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Abstract
The bZIP transcription factor C/EBPβ is important for mammary gland development and its
expression is deregulated in human breast cancer. To determine whether C/EBPβ regulates
mammary stem cells (MaSCs), we employed two different knockout strategies. Utilizing both a
germline and a conditional knockout strategy, we demonstrate that mammosphere formation was
significantly decreased in C/EBPβ-deficient mammary epithelial cells (MECs). Functional
limiting dilution transplantation assays indicated that the repopulating ability of C/EBPβ-deleted
MECs was severely impaired. Serial transplantation experiments demonstrated that C/EBPβ
deletion resulted in decreased outgrowth potential and premature MaSC senescence. In accord,
FACS analysis demonstrated that C/EBPβ-null MECs contained fewer MaSCs, the loss of luminal
progenitors and an increase in differentiated luminal cells as compared to wildtype. Gene profiling
of C/EBPβ-null stem cells revealed an alteration in cell fate specification, exemplified by the
expression of basal markers in the luminal compartment. Thus, C/EBPβ is a critical regulator of
both MaSC repopulation activity and luminal cell lineage commitment. These findings have
critical implications for understanding both stem cell biology and the etiology of different breast
cancer subtypes.
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Introduction
Adult mammary stem cells (MaSCs) function to maintain tissue homeostasis and provide
regenerative capacity that is required during the pregnancy-lactation cycle. The mammary
gland is comprised of two major types of epithelia, luminal and basal, which form a ductal
network embedded within the stroma. During pregnancy, a combination of systemic
hormones and local growth factors induce alveolar cell proliferation and differentiation,
which are responsible for milk production and secretion during lactation. The recent
identification of stem and progenitor cells in both human and mouse have provided evidence
for a hierarchical model in which ductal luminal, alveolar luminal, and myoepithelial cells
originate from a common progenitor [1–7]. However, the precise genetic mechanisms that
regulate lineage commitment at each stage of mammary gland development are just
beginning to be unraveled.

The CCAAT/enhancer binding proteins (C/EBPs) are a family of highly conserved
transcription factors that regulate numerous genes involved in proliferation, differentiation,
and more recently the instruction of stem cell fate in a variety of tissues (reviewed in [8]).
One member of this family, C/EBPβ, is an important mediator of mammary ductal
morphogenesis and lobuloalveolar development during pregnancy [9]. During puberty, C/
EBPβ protein is expressed in both the cap cell layer and body cells of terminal end buds. In
the virgin mammary gland, this protein resides in steroid receptor-negative luminal cells as
well as myoepithelial cells [10]. The mammary glands of C/EBPβ−/− mice display delayed
ductal outgrowth, enlarged ducts and decreased of C/EBP branching. Transplantation β
mammary epithelial cells (MECs) resulted in severely impaired lobuloalveolar development
in pregnant recipient mice, and indicated that these effects are intrinsic to the epithelial cells
[11]. The misexpression of steroid hormone receptors coupled with a marked decrease in
cell proliferation following estrogen and progesterone (E+P) stimulation suggested the
presence of an altered alveolar cell fate program, rendering alveolar progenitor cells
incapable of properly responding to hormone-induced proliferation. Additionally, C/
EBPβ−/− glands exhibit increased expression of epidermal markers including a small
proline-rich protein (SPRR2A) and keratin 6 (K6), suggesting an alteration in ductal
progenitor cell differentiation. [12–14].

Several recent studies have begun to define a role for specific transcription factors in
mammary cell lineage commitment [1,15–17]. Here we examined the potential role of C/
EBPβ in mediating MaSCs using two different knockout strategies. Utilizing various in vitro
assays as well as functional in vivo transplantation assays, we show that deletion of C/EBPβ
results in a lower frequency of repopulating MaSCs, suggesting that stem cell self-renewal is
impaired. Further, deletion of C/EBPβ causes the ablation of luminal progenitor cells and an
accumulation of committed luminal cells. In summary, our studies demonstrate that C/EBPβ
is required for the expansion of normal MaSCs and is an important determinant of luminal
cell lineage commitment. Elucidating the mechanisms that specify cell fate at each stage of
the mammary stem cell hierarchy is a crucial prerequisite for understanding how these
signals are altered during tumorigenesis.

Materials and Methods
Mouse strains and breeding

The germline C/EBPβ−/− mice were provided by Esta Sterneck (NCI, Frederick, MD) and
have been described [18]. Homozygous mutant and wildtype littermates were derived by
intercrossing hemizygous parents, and the resulting progeny were of mixed genetic
background (C57BL/6× 129/Sv). The C/EBP βfl/fl mice were provided by Esta Sterneck [19]
and were bred to ROSA26 lacZ reporter mice (R26R) and maintained in the C57BL/6
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background for 12 generations. The R262R and β-actin-cyan fluorescent protein (CFP) mice
were generous gifts from P. Soriano [20] and M. Lewis (Baylor College of Medicine,
Houston, TX), respectively, and were maintained in C57BL/6 backgrounds. For
transplantation, C57BL/6 and SCID/beige mice were obtained from Harlan Laboratories
(Houston, TX) and Charles River Laboratories (Portage, WI), respectively. Mice were
maintained in accordance with the NIH Guide for the Care and Use of Experimental
Animals with approval from the Baylor College of Medicine Institutional Animal Care and
Use Committee.

