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Abstract

The transcription factor E74-like factor 5 (Elf5) functions downstream of the prolactin receptor 

signaling pathway and plays an important role in mammary gland development. Using conditional 

mouse knockouts, we have previously shown that Elf5-null mammary glands exhibit a complete 

failure of alveologenesis during pregnancy. The Elf5-null developmental phenotype is mediated 

through alteration in the expression of several critical genes involved in alveologenesis, 

particularly those belonging to the JAK/STAT pathway. Here, we demonstrate that in addition to 

regulating terminal differentiation of alveolar cells, Elf5 also plays a critical role in determining 

cell fate and in regulating the stem/progenitor function of the mammary epithelium. Targeted 

deletion of Elf5 in the mammary glands leads to accumulation of cell types with dual luminal/

basal properties such as coexpression of K8 and K14 and an increase in CD61+ luminal progenitor 

population during pregnancy. Further interrogation suggests that the abnormal increase in 

K14+K8+ cells may represent the CD61+ luminal progenitors blocked in differentiation. 

Remarkably, Elf5 deficiency in mammary epithelium also triggers an increase of adult mammary 

stem activity as evidenced by the accumulation of mammary stem cell (MaSC)-enriched cell 

population in both pregnant and virgin mice and further confirmed by mammosphere and 

transplantation assays. Additional support for this phenotype comes from the enriched MaSC gene 

signature based on transcriptomic analysis of the Elf5-null mammary gland. Finally, our 

biochemical studies suggest that Elf5 loss leads to hyperactivation of the Notch signaling pathway, 

which might constitute in part, the underlying molecular mechanism for the altered cell lineage 

decisions in Elf5-null mammary epithelial cells.
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Introduction

The adult mammary gland is an epithelial-rich organ that undergoes remarkable structural 

and physiological changes during pregnancy. The main structures that are primarily affected 

by these dynamic changes at this stage are the milk-producing alveoli and the elaborate 

ductal network. The epithelial lining of the alveoli and the ducts comprises two major cell 

types: luminal and basal [1, 2]. The generation of the mature and functional lobuloalveolar 

units of the mammary gland during pregnancy is governed by endocrine signals generated 

predominantly by prolactin and steroid hormones such as progesterone and a network of 

critical transcription factors that activate target genes involved in cell-fate determination, 

proliferation, and differentiation [3–5]. One such transcription factor is E74-like factor 5 

(Elf5, also known as ESE-2).

Elf5 is highly expressed in tissues rich in glandular or secretory epithelial cells such as 

mammary gland, salivary gland, kidney, lung, and stomach [6–10]. In addition, during early 

embryonic development, Elf5 expression is restricted to the extraembryonic ectoderm, 

which is essential for mammalian placental formation and the survival of the embryo in 

utero [11]. Elf5 is a critical transcription factor at this stage, since Elf5-null embryos die 

early during embryogenesis and exhibit defects in the formation of extraembryonic ectoderm 

[6, 11, 12]. Indeed, recent studies have shown that Elf5 is important for the maintenance of 

the trophoblast stem cell population and is differentially and epigenetically regulated to 

dictate embryonic and trophoblast cell lineage choices [13].

In mammary glands, Elf5 is highly induced during pregnancy and is primarily restricted to 

the luminal epithelial cells [12, 14, 15]. The important role of Elf5 in mammary gland 

development is clearly evident in the lactation failure and blocked alveolar morphogenesis 

phenotype in Elf5 females, even under heterozygous conditions [12, 16]. The importance of 

Elf5 in lactation is further exemplified by the precocious alveolar differentiation phenotype 

observed in Elf5-overexpressing virgin mammary glands [16]. These studies have firmly 

established this transcription factor as a master regulator of the alveolar switch. To overcome 

the problem of embryonic lethality of mice lacking Elf5, we have used the Cre-loxP system 

to ablate Elf5 specifically in the mammary epithelium [14]. We have shown that conditional 

loss of Elf5 in mammary glands leads to a complete failure in lobuloalveologenesis and 

alterations in the PrlR/Janus Kinase2/Signal transducers and activators of transcription 5a 

signaling pathway as well as many other known mediators of the mammary gland 

developmental program suggesting a much broader role of Elf5 [14, 17, 18]. Indeed, recent 

studies on transcriptional mediators of stem/progenitor cell differentiation and lineage 

control mechanisms of mammary epithelial cells (MECs) have unearthed the role of key 

players such as GATA-3 and to some extent Elf5 in these processes [16, 19, 20].

While animals lacking GATA-3 exhibit morphogenetic block during mammary placode 

formation and pubertal mammopoiesis, Elf5-null mammary glands examined so far do not 
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exhibit any early developmental defects in ductal growth and morphogenesis [16, 19, 20]. 

However, pregnant Elf5-null glands harbor an expanded pool of luminal progenitor cells 

suggesting that Elf5 might actively influence the dynamics of mammary epithelial 

progenitors and their programmed differentiation [16]. Given the broad expression pattern of 

Elf5 that extends beyond the pregnancy/lactation window and the emerging evidence that 

Elf5 is a prototypic marker for both human and mouse luminal progenitor population, it is 

conceivable that this factor may also influence earlier stages of the mammary epithelial 

lineage choices [21].

In this study, we used the Elf5 conditional knockout animals to further understand the 

underlying molecular mechanism by which Elf5 dictates cell-fate determination and lineage 

choices in mammary gland development. Our data show that loss of Elf5 leads to an 

unexpected and dramatic increase in K14+/p63+/K8+ mixed population of cells in the 

luminal compartment, suggesting an increased progenitor cell population. Flow cytometric 

analysis also revealed an increase in CD61+ cells during pregnancy in agreement with 

previous studies [16]. Interestingly, sorted CD61+ subpopulations showed an increase of 

double-positive K14+/K8+ cells in Elf5-null MECs, suggesting that the CD61+ fraction 

might represent cells with dual characteristics that are blocked in differentiation toward 

mature luminal cells. Furthermore, we also observed an increase of mammary stem cells 

(MaSCs) in the absence of Elf5 that is detectable during pregnancy as well as in the virgin 

stage. Flow cytometric analyses as well as mammosphere assays and in vivo transplantation 

experiments confirmed the increased stem cell activity in Elf5-null mammary glands in both 

pregnant and virgin stage. Finally, our findings that loss of Elf5 leads to hyperactivation of 

Notch signaling and that inhibition of Notch signaling can partly restore the increased stem/

progenitor cell activity of Elf5-null MECs provide a novel mechanistic link between Elf5 

and Notch signaling pathway in mammary gland development.

