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Abstract
Mammary gland is an outstanding system to study the regulatory mechanisms governing adult epithelial stem cell activity. 
Stem cells in the basal layer of the mammary gland fuel the morphogenesis and regeneration of a complex epithelial network 
during development and upon transplantation. The self-renewal of basal stem/progenitor cells is subjected to regulation by 
both cell-intrinsic and extrinsic mechanisms. Nfatc1 is a transcription factor that regulates breast tumorigenesis and metas-
tasis, but its role in mammary epithelial development and stem cell function has not been investigated. Here we show that 
Nfatc1 is expressed in a small subset of mammary basal epithelial cells and its epithelial-specific deletion results in mild 
defects in side branching and basal-luminal cell balance. Moreover, Nfatc1-deficient basal cells exhibit reduced colony 
forming ability in vitro and somewhat compromised regenerative potential upon transplantation. Thus, our study provides 
evidence for a detectable yet non-essential role of Nfatc1 in mammary epithelial morphogenesis and basal stem/progenitor 
cell self-renewal.
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Introduction

The mammary gland is a dynamic and regenerative organ 
that undergoes most of its development after birth, with 
dramatic structural and functional changes occurring dur-
ing puberty, pregnancy, lactation, and involution. Under the 
regulation of hormones and local growth factors, stem/pro-
genitor cells in the mammary epithelium self-renew, prolif-
erate, and differentiate to drive the growth, remodeling, and 

regeneration of the bi-lineage epithelial network composed 
of an outer basal/myoepithelial layer and an inner luminal 
layer [1–4]. The basal compartment houses both unipotent 
(generating only basal progenies) and multi/bi-potent (gen-
erating both basal and luminal progenies) stem cells that fuel 
morphogenesis and regeneration [1, 5–9]. Despite extensive 
studies identifying a myriad of molecular and signaling path-
ways that regulate mammary epithelial stem cell activity and 
differentiation [1, 6], transcriptional mechanisms underlying 
mammary epithelial morphogenesis and basal stem cell self-
renewal remain to be fully understood.

Nfatc1 (also known as Nfat2) belongs to the NFAT 
family of transcription factors, which can be dephos-
phorylated and activated in response to intracellular cal-
cium and translocate into the nucleus to control target 
gene expression [10]. Nfatc1 plays important roles in 
both embryonic and adult stem cells, such as regulat-
ing early lineage specification in embryonic stem cells 
[11], maintaining quiescent hair follicle stem cells [12], 
and directing lung stem cell differentiation and regenera-
tion [13]. Nfatc1 is also required for breast cancer cell 
migration and invasion in vitro as well as tumorigenesis 
and metastasis in vivo, and its expression is upregulated 
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in breast cancer [14–16]. Nfatc2 protein was reported 
to accumulate in mammary epithelial cells upon treat-
ment with Wnt5b, an inhibitor of mammary epithelial 
outgrowth, and was proposed to be a nuclear effector 
of downstream non-canonical Wnt signaling [17]. Like 
Nfatc1, Nfatc2 also promotes breast cancer cell invasion 
and metastasis [16, 18]. However, the in vivo function of 
Nfat genes in normal mammary gland development and 
basal cell self-renewal has not been investigated.

In this study, we show that Nfatc1 is expressed in a small 
subset of mammary basal epithelial cells and its deletion 
from the mammary epithelium results in mild defects in 
side branching and basal-luminal cell balance. Moreover, 
we provide evidence for a detectable but non-essential role 
for Nfatc1 in basal cell colony formation in vitro and mam-
mary epithelial outgrowth in vivo.

Results

Nfatc1 is Expressed in a Small Subset of Mammary 
Basal and Luminal Epithelial Cells

To probe potential Nfatc1 involvement in mammary epithe-
lial morphogenesis, we first interrogated a publicly avail-
able microarray dataset on whole mammary gland tissues 
[19, 20] (see Materials and Methods). This analysis revealed 
high Nfatc1 expression during early pregnancy that gradu-
ally declined by mid-pregnancy and remained low during 
lactation and involution (Fig. 1a). Using immunostaining, 
we detected Nfatc1 protein in the basal (marked by basal 
cell marker K14), luminal (inner,  K14− layer), and stromal 
cells of mammary glands from early pregnant mice (Fig. 1b). 
Nfatc1-positive cells were rare in the basal and luminal 