Primary MEC isolation and conditional deletion
For all experiments, MECs were derived from #3, #4 (without the lymph node) and #5
mammary glands of 10–12-week-old female mice. The glands were minced into 1mm
fractions using a Vibratome Series 800-Mcllwain Tissue Chopper (Vibratome, St. Louis,
MO) and digested in 2mg/ml collagenase A (Roche Applied Science, Indianapolis, IN) in
F12 Nutrient Mixture containing 1X antibiotic-antimycotic (InVitrogen, Carlsbad, CA) for 1
hr at 37°C with shaking at 200rpm. Single cells were then purified as previously described
[21]. For limiting dilution transplantation, mammary glands were digested in 1mg/ml
collagenase A/F12 Nutrient Mixture containing 1X antibiotic-antimycotic for 14 hr at 37°C
with shaking at 75rpm and isolated as described [22]. Cell preparations from germline
wildtype and C/EBPβ−/− glands yielded equal numbers of MECs per gram of tissue. For all
MEC isolations, viable cells were counted on a hemacytometer using trypan blue exclusion.

For conditional deletion, freshly isolated MECs were incubated with an adenovirus
expressing Cre recombinase (Ad.Cre1) [23] at an MOI of 50 in 2ml of 5% FBS/DMEMF12
for 1 hr at 37°C in suspension. The cells were then centrifuged at 450×g for 5min, washed
with PBS, and used immediately for mammosphere cultures or transplantation. For qPCR
analysis, single cells were cultured for 3 days in primary growth medium (5% FBS, 5μg/ml
insulin, 1μg/ml hydrocortisone, 10ng/ml EGF, 1X antibiotic-antimycotic, F12 Nutrient
Mixture) prior to RNA isolation.

Quantitative RT-PCR
Total RNA was isolated from MECs using Trizol Reagent and DNased (InVitrogen)
according to the manufacturer’s protocol. RNA (1μg) was reverse-transcribed using the
iScript cDNA Synthesis Kit (Biorad, Hercules, CA) according to the manufacturer’s
instructions. For qPCR, 1μl of cDNA was amplified in 1X SYBR® Green PCR Master Mix
(ABI, Foster City, CA) containing specific primer pairs (Table S1) using the StepOnePlus™

Real-Time PCR System (ABI). PCR parameters were as follows: 95°C for 10 min, 40 cycles
of 95°C for 15 s and 60°C for 1min. Following amplification, melt curves were generated to
confirm the specificity of each primer pair. Differences in gene expression between wildtype
and C/EBPβ-null cells were determined by the Quantitative Comparative CT Method, where
18S rRNA served as the internal control.

Mammosphere and colony assays
MECs isolated from 3 sets of both wildtype or germline C/EBPβ−/−, and conditional C/
EBPβ+/+;R26R or C/EBPβfl/fl;R26R (2 mice/genotype, transduced with Ad.Cre1) mice were
plated in 6-well, ultra-low attachment plates at a density of 30,000 cells/well, cultured for 12
days and dissociated as previously described [24]. Single cells were re-plated at a density of
5,000 cells/well and secondary mammospheres were allowed to grow for 14 days, with
feeding every 4 days. Twelve wells for each genotype were counted and the percentage of
mammosphere forming cells was calculated as a measure of mammosphere efficiency.
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For colony assays, feeder layers were prepared by treating NIH 3T3 cells (ATCC, Manassas,
VA) with 10μg/ml of mitomycin C (Roche Applied Science) for 2 hr at 37°C. Cells were
then washed 3X with PBS, plated onto 6-well plates (200,000 cells/well), and allowed to
adhere overnight at 37°C. The next day, MECs isolated from 3 sets of C/EBPβ+/+;CFP+ and
germline C/EBPβ−/−; CFP+ mice were plated at a clonal density (1,000 cells/well) on the
feeder layers in primary growth medium. MECs were cultured for 10 days, feeding every 3
days, and CFP+ colonies were counted from 12 wells for each genotype (per experiment).
Colonies were then fixed in methanol for 15min, stained with crystal violet for 30min,
rinsed 3X with ddH20 and imaged on a Leica MZ16F stereoscope (Meyer Instruments,
Houston, TX). Fluorescent images were captured on Leica TCS SP5 confocal microscope
(Meyer Instruments).

Transplantation assays
To verify the phenotype of the conditional knockout mice, MECs isolated from 3 sets of
wildtype (C/EBPβ+/+;R26R) or C/EBPβfl/fl;R26R (3 mice/genotype) were transduced with
Ad.Cre1, resuspended at a concentration of 100,000 cells/10μl in a 1:1 solution of PBS and
Matrigel (BD Biosciences #354230, San Jose, CA), and kept on ice during transplantation.
Ten microliters of cells were injected into contralateral cleared fat pads (10 fat pads per
genotype per set) of 21-day-old female C57BL/6 mice using a 26G needle and 50μl
Hamilton glass syringe [25]. For limiting dilution transplantation, primary MECs derived
from 5 sets of wildtype (C/EBPβ+/+;R26R) or C/EBPβfl/fl;R26R (4 mice/genotype) were
transduced with Ad.Cre1, recounted on a hemacytometer and resuspended at the desired
concentration in a 1:1 PBS:Matrigel solution. To verify deletion, 100,000 cells from each set
were cultured for 3 days and qPCR was performed (data not shown). Cells of each genotype
were injected at limiting dilutions (2500, 1000, 750, 500, or 250 cells) as described above.
Animals were sacrificed 10 weeks post-transplantation and #4 glands and a #3 endogenous
control gland were removed and stained with X-gal. LacZ+ glands showing at least 5%
outgrowth were included in the analysis. For glands that displayed no outgrowth, the lack of
epithelia was verified by Neutral Red staining, and these were included in the calculation of
take rate.