Methods and Materials

Animal Studies

The Elf5-null mice have been described previously [14]. Mice of C57BL/6 strain (6–8 

generations) were used for experiments with virgin mammary glands. The genotype of the 

control wild-type (WT) animals was either K14-Cre/Elf5+/+ or Elf5f/f, whereas the genotype 

of the Elf5 conditional knockouts (Elf5-null) was K14-Cre/Elf5f/f. Animal procedures were 

conducted in compliance with the guidelines of the IACUC Committee of the State 

University of New York at Buffalo.

Histological Analysis, Immunostaining, and Western Blots

For histological analysis, mammary gland specimens were fixed as described in [14]. 

Antibodies dilutions used for immunofluorescence and immunohistochemistry are described 

in Supporting Information Table S1. Protein extracts were prepared and Western blot was 

performed as described in [14]. Antibodies used for Western blot are described in 

Supporting Information Table S1.
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Primary MEC Culture and Viral Infection

Isolation and adenoviral transduction of primary MECs were performed as described 

previously [14, 22]. For lentiviral mediated knockdown studies, shRNA knockdown vector 

for murine Rbpjk/Cbf-1 (TRCN0000097287-88) was purchased from Open Biosystems Inc. 

(Huntsville, AL, https://www.openbiosystems.com/). Control plasmid containing empty 

vector was purchased from Sigma-Aldrich (St Louis, MO, http://www.sigmaaldrich.com/

sigma-aldrich/home/html). Plasmids were packaged into virus using HEK293-T-cells as 

packaging cell lines using helper plasmids VSVG and dR8.9 using standard protocols. 

Primary cells were spin infected with virus-containing media supplemented with 2 μg/ml 

polybrene for 2 hours at 1,000g at 4°C and then either plated in matrigel or transplanted.

Flow Cytometry/Fluorescence-Activated Cell Sorting

Single MECs suspension was pelleted and resuspended in fluorescence-activated cell sorting 

(FACS) buffer (1% BSA in PBS). Briefly, MECs were blocked with anti-CD16/CD32 Fcc 

III/II receptor antibody (BD Pharmingen, San Jose, California, http://

www.bdbiosciences.com/home.jsp) and stained with a combination of either (FITC-CD45, 

FITC-Ter119, FITC-CD31, CD24-PE, CD29-APC, and biotinylated-CD61) or (biotinylated-

CD45, biotinylated-Ter119, biotinylated-CD31, CD24-PE, CD29-FITC, and CD61-APC) for 

20 minutes on ice. FACS analysis was performed using the LSRII Flow Cytometer (BD 

Biosciences) and data were analyzed using FlowJo software (TreeStar, Inc.). The FACS 

analysis described above was repeated with five or more independent samples obtained from 

mammary glands number 4 and 5 of WT and Elf5-null females at P17.5d and 7-week virgin. 

Flow sorting was performed using FACS Aria (BD Biosciences) or FACS Vantage SE w/

DiVa (BD Biosciences).

Mammosphere and Colony-Forming Assay

For mammosphere and colony-forming assays, primary MECs isolated from mammary 

glands number 4 and 5 of WT and Elf5-null mice (P17.5d and 6–8 week virgin) were either 

plated onto six-well, ultralow attachment plates at a density of 10,000 cells per milliliter or 

in matrigel at a density of 1,000 or 20,000 cells, respectively. Cells were grown as described 

previously [23, 24]

Limiting Dilution Assay and Extreme Limiting Dilution Assay

Single-cell suspension of primary MECs from WT and Elf5-null mammary glands at 6–8 

weeks were sorted in combination with the Lin−, CD24+, and CD29hi markers to obtain 

MaSCs (Lin−CD24+CD29hi) that were then injected into cleared mammary fat pads. The 

outgrowths were analyzed at 8 weeks post-transplantation. Transplantation was performed 

with cells resuspended in 50% Matrigel and 50% PBS. Frequency of MaSCs in transplanted 

cell suspension was calculated using L-calc software (StemCell Technologies, Vancouver, 

Canada, http://www/stemcell.com/) or extreme limiting dilution assay (ELDA) [25]. Single-

hit model was also tested using ELDA and value of slope was 1. MaSC abundances were 

assumed to follow a Poisson distribution in LDAs, and generalized linear models using a 

log-log link function were used to derive repopulation frequency parameters. Differences in 

repopulation frequencies (defined as the number of cells required for repopulation to be 
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observed 63% of the time) were determined by relying on the asymptotic normality of the 

maximum likelihood estimates.

Real-Time PCR Analyses

Total RNAs were isolated and real-time PCR was performed as described previously [14]. 

The gene-specific primer sets are listed in Supporting Information Table S2.

Gene-Set Enrichment Analysis

We used GSEA v2.0 to perform the gene-set enrichment analysis (GSEA) on various 

functional and/or characteristic gene signatures [26, 27]. Normalized microarray expression 

data were rank-ordered by differential expression between Elf5-null versus WT, using the 

provided ratio of classes (i.e., fold change) metric. The details of the microarray experiments 

will be described in a separate manuscript. Gene sets were either obtained from the MSigDB 

database v3.0 (SEPT 2010 release) or manually generated. Milk proteins contain a list of 

nine genes: Adfp, Btn1a1, Lalba, muc1, Xdh, Wap, Csnkappa, Csn1s1, and Csnk1g2. “CDK 

inhibitors” include all eight gene family members (Cdkn1a through Cdkn3); MaSC-enrich 

and luminal signatures are significantly upregulated genes (p < .05 and FC >3) in MaSC-

enriched and luminal subpopulations from MECs of virgin mice, which were derived from 

microarray dataset GSE22446.

Results

Inappropriate Expression of Basal Markers and Expansion of K14+/K8+ Dual-Positive Cells 
in Elf5-Null Mammary Glands

Previously, we have shown that mammary epithelium-specific deletion of Elf5 leads to a 

complete block in alveologenesis during lactation [14]. To further probe the effects of loss of 

Elf5 during different stages of pregnancy, we compared mammary glands from K14-Cre/

Elf5f/f (Elf5-null) animals and their K14-Cre/Elf5+/+ (WT) type littermate controls. Both 

whole mount carmine staining and histological examination of mammary gland sections 

demonstrated that at P4.5 there were discernable morphological alterations including less 

tertiary branching in Elf5-null mammary epithelium (Supporting Information Fig. S1). 