Fig. 1  Nfatc1 expression in mouse mammary epithelium. a, Nfatc1 
mRNA expression in the mammary gland of wild-type (WT) mice 
during pregnancy and lactation. Average values of expression were 
calculated based on raw expression levels of Nfatc1 mRNA detected 
using Affymetrix MG_U74Av2 chips per GDS2843/102209_at 
(NCBI's Gene Expression Omnibus). 1  day preg, the day a vaginal 
plug was observed. N = 4 replicate samples for each stage. b, Immu-
nofluorescence for Nfatc1 protein in the mammary glands of 1-day-
pregnant (1 dpc) WT mice (N = 4). Multiple ducts from different mice 
are shown. c-d, Immunofluorescence (c) and immunohistochemistry 
(d) for Nfatc1 protein in the mammary glands of 4-week-old WT 

mice (N = 3). K14 antibody stains the basal cells, and DAPI stains 
the nuclei. White/red and yellow arrowheads indicate Nfatc1-positive 
basal and stromal cells, respectively, whereas arrows indicate Nfatc1-
positive luminal cells. Note the presence of Nfatc1-positive cap (red 
arrowhead) and stromal (yellow arrowheads) cells in the terminal 
end bud structure (d, right). e, RT-qPCR on FACS-isolated basal and 
luminal cells from 8-week-old virgin WT female mice (N = 5 mice 
analyzed in different sorting experiments). f, RT-qPCR on sorted 
basal cells from 15-week-old virgin and mid-pregnant (P14) WT 
mice. N = 3 mice for each stage. GAPDH gene was used for normali-
zation in e–f. Scale bar: 50 μm in b, c, and d.
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compartments, typically at 1–2 cells per cross-section of a 
single mammary duct (Fig. 1b). Immunofluorescence and 
immunohistochemistry also detected Nfatc1-positive basal, 
luminal, and stromal cells in pubertal mammary glands, both 
in the ducts and in terminal end bud structures (Fig. 1c, d).

We next performed RT-qPCR analysis on FACS-sorted 
basal and luminal cells of adult virgin mammary glands, 
which revealed that Nfatc1 mRNA trended towards being 
expressed at a higher level in basal cells (Figs. 1e and S1a). 
This finding is consistent with a previous report detecting 
elevated Nfatc1 expression in mammary basal cells [21], as 
well as with our own RNA-seq data revealing a threefold 
enrichment of Nfatc1 mRNA level in basal over luminal  
cells (p <  10–6) [22]. Compared to FACS-sorted basal 
cells from adult virgin glands, Nfatc1 mRNA expression  
decreased significantly in basal cells from mammary glands 
in mid-pregnancy (Figs. 1f and S1a). We also generated 
Nfatc1-Cre;ROSAmTmG mice, where Nfatc1-expressing  
cells and their descendants are marked by GFP expression. 
Flow cytometry-based quantification of GFP fluorescence  
in conjunction with basal/luminal surface marker  
immunostaining revealed rare (< 10%)  GFP+ cells in both 
the basal and luminal populations of 8-week-old virgin and 
multiparous 6–9-month-old mice (Fig. S1b, c). Together, 
our data show dynamic Nfatc1 expression in a small subset 
of basal and luminal epithelial cells of the mammary gland 
across different reproductive stages.

Epithelium‑Specific Deletion of Nfatc1 Results 
in Mild Reductions in Alveolar Bud Formation/Side 
Branching and Basal‑to‑Luminal Cell Ratio

To examine the physiological function of Nfatc1 in mam-
mary epithelial cells, we used K14-Cre as a driver to gen-
erate mammary epithelial-specific knockout (MSKO) of 
Nfatc1 (K14-Cre;Nfatc1f/f). RT-qPCR analysis of control 
and MSKO basal cells confirmed the reduction of Nfatc1 
mRNA expression in the latter (Fig. 2a). At 8 weeks of age, 
mammary glands from Nfatc1 MSKO mice were similar 
in morphology to control littermate counterparts (Fig. 2b), 
suggesting that pubertal mammary development is largely 
intact. However, by 15 weeks of age, the number of alveolar 
buds and side branches was significantly reduced in Nfatc1 
MSKO mice, whereas the number of major branches was 
not significantly affected (Fig. 2c, d). This finding suggests 
a minor role for Nfatc1 in promoting robust mammary epi-
thelial maturation.

The specific expression of Nfatc1 in basal cells, plus 
previous report that basal/luminal cell ratio affects side 
branching [23], led us to wonder whether Nfatc1 deletion 
affects the balance between basal and luminal cells. While 
the ratio between flow-detected basal and luminal cell popu-
lations was similar in mammary glands from 8-week-old 

virgin Nfatc1 MSKO and control littermates (Fig. 3a, b), a 
significant decrease in basal/luminal ratio was observed in 
mammary glands from 15-week-old Nfatc1 MSKO virgin 
females compared to control littermates (Fig. 3c, d). Thus, 
loss of Nfatc1 in the mammary epithelium skews the balance 
between basal and luminal cells towards the latter, but this 
alteration is only obvious at mammary epithelial maturation 
when the morphological defect also manifests.