For serial transplantation, 3 sets of C/EBPβ+/+;CFP+ or germline C/EBPβ−/−; CFP+ #4
contralateral glands were visualized using a Leica MZ16F fluorescent stereoscope. CFP+

epithelia located in the most distal regions from the nipple were carefully dissected with a
razor blade and minced into 1 mm fractions using a tissue chopper (Vibratome). To ensure
that equal amounts of epithelia were transplanted, tissue fragments were reanalyzed by
fluorescence microscopy prior to transplantation. Tissue was floated in PBS and
transplanted into the cleared contralateral fat pads of 21-day-old female SCID/beige mice.
Eight weeks post-transplantation, #4 glands were removed and CFP+ outgrowths were
analyzed by fluorescent microscopy. Glands demonstrating the best outgrowth were
dissected and re-transplanted as described above.

X-gal staining and whole mount analysis
For X-gal staining, contralateral mammary glands were fixed in cold 4% paraformaldehyde
(PFA) for 2 hr and stained with 1mg/ml X-gal (InVitrogen) as previously described [26].
The next day, glands were dehydrated in a series of ethanols and placed in Histoclear before
imaging on a Leica MZ16F stereoscope. For fluorescent imaging, #4 glands were
compressed between two glass slides and visualized using a Leica fluorescent stereoscope.
For all transplantation experiments, #3 endogenous control glands were removed, fixed in
4% PFA for 2 hr on ice and stained with Neutral Red as described previously [22]. In some
cases, control glands were first stained with X-gal and counterstained with Neutral Red.
Glands were then embedded in paraffin, sectioned and stained with hematoxylin and eosin.
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Fluorescence activated cell sorting
Four paired sets of freshly isolated single MECs derived from wildtype or germline C/EBP
β−/− mice were resuspended at a concentration of 1×107 cells/ml in HBSS containing 2%
FBS and 100mM Hepes (HBSS+), and incubated with primary antibodies (diluted 1:100) or
isotype controls for 30min on ice. Antibodies are listed in Table S2. Cells were then washed
in HBSS+ and incubated with either streptavidin-APC or streptavidin-PE-Cy7 (diluted
1:200) for 20min on ice. Cells were washed again, filtered through a 40μm cell strainer, and
analyzed on a LSRII analyzer (BD Biosciences) or sorted on a FACS Aria Cell Sorting Flow
Cytometer (BD Biosciences). Data were analyzed using FlowJo 8.7.3 (Tree Star, Inc,
Ashland, OR).

Statistical analysis
Data from mammosphere assays, colony assays, and FACS analysis are presented as the
means ± standard error of the means (SEM). C/EBPβ-null cells were compared to wildtype
and significant differences were determined by an unpaired two-tailed t test (GraphPad
Prism© Home, San Diego, CA). Limiting dilution transplantation results were analyzed by
the single-hit Poisson model using a complementary log-log generalized linear model [27]
and was validated as described previously [28]. Wald confidence intervals (95%) were
calculated by the delta method for the frequency of MRUs. For both limiting dilution and
serial transplantation assays, the percentages of fat pat filled were analyzed by a generalized
linear model after logarithmic transformation. For serial transplantation, the percentages of
fat pat filled at each generation were compared by the nonparametric Wilcoxon test between
wildtype and C/EBPβ−/− outgrowths. The statistical software R was used for all
transplantation analyses.

Results
C/EBPβ-null MECs exhibit decreased mammosphere formation

To investigate the role of C/EBPβ in stem cells, both a germline C/EBPβ−/− mouse as well
as a conditional knockout strategy were employed. We initially sought to determine whether
somatic cell deletion of C/EBPβ in the adult mammary gland resulted in a different
phenotype to that observed from germline deletion. C/EBPβfl/fl mice were bred to ROSA26
reporter mice so that recombination could be monitored by lacZ expression. To facilitate the
targeting of stem cells for recombination, MECs were isolated from wildtype (C/
EBPβ+/+;R26R) or C/EBPβfl/fl;R26R mice, transduced in vitro with Ad.Cre1, and plated for
3 days to allow for recombination. Results from qPCR analysis showed that there was a
>300-fold decrease in C/EBPβ expression in transduced MECs isolated from C/
EBPβfl/fl;R26R mice as compared to wildtype (Fig. 1A). Immediately following
transduction, MECs were also transplanted into the cleared fat pads of syngeneic hosts and
stained with X-gal after 10 weeks of outgrowth. Glands in which C/EBPβ was deleted
exhibited dilated ducts and decreased branching (Fig. 1B–1E), similar to the phenotype
observed in germline knockout mice [11,13]. Pregnant mammary glands (days 16–17)
exhibited decreased alveolar development, illustrated by the lack of lipid droplet formation
in C/EBPβ-deleted glands as compared to wildtype (Fig. 1F, 1G). LacZ expression was
detected in both luminal and myoepithelial cells, indicating that recombination occurred in
all cell types of the mammary gland. Furthermore, these results indicate that the phenotypes
observed in somatic and germline cell deletion were morphologically indistinguishable.