Notably, these effects were more pronounced at later stages of pregnancy in agreement with 

higher expression levels of Elf5 at this stage (Supporting Information Fig. S1, S2 and [12, 

15]). Immunohistochemical staining confirmed the complete absence of Elf5 protein at all 

stages of development in the Elf5-null mice (Supporting Information Fig. S2). To further 

characterize the cell population in the Elf5-null epithelium, we used a panel of basal and 

luminal cell markers. While K14+ staining was predominantly restricted to myoepithelial 

cells of the basal compartment in WT (Fig. 1C, 1I, 1O), in Elf5-null tissues, there was 

widespread mis-expression of K14 within the cells of the luminal compartment (Fig. 1F, 1L, 

1R). This distinctive altered expression pattern was clearly evident at early stages of 

pregnancy (yellow arrows, P4.5) and progressively increased during later stages of 

pregnancy and at parturition (Fig. 1L, 1R, 1X and graph below [WT = 2% vs. Elf5-null = 

50%]). Importantly, the altered K14 expression in luminal cells was also detectable in 12 

weeks virgin mammary glands (Supporting Information Fig. S3). However, in contrast, K5 

expression was restricted to myoepithelial cells in both Elf5-null and WT type mammary 
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glands (data not shown). This was not surprising, given the reported asynchronous 

distribution of K5 and K14 during mammary gland development [28, 29]. On the other hand, 

immunostaining with p63, another basal cell marker, showed results similar to K14. Indeed, 

p63+ cells were scattered throughout the luminal compartment in Elf5-null mammary 

epithelium (Supporting Information Fig. S4B, Fig. S4D, S4F) in comparison to the 

myoepithelial-restricted expression observed in WT, at multiple stages of development 

(Supporting Information Fig. S4A, S4C, S4E). These data are in agreement with Western 

blot analysis that demonstrated increase in basal markers p63 and K14 expression in Elf5-

null tissue (Supporting Information Fig. S5). To further examine the nature of the K14+/p63+ 

cell types, we performed dual staining of K8 and K14. K8+ cells were uniformly present 

within the luminal layer of control ducts, as expected, and were surrounded by a single layer 

of K14+ myoepithelial cells along the ducts (Fig. 2C). In contrast, in affected areas of Elf5-

null tissue, there was a robust increase of dual K14+/K8+ population (WT = 0.5% vs. Elf5-

null = 44%) (white arrows, Fig. 2F). This observation was further supported by increased 

colocalization of p63 and K8 in the luminal compartment in P17.5 mammary glands of Elf5-

null (Fig. 2L) in comparison to WT (Fig. 2I) (WT = 1.2% vs. Elf5-null = 16%). Next, we 

examined expression of smooth muscle actin (SMA), a marker of mature differentiated 

myoepithelial cells. While the outer layer of myoepithelial cells in the Elf5-null and control 

mammary glands displayed the normal pattern of SMA staining, the K14+ population in the 

luminal compartment of the Elf5-null mammary glands was negative for SMA, suggesting 

that these mixed-phenotypic cells were un-differentiated (Fig. 2O, 2R).

Loss of Elf5 Alters Stem Cell/Progenitor Populations During Pregnancy

Given the prevailing notion that both the myoepithelial and luminal cell types are descendent 

of a common progenitor population that expresses dual K14+/K8+ markers, we wondered if 

the stem/progenitor cells were affected in Elf5-null mammary glands. To test this, we 

dissected mammary glands from P17.5d mice and analyzed them by flow cytometry 

(Supporting Information Fig. S6A) with established surface markers [24, 30]. We observed a 

consistent increase in Lin−CD24+CD29hi (MaSC enriched) cell population (WT = 35% vs. 

Elf5-null = 59.1%) and a decrease in the Lin−CD24+CD29lo population (WT = 32.5% vs. 

Elf5-null = 20.5%) in Elf5-null MECs compared to WT (Fig. 3A, Supporting Information 

S7A, S7B). The Lin−CD24+CD29lo compartment can be further subdivided into CD61+ 

progenitor cells and CD61− differentiated mature cells [19]. Further characterization of the 

luminal progenitors using the CD61 marker showed significant increase in percentage of 

Lin−CD24+CD29loCD61+ population in the Elf5-null mammary epithelium in comparison 

to WT control (Fig. 3B), similar to earlier studies [16]. The purity of the various sorted 

populations was confirmed by real-time RT-PCR (qRT-PCR) for K14 and K18 as shown in 

Supporting Information Figures S8A and S8B. We next performed dual 

immunofluorescence staining of the Lin−CD24+CD29loCD61+ population for K14 and K8 

expression. This showed that the CD61+ Elf5-null MECs from P17.5 consists of a 

significantly larger (Elf5-null = 42% vs. WT = 16%) fraction of K14+/K8+ cell population 

compared to the WT (double-positive cells are marked by yellow arrowheads in Fig. 3C and 

bar graph in Fig. 3D). Taken together, these data suggest that in the conditional Elf5 

knockout mammary glands, the alveolar differentiation block is also accompanied by 

accumulation of premature cells that might represent stem/progenitor fractions.
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We next examined the functional effects of loss of Elf5 on stem/progenitor population 

proliferation and expansion by mammosphere and colony-forming assays. MECs derived 

from Elf5-null P17.5 mammary gland showed an increase in primary mammosphere-

forming activity compared to WT cells (Fig. 3F), indicating increased stem or progenitor 

cell function. In addition, the mammosphere diameters were larger in Elf5-null samples in 

comparison to the WT (Fig. 3E, 3F). Primary mammosphere-derived cells can initiate 

secondary mammospheres, as well as differentiate to various breast line-ages, thus 

exhibiting two fundamental properties of stem cells—self-renewal and multilineage 

differentiation [31]. To examine self-renewal and intrinsic stem cell activity, second-

generation mammospheres were counted, which revealed a distinct increase in secondary 

mammosphere-forming activity in Elf5-null MECs compared to the WT cells (Fig. 3G). 

When individual mammospheres were plated on collagen-coated chamber slides, most cells 

in the spheres differentiated and migrated out of the center after 4 days of culture. 