Nfatc1 Confers Maximal in Vitro Clonogenicity 
and in Vivo Regenerative Potential to Mammary 
Basal Cells

To ask whether Nfatc1 loss specifically impacts mammary 
basal cells, we performed ex vivo 3D colony formation 
assays by culturing FACS-sorted basal cells from Nfatc1 
MSKO and control littermates in Matrigel [24–27]. Colonies 
formed by the Nfatc1 MSKO basal cells were similar in size 
to those formed by control counterparts both in initial plat-
ing and when the cells were serially passaged (Fig. 4a, b). 
However, at all passages examined, the number of colonies 
formed in the Nfatc1 MSKO culture was significantly lower 
than that in the control culture (Fig. 4c). These results sug-
gest that Nfatc1 likely regulates the self-renewal capacity of 
mammary basal stem/progenitor cells, rather than the rate 
of basal cell proliferation per se.

To complement the in vitro findings above, we conducted 
transplantation experiments by injecting FACS-sorted basal 
cells from Nfatc1 MSKO and control littermates into de-
epithelialized fat pads of congenic 3-week-old host mice. In 
three independent experiments where 3,000 Nfatc1 MSKO 
or control basal cells were injected, the take rate appeared to 
be minimally impacted (9 out of 9 transplants in control vs. 7 
out of 9 in MSKO), but a significant reduction in the percent 
of fat pad filling was observed in outgrowths derived from 
the latter (Fig. 5a–c). In separate transplantation experiments 
using serially decreasing numbers of basal cells from addi-
tional pairs of donor mice, the overall take rate was only 
slightly lower but the average percent of fat pad filling by 
Nfatc1 MSKO basal cells was again significantly reduced 
compared to control basal cells (Fig. 5d, e). These results 
show that Nfatc1 plays a detectable, albeit non-essential, role 
in promoting the in vivo regenerative potential of mammary 
basal cells.

Discussion

Our work has uncovered a role of Nfatc1 in regulating mam-
mary epithelial morphogenesis. The mammary phenotypes 
caused by epithelial-specific knockout of Nfatc1 are mild, 
with morphological and basal/luminal ratio defects becom-
ing apparent only in adulthood. As such, Nfatc1 is largely 
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Fig. 2  Mammary glands of Nfatc1-deficient mice exhibit mild 
defects at maturation. a, RT-qPCR analysis of sorted mammary 
basal cells from 15-week-old virgin Nfatc1 MSKO and control 
(K14-Cre;Nfatc1f/+) littermates. N = 3. b-c, Representative whole-
mount carmine staining images of mammary glands from 8-week-
old (b) and 15-week-old (c) virgin Nfatc1 MSKO and control (K14-

Cre;Nfatc1f/+) littermates. Boxed areas in c are similarly enlarged 
for control and mutant. d, Quantification of the numbers of alveolar 
buds/side branches (left) and major branches (right) from N = 3 pairs 
of 15-week-old virgin Nfatc1 MSKO and control (K14-Cre;Nfatc1f/+ 
or Nfatc1f/f) littermates. Each dot or square represents a single mouse. 
Scale bar: 3 mm in b, c.
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dispensable in the mammary epithelium for ductal elonga-
tion and initial branching morphogenesis during pubertal 
development.

Our findings provide evidence for Nfatc1’s function 
in promoting mammary basal stem/progenitor cell self-
renewal. Of note, even though no morphological defect was 

Fig. 3  Nfatc1 deficiency affects 
mammary basal-luminal bal-
ance. Shown are representative 
flow cytometry profiles (a, c) 
and quantification of the ratio 
between basal and luminal cells 
(b, d) in mammary glands from 
8-week-old (a, b) and 15-week-
old (c, d) Nfatc1 MSKO and 
control (Nfatc1f/f or Nfatc1f/+) 
littermates. N >  = 3 pairs. Each 
dot or square represents a single 
mouse. Lines between a dot and 
a square indicate littermates.