Previous studies have demonstrated that MECs cultured in serum-free media under non-
adherent conditions form mammospheres that are enriched for stem/progenitor cells [24,29].
To test whether deletion of C/EBPβ altered stem/progenitor cells, mammosphere assays
were performed utilizing both germline and conditional knockout models. Conditional
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deletion of C/EBPβ resulted in a significant decrease in secondary mammosphere formation
as compared to wildtype (Fig. 2A). There were no observed differences in mammosphere
size or shape between the two groups (data not shown). Strikingly, MECs isolated from
germline C/EBPβ knockout mice rarely formed secondary mammospheres, while wildtype
mammospheres developed with the expected frequency (Fig. 2B). These results indicate that
the proportion of mammosphere-forming cells is decreased in C/EBPβ-null MECS,
suggesting a reduction of stem/progenitor cells.

Deletion of C/EBPβ decreases the frequency of MaSCs in vivo
While mammosphere assays have emerged as a powerful surrogate method to evaluate stem/
progenitor cells, previous studies demonstrated that as few as 15–30% of mammosphere
cells contain regenerative stem cell activity [22]. Therefore, we performed functional
limiting dilution transplantation experiments to determine the effects of C/EBPβ deletion on
MaSC repopulating activity. MECs were isolated from wildtype (C/EBPβ+/+;R26R) or C/
EBPβfl/fl;R26R mice, transduced with Ad.Cre and transplanted into the cleared fat pads of
syngeneic hosts at decreasing cell numbers. At clonal cell numbers, the outgrowth potential
of C/EBPβ-null MECs was significantly decreased as compared to wildtype (Fig. 3). Using a
single-hit Poisson distribution, the mammary repopulating unit (MRU) was determined to be
1 stem cell per 1,666 cells in wildtype epithelium. In contrast, the frequency of MaSCs was
decreased >2-fold in C/EBPβ-deleted outgrowths, with a calculated MRU of 1 in 3,895
(p=0.017). Importantly, the ability to completely reconstitute the entire mammary fat pad
was severely reduced in outgrowths lacking C/EBPβ (p=0.0005). These findings suggest
that ablation of C/EBPβ in mammary epithelia leads to both decreased MaSC repopulation
activity as well as a reduction in MaSC frequency.

C/EBPβ deletion results in premature senescence of MaSCs
Previous studies have shown that decreased outgrowth potential and senescence occurs
following 6–7 transplant generations [30], providing strong evidence for the existence of
MaSCs with long-term repopulating activity that eventually become exhausted after multiple
transplant generations. To further investigate MaSC repopulating activity, serial
transplantation experiments were performed. For these experiments, mice harboring the
germline deletion of C/EBPβ were bred to mice constitutively expressing CFP to permit
visualization of the ductal epithelium. CFP+ epithelia from donor mice were carefully
dissected and transplanted into 3-week old SCID/beige recipient mice. After 8 weeks of
outgrowth, CFP+ glands were analyzed and cells at the leading edge of the outgrowths were
re-transplanted for subsequent generations. As expected, transplanted tissue from wildtype
(C/EBPβ+/+CFP+) mice completely filled the available fat pads of recipient mice when
sequentially transplanted for three generations (Fig. 4). Surprisingly, the number of
outgrowths remained unchanged between wildtype and C/EBPβ−/−CFP+ outgrowths.
However, the ability of C/EBPβ−/− tissue to fill recipient fat pads was significantly
decreased in secondary grafts (p=0.003), although ductal outgrowth was variable,
reconstituting 50–100% of recipient fat pads. By the third generation, outgrowth potential
was severely impaired, as half of the ductal outgrowths did not surpass 25% of the available
fat pads (p=0.004). Further, using a generalized linear model of statistical analysis, the
decreasing rate of the percentages of fat pad filled was also significantly reduced in C/
EBPβ −/− CFP+ outgrowths (p=0.002). Third generation transplants were also examined in
late pregnant recipients to determine whether pregnancy affected outgrowth potential. In
glands that demonstrated complete outgrowth, lobuloalveolar development was impaired to
a similar extent to that reported previously [11]. Importantly, impaired ductal outgrowth was
also observed in these mice, indicating that pregnancy did not rescue the decreased ability of
C/EBPβ−/− CFP+ cells to reconstitute the mammary fat pad (Fig. 4A,B).
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To further address whether C/EBPβ-null MaSCs were undergoing early senescence,
generation three stunted outgrowths from C/EBPβ−/− CFP+ mammary glands were
transplanted for an additional generation. In four out of six recipient mammary fat pads, C/
EBPβ-null epithelium failed to grow, suggesting the exhaustion of MaSCs (Fig. 4C).
Notably, two transplanted mammary glands recapitulated stunted outgrowths, suggesting
that C/EBPβ may regulate progenitor cell proliferation and/or differentiation. As expected,
transplanted wildtype tissue resulted in complete outgrowths in all recipient mice. These
findings indicate that deletion of C/EBPβ results in premature senescence of MaSCs, and are
consistent with a role for C/EBPβ in both MaSC expansion and progenitor cell function.