Immunostaining of differentiated mammospheres identified K8+ and K14+ cells from both 

WT and Elf5-null mammospheres (Fig. 3H), confirming that the spheres were capable of 

differentiating into both luminal and basal lineages. Of note, similar to Elf5-null mammary 

glands in vivo, an increase in dual-positive (K14+/K8+) cells was also observed in the 

differentiated cells of the Elf5-null mammospheres (Fig. 3H). We next compared the colony-

forming capacity/progenitor activity of WT and Elf5-null MECs that were grown at clonal 

density in Matrigel and examined their potential to form spherical colonies. Elf5-null MECs 

formed more spherical colonies in comparison to WT per 1,000 MECs seeded (Fig. 3I, 3J). 

Average sphere size in Elf5-null was larger than WT; however, this increase was not 

statistically significant (data not shown). These results were further confirmed by examining 

mammosphere formation and colony-forming ability of purified sorted subpopulations from 

WT and Elf5-null MECs, (Lin−CD24+CD29hi and Lin−CD24+CD29lo), respectively 

(Supporting Information Fig. S8C, S8D).

Increased Stem/Progenitor Cell Population and Activity in Elf5-Null MECs Obtained from 
Virgin Animals

We next examined whether loss of Elf5 also affects stem/progenitor cell population in virgin 

animals. Flow cytometry profile of WT and Elf5-null MECs of 7-week-old virgin animals 

showed an increase in MaSC-enriched Lin−CD24+CD29hi population in Elf5-null MECs 

compared to WT (WT = 13.3% vs. Elf5-null = 24.2%). This data suggested that Elf5 loss 

might initiate alterations in stem cell/progenitor cells as early as in virgin stage (Figs 4A, 

Supporting Information S6B, S7C). We next examined the CD61+ luminal progenitor 

population. No significant difference was observed in the CD61+ population in the Elf5-null 

mammary epithelium compared to WT (Fig. 4B) as reported previously [16]. Interestingly, 

immunostaining of CD61+-sorted subpopulation with K14 and K8 antibodies demonstrated 

an increase in dual-positive cells in CD61+ population albeit at lower frequency (Elf5-null = 

1.67% vs. WT = 0.11%, Fig. 4C, 4D). We then compared the mammosphere-forming ability 

of WT and Elf5-null virgin MECs. There was a significant increase in primary 

mammosphere number between WT and Elf5-null MECs but no difference in relative sizes 

(Fig. 4E–4G). Next, we compared the colony-forming capacity/progenitor activity of WT 

and Elf5-null MECs grown at clonal density in Matrigel and counted spherical colonies. No 

significant difference was observed between Elf5-null MECs in comparison to WT per 1,000 
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MECs seeded (Supporting Information Fig. S8E) as could be expected due to an unaltered 

CD61+ population.

To assess the ability of Elf5-null MaSCs to form an entire functional mammary gland in 

vivo, stem cell-enriched populations (Lin−CD24+CD29hi) from 6 to 8-week-old virgin mice 

were transplanted into cleared fat pads of mice. MaSCs from both Elf5-null and WT mice 

were able to generate ductal outgrowths with primary and secondary side branches. 

However, limiting dilution analyses (Fig. 4H, 4I and Table 1) revealed a clear increase (~2.4-

fold, p value .012) in repopulating frequency for Elf5-null cells, which contain 1 

MaSC/MRU (mammary repopulating units) per 90 cells, compared to WT counterparts (one 

MaSC/MRU per 214 cells). In addition, estimation of outgrowths (percentage of mammary 

fat pad occupied by transplants) also showed a significant increase in outgrowths from Elf5-

null MEC transplants compared to WT MECs transplants (p = .0042) (Fig. 4H, 4I).

Loss of Elf5 Is Associated with Altered Notch Signaling Pathway

To gain mechanistic insight into the underlying molecular events associated with the 

phenotype due to loss of Elf5, we performed microarray analysis with RNA isolated from 

WT and Elf5-null mammary gland. The global transcriptome changes due to loss of Elf5 

were examined for enrichment of various signaling pathway target gene sets. GSEA 

demonstrated that, consistent with the observed phenotype of Elf5-null mammary glands 

[14], there was a reduction in expression levels of genes encoding for milk proteins and gap 

junction proteins in Elf5-null samples compared to WT (Fig. 5A). Furthermore, a large 

number of CDK inhibitors were upregulated in Elf5-null MECs in agreement with the 

reduced proliferation phenotype observed in Elf5-null mammary gland [14] (Fig. 5A). 

Interestingly, MaSC-enriched genes were significantly overrepresented among upregulated 

genes in Elf5-null mammary gland transcriptome—a feature that is consistent with the 

increased MaSC/progenitor activity of Elf5-null MECs as described earlier (Fig. 5A). In 

parallel, luminal-enriched genes were significantly overrepresented in downregulated genes 

in Elf5-null mammary gland transcriptome compared to WT (Fig. 5A).

Given the increasing evidence for a critical role of Notch signaling in cell-fate decisions in 

mammary gland, we were intrigued by the elevated expression of Notch signaling pathway 

components such as Notch1, Notch2, and Hey1 in Elf5-null cells (Fig. 5B) [31–33]. In 

support of the microarray data, qRT-PCR analyses revealed that the expression of the 

majority of the critical genes (Notch1, Notch4, Hes1, Hey1, Jag2, and Rbpjk/Cbf-1) 

involved in Notch signaling cascade was higher in the Elf5-null mammary glands, whereas 

only Notch2 was downregulated (Fig. 5C). To further confirm whether these changes were 

specific to the epithelial cells, we next performed qRT-PCR on purified MECs from WT and 

Elf5-null P17.5 mammary glands. As shown in Supporting Information Figure S8F, the data 

again clearly demonstrated that the alterations in the expression levels of most of the genes 

such as Notch1, Notch3, Notch4, Hey1, Jag1, Jag2, Dll1, Dll4, and Rbpjk/Cbf-1 were 

intrinsic to epithelial cell. To test whether these changes were also reflected in protein 

expression, we probed mammary glands from Elf5-null and control animals with antibodies 

against NICD1 (Notch1 intracellular domain), NICD4 (Notch4 intracellular domain), and 

Hey1, two important mediators of the Notch signaling. Our data showed an increase in 
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NICD1, NICD4, and Hey1 protein levels in Elf5-null mammary epithelium as judged by 

Western blot (Fig. 5D) and immunohistochemistry (Fig. 5E) further corroborating the qRT-

PCR findings.