Fig. 4  Nfatc1-deficient basal cells show significantly reduced colony 
formation potential in  vitro. a, Representative images of colonies 
derived from FACS-sorted basal cells from 8-week-old Nfatc1 MSKO 
and control (K14-Cre;Nfatc1f/+, Nfatc1f/f, or Nfatc1f/+) littermates. 
Scale bar: 500 μm. b-c, Quantification of colony size (b) and num-
ber (c) for basal cells derived from N = 3 pairs of Nfatc1 MSKO and 

control (K14-Cre;Nfatc1f/+, Nfatc1f/f, or Nfatc1f/+) littermates. Colo-
nies from initial plating were harvested and equal numbers (5,000) of 
Nfatc1 MSKO and control cells were subsequently passaged once  (1st 
passage) or twice  (2nd passage). Each dot, square, or triangle repre-
sents cells derived from a single mouse.
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detectable in Nfatc1 MSKO mice at 8 weeks of age, basal 
cells isolated at this developmental stage showed reduced 
colony forming and regenerative capabilities. This impli-
cates the inherent deficiency of Nfatc1-deficient basal cells 
that can be unmasked when cells are taken out of their 
endogenous tissue environment, consistent with the pre-
vailing theme of differential basal stem cell potential under 
physiological vs. heterogeneous environments [5, 7–9, 28, 
29]. Nfatc1-deficient basal cells may lose their self-renewal 
capability because of compromised cell adhesion, basal 
gene expression, and/or proliferation potential. Future work 
is needed to address these possibilities.

It is somewhat surprising that Nfatc1 expression in such a 
small number of basal cells (~ 2% at 8 weeks) in vivo translates 
into a detectable minor branching phenotype. It is possible that 
Nfatc1-expressing basal cells might represent a pool of stem/
progenitor cells, where Nfatc1 functions cell-autonomously, in 
the basal compartment that contribute to side branching and 
alveolar bud formation. Lineage tracing analysis using Nfatc1-
CreER mice, which lies outside the scope of the current work, 
will be able to track the fate of the Nfatc1-expressing basal 
cells during mammary epithelial development and regenera-
tion. Alternatively, Nfatc1 might regulate the expression of 

genes encoding secreted factors, which in turn impact a large 
number of cells including the non-Nfatc1-expressing basal cells.

Our findings add Nfatc1 to the growing list of regulatory 
factors that govern the activities of mammary basal stem/pro-
genitor cells. High levels of NFATc1 expression in breast can-
cer correlate with poor prognosis [14]. The functional involve-
ment of Nfatc1 in normal mammary basal stem/progenitor 
cells raises the possibility that NFATc1 may also regulate the 
activity of malignant stem/progenitor cells in breast cancer, a 
notion worth testing in the future.

Materials and Methods

Mice

Nfatc1f/f mice [30] were purchased from the Jackson Labora-
tory (Stock # 022786) and bred with K14-Cre mice [31, 32] 
to generate mammary epithelial-specific knockout (MSKO) of 
Nfatc1. Nfatc1-Cre mice were as previously reported [33], and 
were bred with ROSAmTmG mice the from the Jackson Labora-
tory (Stock # 007576). Primers used for genotyping are listed 
in Table S1. Control and mutant littermates were housed in the 

Fig. 5  Nfatc1-deficient basal cells show reduced regenerative capac-
ity in  vivo. a-b, Representative transplants (a) derived from basal 
cells isolated from 8-week-old Nfatc1 MSKO and control (K14-
Cre;Nfatc1f/+, Nfatc1f/f, or Nfatc1f/+) littermates, and summary of 
take rate (producing a tree that is > 5% of the fat pad) from 3 dif-
ferent experiments (b). Each experiment included 1 pair of Nfatc1  
MSKO and control (K14-Cre;Nfatc1f/+, Nfatc1f/f, or Nfatc1f/+) lit-
termate as donor mice, and 3,000 basal cells from each were trans-

planted onto the contralateral sides of the same host mice. Scale bar: 
3 mm. bc, Summary of percent of fat pad filled from (b). d-e, Sum-
mary of results from limiting dilution transplantations using FACS-
sorted mammary basal cells from additional Nfatc1 MSKO and con-
trol (K14-Cre;Nfatc1f/+, Nfatc1f/f, or Nfatc1f/+) littermates. Each pie 
diagram (d) represents an outgrowth, and data for percent of fat pad 
filled are summarized in (e). Each dot or square in (c, d) represents a 
single recipient mouse. 
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same cage before analysis to synchronize the estrous cycles [34]. 
All mouse experiments have been approved by and conform to 
the regulatory guidelines of the International Animal Care and 
Use Committee of the University of California, Irvine.