C/EBPβ−/− mammary glands contain fewer luminal progenitor cells
Our results suggest that either germline or conditional deletion of C/EBPβ results in a
change in the frequency of stem and progenitor cells in the adult mammary gland.
Therefore, we next used flow cytometry to examine various stem/progenitor cell populations
in wildtype and C/EBPβ−/− MECs using previously well-defined markers. The
LIN−CD24+CD29hi subpopulation, which was previously shown to contain MRUs [2],
decreased nearly 2-fold in C/EBP was β−/− cells, while the LIN−CD24hiCD29lo

subpopulation was increased as compared to wildtype (Fig. 5A). The latter subpopulation
has been shown to contain luminal progenitor cells that are characterized by CD61 (β3
integrin) expression [1]. Surprisingly, the CD61 luminal progenitor population was
markedly depleted in the C/EBPβ−/− MECs (14% to 3%), while the majority of the cells
were CD61−, suggesting a switch to a more committed luminal cell (Fig. 5B). Likewise, an
increase in LIN−CD24hiSca1hi cells, which has been shown to represent a more
differentiated population that lacks significant outgrowth potential [3], was also observed,
while the LIN−CD24loSca1− subpopulation was lost (Fig. 5C). We also examined C/EBPβ
expression in the various stem/progenitor cell populations in wildtype mice. Intriguingly, C/
EBPβ mRNA was enriched in LIN−CD24loSca1− cells, further demonstrating an important
role for C/EBPβ in this subpopulation (Fig. S1). Collectively, these results suggest that when
C/EBPβ is deleted, there is a depletion in MRUs, a decrease in luminal progenitors, and an
accumulation of more differentiated luminal cells.

Visvader and colleagues previously demonstrated that LIN−CD24hiCD29loCD61+ cells are
enriched for colony forming ability, while CD61− cells have a limited ability to form
colonies on Matrigel or fibroblast feeder layers [1]. Therefore, we next tested whether the
loss of CD61+ cells in C/EBPβ−/− MECs correlates with decreased colony forming ability.
MECs were isolated from either wildtype or C/EBPβ−/−; CFP+ mice and plated on fibroblast
feeder layers for 10 days. As expected, colony formation was significantly decreased in C/
EBPβ−/− MECs as compared to wildtype (Fig. 6). Notably, colonies derived from C/
EBPβ−/−; CFP+ cells appeared to be smaller than wildtype colonies. These results support
the notion that CD61− MECs have decreased colony forming ability, and suggest that
CD61+ luminal progenitor cells are lost in C/EBPβ−/− mammary glands.

Disruption of luminal cell fate in C/EBPβ mammary glands
To identify potential signaling pathways regulated by C/EBPβ in stem/progenitor cells,
microarray analysis was performed. For this analysis, subpopulations defined by
LIN−CD24+CD29hi and LIN−CD24hiCD29lo were FACS-sorted wildtype and C/EBP from
β −/− glands, and RNA was isolated from each group. A heat map was generated using
supervised clustering of genes significant (ANOVA p<0.001, fold change >1.4) in C/
EBPβ−/− cells as compared to wildtype in each subpopulation (Fig. S2). There were 181
common probe sets (ps) identified that were differentially expressed either of these
subpopulations in C/EBP for β −/− MECs as compared to wildtype (Table S3). Interestingly,
numerous members of both Notch and Wnt/β-catenin signaling were significantly changed
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in C/EBPβ−/− subpopulations. A small group of selected genes previously shown to be
involved in cell fate and commitment were validated by qPCR (Table 1).

The LIN−CD24+CD29hi subpopulation that contains MRUs is comprised primarily of ER−

basal cells, characterized by K5 and K14 expression [31,32]. Interestingly, these basal
markers were slightly upregulated in the LIN−CD24hiCD29lo subpopulation of C/EBPβ−/−

cells (Table S3). In agreement, p63, which regulates basal cell differentiation in the
mammary gland, was downregulated in the LIN−CD24+CD29hi cells and increased in the
LIN−CD24hiCD29lo luminal subpopulation of C/EBPβ−/− glands. K15, a known epidermal
basal stem cell marker, was also increased in the luminal subpopulation of C/EBPβ−/− cells,
indicating a change in cell fate (Table 1). These findings illustrate that there is aberrant
expression of basal cell markers in the luminal cell population of C/EBPβ−/− mice,
indicating that luminal cell fate is disrupted.

Discussion
While considerable progress has been made in defining MaSCs, the precise genetic
mechanisms that regulate stem/progenitor cell self-renewal, maintenance and differentiation
remain ill-defined. Recent studies have begun to define a role for several critical
transcription factors, such as Gata-3, Elf5 and promyelocytic leukemia protein (PML), in the
MaSC hierarchy. Here, we demonstrate an important role for C/EBPβ in both stem cell
repopulation activity and luminal cell lineage commitment.