Elf5 Is Required for Notch Expression and Activation in Cultured MECs

To examine the direct role of Elf5 in regulating Notch signaling, we assessed the effects of 

loss of Elf5 in primary MECs. MECs were harvested from Elf5f/f mice and transduced with 

either adenovirus-expressing green fluorescent protein (GFP) (Ad-GFP) or Cre (AdCre) and 

cultured on Matrigel for varying time points in proliferative growth media. Infection of 

MECs with AdCre resulted in significant knockdown of Elf5 expression (Fig. 5F, 5G). We 

performed qRT-PCR analyses of the primary cultures lacking Elf5 (Ad-Cre-Elf5f/f) to 

examine the expression levels of some of genes in the Notch pathway that were altered in 

Elf5-null mammary glands in vivo. Interestingly, while both Notch1 and Notch4 transcripts 

were significantly upregulated in Ad-Cre-Elf5f/f compared to (Ad-GFP-Elf5f/f) cells, others 

such as Rbpjk/Cbf-1 did not show any significant change suggesting that some of these 

might reflect indirect targets of Elf5 in mammary glands (Fig. 5F). To further examine 

Notch activity, protein lysates were harvested from MECs and Western blots were 

performed. Concomitant with loss of Elf5 in AdCre-transduced Elf5f/f MECs (Fig. 5G), 

there was a strong increase in the expression of NICD1 but not NICD4, after 72 hours of Cre 

treatment. Thus, although acute loss of Elf5 leads to increased expression of both Notch1 
and Notch4 mRNA in MECs, only Notch1 alone is activated, suggesting that additional 

modes of Elf5-independent Notch4 regulation exist. Interestingly, the increased Notch1 

expression was also detected in sorted Lin−CD24+CD29loCD61+ population from Elf5-null 

MECs compared to WT (Fig. 5H).

The Increased Stem/Progenitor Cell Phenotype of Elf5-Null MECs can be Rescued by 
Attenuation of Notch Activity

The increase in MaSC activity and upregulated Notch signaling (Figs. 3, 5) might be 

secondary to the developmental block that leads to increased undifferentiated cells in Elf5-

null pregnant mammary glands. To rule out this possibility, we next examined the expression 

of several of the critical genes in the Notch signaling pathway in 6–8 weeks Elf5-null virgin 

mammary glands (where no significant phenotypic difference was observed). qRT-PCR data 

showed increased expression of several of the Notch signaling genes including Notch1, 

Notch3, Notch4, and Hes1 in the Elf5-null MECs compared to WT (Fig. 6A). This 

suggested that the upregulated Notch signaling in the absence of Elf5 is likely a direct effect 

and not merely due to a differentiation block.

We then examined the effects of specifically inhibiting Notch signaling in the Elf5-Null 

MECs on colony-forming ability in mammosphere assays, matrigel cultures, and in vivo 

transplantation assays. Disruption of the Notch pathway was achieved through 

pharmacological inhibition by GSI, a potent inhibitor of γ-secretase, the primary Notch 

cleaving and activating enzyme. Interestingly, disruption of Notch signaling via gamma 

secretase inhibitor (GSI) significantly reversed the increased stem/progenitor activity of the 

Elf5-Null MECs as demonstrated by the decreased mammosphere number (Fig. 6B) and 

colony numbers (Fig. 6C). Given the potential for pleiotropic effects due to GSI activity, we 
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next used shRNAs against Rbpjk/Cbf-1 for an independent confirmation of this finding. 

Robust knockdown of Cbf-1 in primary MECs was confirmed by qRT-PCR after infection 

with lentiviral particles containing two separate shRNAs against Cbf-1 (Fig. 6D). As 

observed with GSI based experiments, there was significant decrease in mammosphere 

number and colony numbers in shRNA-transduced Elf5-Null MECs compared to vector 

control transduced Elf5-Null MECs (control) (Fig. 6E, 6F), thus confirming the notion that 

the increase in stem/progenitor population in the absence of Elf5 is dependent upon 

increased Notch signaling. To extend these studies further, we inhibited Notch signaling in 

the purified Lin−CD24+CD29hi cell population using both GSI and Rbpjk/Cbf-1 shRNAs. 

Similar to the results obtained using unpurified MECs, we noted a decrease in number of 

colonies in the enriched MaSC population treated with GSI or with shRNAs that targeted 

Cbf-1 (Fig. 6G, 6H). We next performed transplantation assay with limiting number (100 

cells per transplant) of Lin−CD24+CD29hi cells transduced with Cbf-1 targeting shRNAs 

and observed a decrease in mammary gland repopulation in Cbf-1 knockdown cells from 

Elf5-null MECs compared to control (Fig. 6I, 6J), further substantiating the in vitro 

observation. Taken together, our data confirm that increase in MaSCs in Elf5-depleted 

mammary gland is mediated in part by upregulating Notch signaling.

Discussion

In this study, we demonstrate that conditional ablation of Elf5 in mammary epithelium 

results in accumulation of a sizeably enriched population of K14+ cells in the luminal 

compartment. These K14+ cells are not misplaced myoepithelial cells; neither do they 

express differentiated markers of such cell types such as SMA. On the other hand, staining 

data suggest that these populations of cells in the Elf5-null mammary gland are double 

K14/K8 positive—a characteristic attributed to bipotential progenitor cells [24, 34]. It is 

worth noting that similar expansion of K8/K14 dual-positive cells have been reported in 

Par-3-depleted mammary glands and in a mouse model that expresses a chimeric protein 

consisting of ETV6 (an E-twenty six family transcription factor) and the protein tyrosine 

kinase domain of NTRK3 [35, 36]. Importantly, in both cases, the appearance of the K8/K14 

dual-positive cells was accompanied by the accumulation of bipotential progenitor cells 

suggesting a possible causal link between these cell types. Finally, the notion that 

coexpression of markers associated with multiple lineages can infer developmental and 

cellular plasticity is further strengthened by a recent study on fetal MaSC populations, which 

coexpress K14 and K8 in the developing mouse mammary glands and in mammospheres 

[37].

The increase in CD61+ luminal progenitors in Elf5-null pregnant mammary epithelium is 

not surprising and has indeed been reported before using mammary transplants [16]. 

