments. 97% and 98% of tdTomato+ cells were ER+ and PR+, 

respectively. **P < 0.01 and ****P < 0.0001.

See also Figure S4.
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