To investigate whether C/EBPβ regulates mammary stem/progenitor cell self-renewal, we
utilized a combination of in vitro mammosphere assays as well as in vivo functional limiting
dilution transplantation techniques. The results of these studies collectively suggest that C/
EBPβ mediates MaSC expansion. These studies were extended by performing serial
transplantation experiments. The ability of mammary epithelium to reconstitute the fat pad
upon multiple serial transplantations provides strong evidence for the existence of a
population of cells that contain high regenerative potential in the adult mammary gland [30].
Although this method provides a powerful tool for understanding regenerative MaSC ability
and maintenance [33], very few studies have utilized this technique to analyze the effect of
specific genes on repopulating activity. Here, we show that the outgrowth potential of C/
EBPβ−/− tissue progressively and significantly decreased with each generation as compared
to wildtype, resulting in nearly a complete loss of outgrowth (Fig. 4). While it is not possible
to distinguish between symmetric and asymmetric division at present, our results suggest
that deletion of C/EBPβ impedes MaSC repopulation activity, stem cell maintenance, and
causes premature senescence. C/EBPβ was recently shown to mediate oncogene-induced
senescence of Ras-transformed mouse fibrobasts, which required the loss of p19Arf [34]. As
p16Ink4a/p19Arf has been shown to be involved in Bmi1 regulation of MaSCs [35], it will be
of interest to determine if p19Arf also mediates MaSC senescence as observed in C/EBPβ−/−

mammary glands.

Upon serial transplantation, a proportion of the cells retained the ability to completely
reconstitute the mammary fat pad in second and third transplant generations. This effect may
be due to compensatory mechanisms by other transcription factors, including other C/EBP
family members. For example, C/EBPβ and Runx2 synergistically cooperate to promote
osteogenesis in the bone. However, bone defects are not observed in C/EBPβ−/− mice,
suggesting that functional redundancy of other C/EBP family members may be important
[8,36]. As other C/EBPs are expressed in the mammary gland, including C/EBPα and C/
EBPδ, it will be important to investigate the collaboration of other transcription factors with
C/EBPβ as well as functional redundancy of the C/EBP family in the regulation of MaSCs.
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Over the past five years, numerous putative hierarchical models that delineate mammary
stem cell differentiation have been proposed [37–39]. The luminal progenitor cell has been
postulated to be CD24hiCD29loCD61+ and to give rise to both ductal luminal and alveolar
luminal cell lineages. The differentiation of these cells is thought to be regulated by Gata-3,
as deletion of Gata-3 in the virgin mammary gland results in an accumulation of CD61+

cells and impaired ductal development [1]. This population was characterized by increased
colony forming ability and the expression of K18. Furthermore, the percentage of CD61+

cells was reported to progressively decrease with age, and was nearly lost in pregnant
glands, consistent with an undifferentiated luminal cell. Here we show that deletion of C/
EBPβ results in the ablation of the CD24hiCD24loCD61+ subpopulation and a consequent
increase in CD61− cells. One caveat to this analysis, and most of the currently published
studies, is the possibility that C/EBPβ regulates the expression of these cell surface markers.
To address this issue, conditionally-deleted MECs were cultured for 4 days and the
expression of these markers was analyzed by FACS. The expression CD24, CD29, CD61
and Sca-1 remained unchanged when C/EBPβ was deleted, suggesting that C/EBPβ alone
likely does not regulate these markers (data not shown). Collectively, these findings suggest
that C/EBPβ is required for the generation and/or maintenance of CD61+ cells.

Impaired lobuloalveolar development is a phenotype shared among several mouse knockout
models, including Gata-3, Stat5, Id2, PrlR, Elf5 and C/EBPβ. The alveolar lineage,
comprised of both luminal and myoepithelial cells, has been suggested to arise from a
common bipotent luminal progenitor cell. However, there is evidence for the existence of
distinct ductal-limited and lobule-limited progenitor cells [40–42]. The luminal cell lineage
can be subdivided based on ER and Sca1 expression, where Sca1− cells differentiate into
milk-producing alveoli. This subpopulation was postulated to be ER−, and to express CD24,
CD29, CD49f (α6 integrin), CD49b (α2 integrin), CD14 and CD61 [3,38]. Watson and
colleagues recently demonstrated a role for PML in ductal morphogenesis and luminal cell
lineage commitment. In this study, the percentage of ER+ cells was markedly increased
PML−/− mammary glands, as well as the proportion of CD24hiSca1+ cells [16]. In the
present study, we show that the CD24loSca1− subpopulation was depleted in C/EBPβ−/−

MECs, while the percentage of CD24hiSca1hi cells was increased 2.5-fold. The Sca1hi

subpopulation, therefore, most likely represents the luminal ER+ progenitor cell previously
described [3]. Accordingly, C/EBPβ−/− mammary glands display increased expression of
ER+ cells in E+P-treated mice [10]. Thus, while we can speculate that the loss of
CD24loSca1− cells in C/EBPβ−/− glands results in the loss of alveolar progenitors, causing a
block in lobuloalveolar development, it is not yet possible to distinguish between ductal and
alveolar progenitor cells with the currently existing mammary lineage markers.