However, what is interesting is the observation that a large fraction of the CD61+ population 

coexpress K14 and K8 exclusively in the Elf5-null mammary epithelium (Fig. 3) suggesting 

that the K14+/K8+ dual population might represent the blocked CD61+ progenitors. We also 

detect a similar increase in the K14+/K8+ dual population in CD61+-sorted population from 

the virgin Elf5-null mammary glands (Fig. 4), albeit at a much lower frequency, suggesting 

that changes in this population might start earlier. These data reveal new insights into this 

important subclass of CD61+ progenitor cells, which have been shown to represent cancer 
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stem cells that sustain specific mammary tumors [38]. Another novel and perhaps more 

interesting finding of our study is the significant increase in stem cell population (MaSC-

enriched Lin−CD24+CD29hi) in Elf5-null mammary epithelium, a phenotype not just 

restricted to the pregnant state but also detectable in virgin glands. The functional 

consequence of this increase in stem cell/luminal progenitors was clearly evident in results 

from mammosphere and colony-forming assays, which show increase in MaSC activity of 

the Elf5-Null MECs. Additional support came from in vivo transplantation assays, which 

demonstrated an increase in repopulation frequency in transplants from Elf5-null MECs 

compared to WT. These results are striking in the face of a previous report suggesting that 

Elf5-null MaSCs do not differ in their repopulating potential compared to their WT 

counterparts [16]. However, since the relevant data for such transplantation experiments 

were not presented, it is difficult to reconcile the discrepancy between these findings. We 

suspect that this difference might reflect the nature of the genetic system used to examine 

the loss of Elf5, that is, conditional knockout of Elf5 compared to mammary transplant 

studies or the effects of different mouse strains.

The transcriptome profiling of the Elf5-null mammary glands has offered new insights into 

possible molecular mechanisms to account for the altered stem/progenitor functions as 

exemplified by the observed changes in the Notch signaling pathway. Notch signaling 

influences a broad spectrum of cellular processes including stem cell maintenance and self-

renewal, cell-fate decisions, and differentiation in a variety of tissues and organs including 

mammary glands [32, 39–41]. The biological effects of canonical Notch signaling are 

mediated through interactions between several Notch receptors and ligands, which leads to 

activation of Rbpjk/Cbf-1 and induction of downstream target gene expression [42]. A 

wealth of studies have implicated Notch signaling in controlling various aspects of stem/

progenitor cell biology, such as their specification, maintenance, and differentiation in a 

variety of organs and tissues including mammary glands. For example, targeted disruption of 

Rbpjk/Cbf-1 in the mouse mammary gland during pregnancy results in progressive 

expansion of the basal cell population combined with a luminal to basal cell-fate switch 

[33]. In contrast, it has been shown that in human mammospheres in culture, activation of 

the Notch pathway, specifically Notch4, was critical for maintaining stem/progenitor cell 

activity and myoepithelial cell expansion [43]. Another recent study has demonstrated that 

activated Notch signaling promotes commitment of MaSCs to the luminal cell lineage and 

maintains them in an undifferentiated stage [32]. Given the high levels of Notch1 expression 

selectively in luminal populations, it is thought that this receptor might be the primary 

mediator that prods MaSCs toward luminal cell fate and promotes expansion and self-

renewal and ultimately transformation of CD61+ luminal progenitor cells [38].

One complicating aspect of Notch-related studies is the inherent complexity of multiple 

Notch receptors and ligands and their dynamic expression and activity during various stages 

of mammary gland development [44]. We have faced this dilemma during our studies. 

Indeed our results indicate that the changes in expression of specific Notch receptors, 

ligands, and downstream mediators depend to a large extent on the cellular, experimental, 

and developmental contexts (e.g., virgin vs. pregnant). Nevertheless, our data from Elf5-null 

mammary glands as well as isolated MECs clearly show activation of the canonical Notch 

pathway as evident by increased NICD1 and NICD4 and upregulation of key downstream 
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targets of Notch, such as Hes-1 and Hey-1. Importantly, the hyperactive Notch signaling in 

the Elf5 null MECs is of functional consequence since inhibition of the Notch signaling 

reverted the increased MaSC activity of these cells as evidenced by mammosphere, colony 

forming as well as in vivo transplantation assays (Fig. 6). Based on our recent chromatin 

immunoprecipitation experiments demonstrating that there are Elf5-responsive elements in 

the Notch1 gene, we suspect that the increase in Notch1 levels is a direct consequence of the 

Elf5-loss [17]. It is tempting to speculate that the upregulation of Notch3 and Notch4 might 

also account, in part, for the increase in the MaSC-enriched Lin−CD24+CD29hi populations 

as has been suggested from human mammosphere studies [43, 45]. Future genetic studies 

wherein individual or combinations of Notch receptor are specifically ablated in the 

mammary gland will shed light on the relative contributions of individual Notch family 

members.

Overexpression of active forms of the Notch1 and Notch4 receptors transform both normal 

human and murine MECs [46, 47]. Furthermore, accumulation of NICD1 and increased 

Notch signaling are observed in human breast cancer samples [48]. Given the double-

pronged assault of activated Notch signaling and increased MaSC-enriched and CD61+ 

population in an Elf5-null background, we hypothesize that loss of Elf5 is likely to provide a 

fertile ground for tumor development. We posit that Elf5 might serve as a tumor suppressor 

gene in breast epithelium and that its loss could lead to dedifferentiation and expansion of 

potential tumor-initiating progenitor cells. This is an interesting and important area of future 

investigation that is currently underway in our laboratory.

Conclusions

In conclusion, our studies with Elf5 conditional knockout mice have unearthed a hitherto 

undescribed role of Elf5 in regulating MaSC activity. This novel function of Elf5 coupled 

with its well-characterized effects on the luminal progenitor population suggests that this 

transcription factor not only regulates various aspects of mammary gland development and 

differentiation but may also influence stem cell lineage choices and thus tumorigenesis. 

Finally, our discovery that hyperactivation of Notch pathway acts as a potent driver for the 

Elf5-null phenotype offers new mechanistic insights into this important signaling pathway.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Altered expression of K14 during pregnancy. (A–F): P4.5, (G–L) P12.5, (M–R) P17.5, and 

(S–X) L1. At P4.5d, in WT tissues, K14 was expressed exclusively at the basal cells. 

Occasional K14 cells were present in luminal compartment as shown by yellow arrow (C). 