Isolation of Mammary Epithelial Cells

Single-cell preparation of mammary epithelial cells was per-
formed as previously described [22, 32]. Briefly, mammary 
glands were isolated from 8-week-old virgin or other specified-
stage female mice and placed in the digestion mix [DMEM/F12 
(1:1) with 5% FBS, 300 U/mL collagenase (Sigma, C9891) and 
100 U/mL hyaluronidase (Sigma, H3506)] for 1.5 h at 37 °C. 
Cells were pelleted and resuspended in red blood cell lysis buffer 
(Sigma, R7757). Single cell suspension was obtained by further 
treatment with 0.25% trypsin–EDTA (Gibco, 25200), 10 mg/
mL DNase (Sigma, DN25), and 5 mg/mL dispase (Stem Cell 
Technologies, 07913), followed by filtration using a 40 μm-pore 
mesh filter (SWiSH, TC70-MT-1).

Cell Labeling and Flow Cytometry

Single cell suspension from above was stained using the fol-
lowing antibodies and reagents: anti-CD49f-FITC (1:250, Bio 
Legend, 102205), anti-EpCAM-PE-Cy7 (1:250, Bio Legend, 
118215), anti-lineage-APC [1:250; including APC-CD45 (BD 
Biosciences, 559864), APC-CD31 (BD Biosciences, 551262), 
APC-TER119 (BD Biosciences, 557909)], and SytoxBlue (Inv-
itrogen, S3457). Flow cytometry analysis and sorting were per-
formed on a FACSAria (Becton Dickenson UK).

Gene Expression Analysis

Total RNA was extracted from the FACS-sorted cells using 
RNeasy Mini Kit with on-column DNase treatment according 
to manufacturer’s protocol (QIAGEN). cDNA was synthesized 
using High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific) according to manufacturer’s instructions. Real-
time PCR was performed using a SYBR Green Supermix (Bio-
Rad) on a CFX96 RT-qPCR system, and data were analyzed 
using the 2 − ΔΔCT method. Primers used for qPCR are listed in 
Table S1. Analysis of Nfatc1 expression during pregnancy and 
lactation was based on a published microarray dataset (https:// 
www. ncbi. nlm. nih. gov/ geopr ofiles/ 42110 332) on mammary 
gland samples from FVB mice [19, 20].

Immunohistochemistry and Mammary Gland 
Whole‑mount Analysis

Immunohistochemistry was performed as previously 
described [32]. For whole-mount analysis, the #4 pair of 

mammary glands were dissected and fixed in Carnoy’s fixa-
tive (10% acetic acid, 30% CHCl3, 60% ethanol) for 2–4 h. 
Fixed tissues were treated with a gradient of ethanol (100%, 
70%, 30%) and then washed with sterile water for 10 min. 
Tissues were then incubated with carmine-alum staining 
solution as previously described [35]. Images were captured 
using a Keyence microscope.

Cleared Fat Pad Transplantation

Fat pad clearing and transplantation was as previously 
described [32]. Briefly, single cell suspensions of sorted 
basal cells from Nfatc1 MSKO and control littermates were 
prepared as described above and diluted in a 1:1 solution of 
5% FBS media/Matrigel at a concentration of 2,000 cells/10 
μL. Ten μL of the cell/Matrigel solution was injected into 
cleared fat pads of #4 mammary glands of 3-week-old 
C57BL/6 females, with each host mouse receiving contralat-
eral injections of MSKO and control samples. Outgrowths 
were analyzed 8–9-weeks later using whole-mount carmine 
alum staining.

Colony Formation

Sorted basal cells were resuspended in a chilled 1:1 solution 
of EpiCult-B medium (Stem Cell Technologies)/growth fac-
tor-reduced Matrigel (BD Biosciences), and 5,000 cells were 
plated into one well from 8-well chamber slides (Thermo 
Fisher Scientific). After Matrigel hardens, 400 μl of EpiCult-
B medium containing 10 ng/mL EGF (Millipore, 01–107), 
10 ng/mL bFGF (PeproTech, 100-18B), and 4 μg/mL hepa-
rin (Stem Cell Technologies, 07980) was added into each 
well. Culture medium was changed every three days for two 
weeks, followed by counting colony number and measur-
ing colony size. To passage the colonies, medium was first 
removed and Matrigel dissolved using 200 μL of dispase for 
at least 20 min. Single cells were obtained by incubation in 
0.25% Trypsin–EDTA followed by filtration using a 40 μm 
filter, and 5,000 cells were then re-plated as described above.

Statistics

Independent experiments were performed on at least three 
biological replicates. The sample sizes are indicated in the 
relevant figure legends. For analysis of differences between 
groups, Student’s paired t-test was performed with Prism. p 
values of 0.05 or less were considered statistically signifi-
cant. Error bars in figures represent mean ± standard error 
of the mean (SEM).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10911- 021- 09502-6.
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