Our results support the existence of a common progenitor (multipotent or bipotent) that
requires C/EBPβ for luminal, and potentially alveolar, cell differentiation. Similar to Bmi1
[35] and the Notch pathway [43], C/EBPβ presumably acts on more than one stage of
mammary stem cell differentiation: first, the expansion of MaSCs, and later, the generation
of luminal progenitors. Alternatively, C/EBPβ may be required to maintain the luminal cell
lineage, so that in the absence of C/EBPβ, MaSCs are exhausted and lose repopulating
capacity. C/EBPβ is likely only one of a number of genes that coordinately regulates these
processes. The precise definition of the cell lineages regulated by C/EBPβ will require the
identification of new markers to distinguish luminal ductal and alveolar progenitors.

To identify potential C/EBPβ target genes that may be involved in MaSCs, gene profiling
was performed on stem/progenitor cell populations in wildtype and C/EBPβ−/− mammary
glands. Intriguingly, members of the Notch pathway were altered in the CD24+CD29hi

subpopulation of C/EBPβ−/− cells as compared to wildtype. Notch 3, which was decreased
in CD24+CD29hi cells of C/EBPβ−/− glands, was recently shown to be critical for the
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commitment of human bipotent progenitors to the luminal cell lineage [44]. In another
study, Notch signaling was shown to restrict MaSC expansion and to instruct the fate of
MaSCs to the luminal cell lineage [43]. The Notch pathway has also been shown to maintain
luminal alveolar cell fate during pregnancy [45]. Deletion of RBP-J led to the expression of
basal markers K14 and p63 in the luminal compartment during pregnancy. Our microarray
data suggest that luminal cells may acquire basal cell characteristics in the absence of C/
EBPβ, as K5, K14 and p63 were upregulated in the CD24hiCD29lo subpopulation.
Additionally, RBP-J-deleted glands contained a large percentage of K6+ cells [45], similar
to the phenotype observed in the glands of E+P-treated C/EBPβ−/− mice [12]. The
misexpression of K6 in C/EBPβ−/− and RBP-J-null mammary glands may represent the
inability of luminal progenitor cells to properly differentiate. Increasing evidence suggests
that C/EBPβ can interact with the Notch pathway [46,47]. Although it is unclear whether C/
EBPβ and Notch regulate each other in the mammary gland, these proteins have been shown
to mediate common downstream targets [48,49]. These reports suggest the potential for
cross-talk between the Notch pathway and C/EBPβ, although further experiments are
required to test this postulate.

CONCLUSION
C/EBPβ is a master regulator of cell differentiation in numerous tissues, and its function in
stem cell biology clearly extends beyond the mammary gland. C/EBPβ was reported to
induce the transdifferentiation of committed pancreatic cells into hepatocytes [50] and was
recently shown to be important in the development of leukemias in mice [51]. Thus, C/EBPβ
is likely a key instructor of cell fate during numerous processes, such as hematopoiesis,
osteogenesis, adipogenesis and hepatogenesis.

In conclusion, we provide definitive evidence that C/EBPβ is one of several critical
transcription factors that specifies MaSC fate during mammary gland development. An
understanding of the normal MaSC hierarchy will be critical for our understanding of the
etiology of the multiple breast cancer subtypes. Increasing evidence from numerous tissues
including the mammary gland suggests that normal stem/progenitor cells are targets for
tumorigenesis; furthermore, C/EBPβ has been shown to be critical for Ras-induced
carcinogenesis [52]. C/EBPβ is also misregulated in human breast cancer, especially those
associated with poor prognosis. Altered expression of the C/EBPβ protein isoform LIP is
associated with poorly differentiated, ER− breast cancers [53], and C/EBPβ has been shown
to play a critical role in the TGFβ-mediated cytostatic switch required for breast cancer
metastasis [54]. Elucidating the mechanism by which C/EBPβ regulates normal MaSCs may
provide key insights into how these regulatory cues are altered during tumor development
and progression.
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Figure 1.
Conditional deletion of C/EBPβ results in altered ductal morphogenesis and decreased
lobuloalveolar development. MECs were isolated from 10-week old wildtype (C/
EBPβ+/+;R26R) and C/EBPβfl/fl;R26R mice, transduced with Ad.Cre1 in vitro and Cre-
mediated recombination was examined (n=3). (A) qPCR for C/EBPβ showed that the
expression of C/EBPβ was decreased >300-fold in transduced C/EBPβfl/fl;R26R MECs as
compared to wildtype. (B–G) Transduced cells were transplanted into syngeneic hosts and
stained with X-gal after 10 weeks of outgrowth. Large, dilated ducts were evident in virgin
C/EBPβ-deleted glands as compared to wildtype by whole mount analysis (B,C) and H&E
staining of paraffin-embedded sections (D,E). H&E staining of pregnant glands (P16–17)
illustrated decreased alveolar development in C/EBPβ-null glands (G) as compared to
wildtype (F), the latter of which contained lipid droplets. Uniform lacZ expression was
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observed throughout the mammary gland, indicative of a high extent of Cre-mediated
recombination. Scale bars, 5 mm (B,C) or 20μm (D–G).
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Figure 2.
Decreased mammosphere formation in C/EBPβ-null MECs. Graphs illustrate the number of
secondary mammospheres formed per 5000 cells expressed as mammosphere efficiency
using either (A) conditional wildtype (C/EBPβ+/+;R26R) and C/EBPβfl/fl;R26R cells
transduced with Ad.Cre1 or (B) germline wildtype (C/EBPβ+/+) and C/EBPβ−/− MECs. The
ability of C/EBPβ-null cells to form secondary mammospheres was significantly inhibited
using both these models (*p<0.0001). Data represent mean ± SEM of 1 representative
experiment and the experiment was performed 3 times.
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Figure 3.
Decreased MRUs in C/EBPβ-null outgrowths when transplanted at limiting dilution. MECs
were isolated from wildtype (C/EBPβ+/+;R26R) and C/EBPβfl/fl;R26R glands, transduced
with Ad.Cre1 and transplanted into syngeneic hosts at limiting dilutions. (A) Outgrowth
potential was significantly decreased in C/EBPβ-deleted glands as compared to wildtype
(p=0.017). The ability of C/EBPβ-null MECs to fill the fat pad was also significantly
impaired as compared to wildtype (p=0.0005). Photomicrographs depict whole mount
analysis of glands injected with 250 of wildtype (B) or C/EBPβ-null (C) cells. Scale bars, 5
mm.
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Figure 4.
Decreased outgrowth of C/EBPβ−/− serial transplants. CFP+ epithelia were dissected from
wildtype (C/EBPβ+/+;CFP+) or germline C/EBPβ−/−; CFP+ glands and transplanted
sequentially for 3 consecutive generations, harvesting tissue at each generation after 8 weeks
of outgrowth. (A) While take rate remained similar between wildtype and C/EBPβ−/−; CFP+