However, in P4.5 Elf5-null tissue, cells were frequently observed in luminal compartment 

that were positive for K14 (yellow arrows in F). At later time points during pregnancy and 

lactation (P12.5d-L1), K14 was expressed exclusively at the basal cells as in (I), (O), and 

(U) in the WT tissue. In Elf5-null tissues, large numbers of K14-positive cells were observed 

in the luminal compartment of the mammary epithelium (L, R). Yellow arrows indicate 

aberrant localization of K14 in luminal compartment and red arrows indicate the unaffected 

normal luminal cells negative for K14 at term (X). Bar graph below represents quantification 

of percentage K14+ population in the luminal compartment. Data represent mean ± SD of 
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average of 10 image fields from six animals per genotype, p values calculated by t test for 

statistical significance. Abbreviations: Elf5, E74-like factor 5; WT, wild-type.
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Figure 2. 
Colocalization of K14/p63 and K8 in luminal compartment during pregnancy. (A–F): L1, 

(G–L) P17.5, and (M–R) L1. Expression of K14 and p63 is present exclusively in basal 

compartment in WT tissue (C, I). However, in Elf5-null tissue, an increase in double-

positive K14+/K8+ was observed as shown by white arrows (F). In some areas, almost all 

cells in mammary epithelium were positive for K14 and K8, particularly at parturition as 

shown by white arrows. (L) Increase in K8+/p63+ dual-positive cells was observed in Elf5-

null mammary gland (white arrows in L). K14+ cells in the luminal compartment are 

negative for smooth muscle actin (SMA) (O and R). Altered localization of K14 was 

observed in the luminal compartment (columnar cells) in Elf5-null mammary epithelium (R) 

in comparison to WT tissues, where K14 was expressed predominantly at the basal cells (O). 

Note: SMA staining is absent in the luminal compartment and is present only in the basal 

cells in both WT and Elf5-null mammary epithelium. Bar graph below represents 

quantification of percentage K14+/K8+ population (left) and p63+/K8+ population (right) in 

the mammary epithelium. Data represent mean ± SD of average of six images from 4 to 6 
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animals per genotype, p values calculated by t test for statistical significance. Abbreviations: 

Elf5, E74-like factor 5; WT, wild-type.
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Figure 3. 
Elf5 loss leads to expansion of stem/progenitor population activity and increase in K14/K8 

double-positive cells in CD61+ subpopulations during pregnancy. Mammary epithelial cells 

(MECs) were isolated and analyzed by flow cytometry for Lin−CD24+CD29hi (P4) and 

Lin−CD24+CD29lo (P5) populations from WT and Elf5-null mammary gland at P17.5. 

Independent experiments were repeated with five animals per genotype (A). (B): Bar graph 

depicting the percentage of CD61+ progenitor population from Lin−CD24+CD29lo (P5) 

population of Elf5-null MECs in comparison to WT from P17.5. Data represent mean ± SD 

of three independent experiments, p values calculated by t test. (C): Analysis of 

immunofluorescence data show increased K14+/K8+ cells in CD61+-sorted subpopulations 

from P5 of P17.5 Elf5-null MECs in comparison to WT (as shown by yellow arrowheads). 

Insets show higher magnification. (D): Bar graphs represent quantification of K14+/K8+ 

double-positive cells. Four animals per genotype were examined and p values were 

calculated by t test for statistical significance. (E): MECs from WT and Elf5-null mice 

mammary gland at P17.5d were analyzed for mammosphere assay. Ten thousand cells per 

milliliter (total, 2 ml) were grown as described in Methods and Materials and photographed 

and counted after 7 days. Representative mammospheres are shown in (E) scale bar = 20 μm. 

Bar graphs (F) show quantification of mammosphere numbers and diameter (in mm), 

respectively. Bar graphs represent the mean ± SD of triplicates of three animals each group. 
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(G): Second-generation mammospheres were grown as described in Methods and Materials 

and counted. Bar graph represents the mean 6 SD of duplicates of two animals each group. 

(H): Differentiated mammospheres on collagen stained with K14 and K8. (I): Freshly 

isolated MECs from P17.5 were seeded at clonal density of 1,000 cells in Matrigel-coated 

24-well plate. Colonies were photographed and counted 9 days after culture. Representative 

spherical colonies are shown in scale bar = 100 μm. (J): Quantification of colony numbers as 

shown by bar graph. Bar graph represents the mean ± SD of three animals per group and 

each sample was examined in triplicate. Abbreviations: Elf5, E74-like factor 5; WT, wild-

type.
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Figure 4. 
Increased stem/progenitor cell population and activity in Elf5-null MECs from virgin 

animals. (A): Mammary epithelial cells (MECs) were isolated and analyzed by flow 

cytometry for Lin−CD24+CD29hi (P4) and Lin−CD24+CD29lo (P5) populations from WT 

and Elf5-null mammary gland at 7 weeks virgin time point. Independent experiments were 

repeated with 4 WT and 6 Elf5-null animals per genotype, respectively. (B): Bar graph 

depicting the percentage of CD61+ progenitor population from P5 population of Elf5-null 

MECs in comparison to WT from 7-week virgin MECs. (C): Analysis of 
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immunofluorescence data shows increased K14+/K8+ cells in CD61+ subpopulations from 

Elf5-null MECs in comparison to WT (as shown by yellow arrowhead). Scale bar in C = 100 

μm. (D): Bar graphs represent quantification of K14+/K8+ double-positive cells. (E): 

Representative mammospheres from 7-week virgin mammary epithelium of WT versus 

Elf5-null animal. Scale bar in (E) = 40 μm. Bar graphs (F, G) show quantification of 

mammosphere numbers and diameter (μm), respectively. Bar graph represents the mean 6 

SD of duplicates of two WT and four Elf5-null animals each group. p values were tested 

using t test for statistical significance. (H): WT and Elf5-null cells were FACS sorted with 

the Lin, CD24, and CD29 markers and injected into cleared mammary fat pads. The 

outgrowths were analyzed at 6–8 weeks post-transplantation. Number of cells of each 

population injected into each fat pad, the total number of fat pads injected, number of 

transplants that generated epithelial outgrowths, and the percentage of outgrowth occupancy 

described in Table 1. The extent to which each outgrowth filled the host fat pad is indicated 

graphically. Each circle represents one mammary gland; the blackened region represents the 

area filled with outgrowth. (I): Representative images from limiting dilution 

transplantations, scale bar = 2 mm. Abbreviations: DAPI, 4′, 6-diamidino-2-phenylindole; 

Elf5, E74-like factor 5; WT, wild-type.
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Figure 5. 
Altered Notch pathway activation in Elf5-null mammary epithelium. (A): Gene-set 

enrichment analysis demonstrated reduction of milk protein gene signatures and gap 

junction protein genes in Elf5-null mammary epithelial cells (MECs) compared to WT. CDK 

inhibitors and MaSC-enriched genes are significantly overrepresented among upregulated 

genes in Elf5-null mammary gland transcriptome compared to WT. Luminal-enriched genes 

are significantly downregulated in Elf5-null mammary gland transcriptome compared to 