tissue, the ability to reconstitute the fat pad significantly decreased with subsequent
generations (p=0.002) in C/EBPβ-null glands as compared to wildtype (Gen 2 p=0.003, Gen
3 p=0.004). (B) Fluorescent micrographs (inverted images) depict representative images of
generation 3 outgrowths of wildtype and C/EBPβ−/−; CFP+ glands in mature virgin mice
(top) or late pregnant (P19) glands (bottom). (C) Images depict generation 4 outgrowths
from wildtype and stunted C/EBPβ−/− CFP+ donor glands. The number of outgrowths
represented by each micrograph is depicted below each image. Scale bars, 5 mm.
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Figure 5.
Altered stem/progenitor cell populations in C/EBPβ−/− mammary glands. (A) Dot plots
depict that the percentage of LIN−CD24+CD29hi cells, which contain MRUs, is decreased in
C/EBPβ−/− MECs, while the LIN−CD24hiCD29lo subpopulation is increased. (B) The
LIN−CD24hiCD29lo subpopulation was gated and CD61 expression was examined within
this subpopulation. C/EBPβ−/− MECs express a lower percentage of
LIN−CD24hiCD29loCD61+ cells as compared to wildtype (C/EBPβ+/+). (C) The
LIN−CD24hiSca1hi subpopulation is increased in C/EBPβ−/− glands as compared to
wildtype, which is accompanied by the loss of LIN−CD24loSca1− cells. For all FACS plots,
lineage-positive cells were excluded using a mouse lineage panel kit plus biotin-conjugated
CD31 and CD140a antibodies. Each dot/contour plot represents 1 experiment, and bar
graphs depict the mean ± SEM of 4 independent experiments (*p<0.0001).
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Figure 6.
Decreased colony formation in C/EBPβ-null MECs. Colony forming ability on cultured
feeder layers was significantly decreased in C/EBPβ−/−;CFP+ MECs as compared to
wildtype (C/EBPβ+/+;CFP+). Data represent mean ± SEM of 3 independent experiments
(*p<0.0001). Images depict crystal violet-stained colonies in wildtype and C/EBPβ−/−;CFP+

cells, and insets demonstrate a single CFP+ colony. Scale bars, 5 mm (large panels) and 250
μm (insets).
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Table 1

Real-time PCR validation of selected genes

Gene Name Molecular Pathway/Function

Fold Change in LIN−

CD24hiCD29lo

subpopulationa

Fold Change in
LIN−CD24+CD29hi

subpopulationa

Pre-B-cell leukemia
homeobox-1 (Pbx-1)

Pluripotency, maintenance of
hematopoiesis

+ 14.6 ± 0.2

Keratin 15 (Krt15) Epidermal stem cells + 9.0 ± 0.2

Keratin 5 (Krt5) Basal cells + 1.9 ± 0.2

Stem cell antigen-1 (Sca-1) Progenitor cell differentiation − 1.5 ± 0.1 − 2.0 ± 0.2

Transgelin (Tagln) Actin binding, invasion − 15.9 ± 0.1 − 2.2 ± 0.5

Eyes absent-1 homolog
(Eya-1)

Cell fate commitment and differentiation + 5.2 ± 0.3 + 51.0 ± 0.2

ΔNp63 Mammary basal cell differentiation + 3.3 ± 0.3 − 6.0 ± 0.2

Notch 3 Stem cell self-renewal, luminal cell
commitment

− 2.5 ± 0.3

a
Mean ± sd of the mRNA fold change of the selected genes in the C/EBPβ−/− subpopulations as compared to wildtype.

Stem Cells. Author manuscript; available in PMC 2011 March 31.