WT. (B): Heat map demonstrating upregulation of Notch signaling pathway in Elf5-null 

compared to WT. (C): Gene expression analysis of mammary glands from WT or Elf5-null 

mice at parturition. Real-time RT-PCR assays were performed in at least three independent 

experiments using three tissue samples. Real-time values normalized to house-keeping gene 

(Gapdh). Data are presented as the mean ± SD. (D): Western blot analysis of mammary 

gland extracts using anti-NICD1, anti-NICD4, and anti-Hey1 antibodies. Tubulin was used 

as loading control. (E): Immunostaining of mouse mammary epithelium with anti-NICD 

(A–C) shows high expression of NICD1 (B, C) in Elf5-null compared to WT mammary 

Chakrabarti et al. Page 24

Stem Cells. Author manuscript; available in PMC 2017 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



epithelium that showed very weak to no expression of NICD1 (A). Immunostaining of 

mouse mammary epithelium with anti-Hey1 (D–F) shows increased expression of Hey1 in 

Elf5-null epithelium compared to WT-type mammary gland sections. Scale bar (E [A–C]) = 

20 μm, (E [D–F]) = 40 μm. (F): Gene expression analysis of MECs from control (Ad-GFP-

Elf5f/f) and Elf5f/f mice transduced with Ad-Cre (Ad-Cre-Elf5f/f) at 72 hours. The 

quantitative real-time assays were performed in duplicate using two independently generated 

samples. Real-time values normalized to house-keeping gene (Gapdh). In the absence of 

Elf5, Notch1 and Notch4 were upregulated. Changes in Rbpjk/Cbf-1 and Hey1 levels were 

not statistically significant. Data are represented as the mean ± SD. (G): Western blot 

analysis of protein lysates from Elf5f/f MECs transduced with Ad-Cre resulted in increased 

Notch activity (NICD1) in comparison to control MECs from Ad-GFP-Elf5f/f. No 

significant change in expression in Notch4 activity or Hey1 was observed. Elf5 expression 

was knocked down in Ad-Cre/Elf5f/f MECs. (H): Increased expression of Notch1 in CD61+-

sorted subpopulation from Elf5-null MECs in comparison to WT control. Note: Elf5 was 

significantly downregulated in Elf5-null MECs. Bar graphs represent the mean ± SD of 

duplicates of two animals. Abbreviations: Elf5, E74-like factor 5; NES, normalized 

enrichment score; WT, wild-type.
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Figure 6. 
The increased stem/progenitor cell phenotype of Elf5-null MECs can be rescued by 

attenuation of Notch activity. (A): Gene expression analysis of mammary glands from WT 

or Elf5-null mice at 6–8 weeks virgin. Real-time RT-PCR assays were performed in at least 

three independent experiments using three tissue samples. Real-time values normalized to 

house-keeping gene (Gapdh). Data are presented as the mean ± SD. (B): MECs from WT 

and Elf5-null mice mammary gland at 6 weeks virgin were freshly isolated and analyzed for 

mammosphere assay. Ten thousand cells per milliliter (total, 2 ml) were grown. Bar graph 

showing the number of mammospheres formed from WT and Elf5-null MECs treated with 4 

μM GSI (MRK003) for 9 days. Data represent mean ± SD of two independent experiments. 

(C): MECs from WT and Elf5-null mice mammary gland at 6 weeks virgin were freshly 

isolated and analyzed for colony-forming assay (20, 000 cells per well) [24]. Bar graphs 

show quantification of colony numbers. Bar graphs represent the mean ± SD of duplicates of 

2–3 animals each group. (D): Reduced Cbf-1 mRNA in MECs transduced with two 

independent Cbf-1-shRNAs (Cbf-1 sh1 and Cbf-1 sh2) compared to control as demonstrated 

by qRT-PCR. Data normalized to Gapdh. Data represent mean ± SD of two independent 

experiments. (E, F): Bar graphs show quantification of mammospheres (E) and colony 

numbers (F) from MECs transduced with either control or Cbf-1 shRNAs. (G, H): Freshly 

isolated and sorted Lin−CD24+CD29hi subpopulation from WT and Elf5-null mammary 
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gland at 6–8 week virgin was analyzed for colony formation with GSI treatment (G) or with 

Cbf-1 shRNAs transduction (H). (I): Sorted Lin−CD24+CD29hi subpopulations from WT 

and Elf5-null cells (100 cells per transplant) were injected into cleared mammary fat pads. 

The outgrowths were analyzed at 6–8 weeks post-transplantation for number of transplants 

that generated epithelial outgrowths (take rate). (J): Representative images from (I), scale 

bar = 2 mm. Abbreviations: Elf5, E74-like factor 5; GSI, gamma secretase inhibitor; MEC, 

mammary epithelial cell; WT, wild-type.
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Table 1

Limiting dilution assay from WT and Elf5-null Lin−CD24+CD29hi cells

Number of cells 
injected/mammary fat 
pad

WT
(Lin−CD24+CD29hi)

Number of outgrowths

Elf5-Null
(Lin−CD24+CD29hi)

Number of outgrowths

WT
(Lin−CD24+CD29hi)
Percentage of fat pad filled

Elf5-Null
(Lin−CD24+CD29hi)

Percentage of fat pad filled

500 6/7 7/7 46.6% ± 18.6% (n = 6) 78.33% ± 21.3% (n = 7)

250 5/7 8/9 41.2% ± 20.6% (n = 5) 72.5% ± 15.05% (n = 8)

125 3/9 8/9 18.3% ± 12.5% (n = 3) 26.8% ± 21.7% (n = 8)

50 1/14 2/14 10% ± ND (n = 1) 35.0% ± 35% (n = 2)

Repopulating frequency 
(95% interval)

1/214 1/90 p value = .0042

p value = .0123 (1/281-1/367) (1/114-1/145)

Transplantation of limiting numbers of Lin−CD24+CD29hi cells into cleared mammary fat pads revealed a ~2.4-fold increase in the absolute 
number of repopulating cells (p value = .0123) in the glands from Elf5-null mammary epithelial cellMECs compared to WT controls. Two-way 
ANOVA test showed significant differences (p value = .0042) observed in the extent of the fat pad occupation between WT and Elf5-null 
transplants.

Abbreviations: Elf5, E74-like factor 5; WT, wild-type. Abbreviations: El; ANOVA, analysis of variance.
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