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Evidences have supported the pivotal roles of stem cells in mammary gland development. Many molecular markers have been
identified to characterize mammary stem cells. Cellular fate mapping of mammary stem cells by lineage tracing has put
unprecedented insights into the mammary stem cell biology, which identified two subtypes of mammary stem cells, including
unipotent and multipotent, which specifically differentiate to luminal or basal cells. The emerging single-cell sequencing profiles
have given a more comprehensive understanding on the cellular hierarchy and lineage signatures of mammary epithelium.
Besides, the stem cell niche worked as an essential regulator in sustaining the functions of mammary stem cells. In this review,
we provide an overview of the characteristics of mammary stem cells. The cellular origins of mammary gland are discussed to
understand the stem cell heterogeneity and their diverse differentiations. Importantly, current studies suggested that the breast
cancer stem cells may originate from the mammary stem cells after specific mutations, indicating their close relationships. Here,

we also outline the recent advances and controversies in the cancer relevance of mammary stem cells.

1. Background

Stem cells are a group of undifferentiated cells, possessing
two essential properties: the ability to maintain long-term
self-renewal and capacity to differentiate into specialized cell
lineages [1]. Mammary gland is a unique exocrine glandular
organ, undergoing cyclic expansions during menstrual cycles
and dramatic changes in structure and function during preg-
nancy, lactation, and involution [2]. Mammary stem cells
(MaSCs), which defined as the stem cells existing in mam-
mary gland, are essential for maintaining mammary homeo-
stasis and repair. Unlike most other mammalian organs that
developed in embryonic phase, mammary gland develops
greatly postnatally, further emphasizing the pivotal roles of
the adult stem and progenitor cells on mammary gland.

Here, we reviewed current advances of studies in stem
cells and cellular origins of mammary gland, including
MaSCs in mammary gland development, molecular markers
of MaSCs, cellular fate mapping of MaSCs by lineage tracing,
and stem cell niche as a regulator in sustaining MaSC func-
tion. Moreover, considering the significantly tumorigenic
roles of stem cells in cancer, we also discussed about the rela-
tionships between MaSCs and breast cancer stem cells
(BCSCs), as well as the potential regulatory mechanisms of
the MaSCs that deviated in breast cancer.

2. MaSCs and Mammary Gland Development

The mammary gland undergoing extensive development
after birth throughout puberty, pregnancy, lactation, and
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involution (Figure 1(a)) is a remarkably adaptive organ
whose development is closely regulated by the steroid and
peptide hormones [3]. Human mammary gland is a branch-
ing tree-like structure, composed of the epithelium and sur-
rounding stroma [4]. The bilayered mammary epithelium
comprises inner layer of luminal cells and outer layer of
basal or myoepithelial cells (basal/myoepithelial cells) [5].
The phenotype of epithelium is distinct in mammary devel-
opment, including ductal phenotype in puberty and adult
virgin (Figure 1(b), A) and alveolar phenotype in pregnancy
and lactation (Figure 1(b), B) [3]. Interestingly, the alveolar
epithelium undergoes a significant amount of remodeling
during each pregnant cycle [3]. Starting in pregnancy, the
alveolar epithelium proliferates and differentiates rapidly
in response to circulating hormonal changes [2]. Then in
lactation, the luminal cells synthesize and secrete the milk,
while the surrounding myoepithelial cells contract to deliver
the milk. Last, during weaning, the expanded compartments
of the mammary epithelium undergo apoptosis with the
extracellular matrix remodeling [6]. The profound capacity
for alveolar renewal in each subsequent pregnancy makes
people believe the existence of long-lived mammary stem
cells (MaSCs). A number of transplantation experiments
[7-9] have proved that fragments of mammary tissue could
reproduce the entire epithelial ductal trees in the clear fat
pad of recipient mice. Moreover, the emerging single-cell
RNA profiles of mammary epithelium further supported
the existence of MaSCs and revealed their dynamic differen-
tiation [10, 11].

The MaSCs have been proposed as the cells that can
renew themselves and give rise to the epithelial precursor
cells (EPCs) [9], which destined for either luminal or basal/-
myoepithelial cells [12]. Over the past two decades, clono-
genic assays [13], transplantation [14], and lineage tracing
experiments [15] have been mainly used to evaluate the
renewal and differentiation potential of MaSCs. In particular,
these studies of mammary gland development have shed light
on the identification of specific surface markers [16] and the
cellular fate mapping of MaSCs and EPCs [15, 17, 18], as well
as the regulation of mammary cellular hierarchy [2]. To some
extent, interest in MaSCs was also greatly stimulated by their
potential role in breast carcinogenesis.

2.1. Molecular Markers of MaSCs. The mammary epithelium
undergoes dynamic cycles of growth and involution through-
out life, displaying dramatic regenerative potential. The
mammary fat pad transplantation assays over the past
seventy years have provided the convincing proof of the exis-
tence of MaSCs and allowed the recent prospective isolation
of MaSCs. The “gold-standard” transplantation assay for the
mammary gland reconstitution in mice was established by
Deome et al. [19] in 1959. Using transplantation assays, it
was demonstrated that mammary epithelium could be regen-
erated by implanted small fragments [7, 8] or cell suspension
[20]. In 1998, Kordon and Smith [9] showed that the entire
mammary epithelium was recapitulated by a single stem cell,
which was further verified by Shackleton et al. [16] in 2006,
describing that a single self-renewing Lin CD29™CD24" cell
repopulated a completely functional mammary gland.
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Classically, MaSCs populations were identified and iso-
lated using fluorescence-activated cell sorting (FACS),
followed by the examination of their reconstitution capacity
by transplantation assays in vivo [16, 21-29]. Many MaSC
specific cellular markers have been used (Table 1). In FACS,
markers of CD45, Ter119, and CD31 (also named as Lin)
were usually used to exclude the hematopoietic and endo-
thelial cells first. CD24 (heat-stable antigen), CD29
(Bl-integrin), and CD49f (a6-integrin) were commonly
used as the MaSC specific markers across studies [16, 21,
23-29]. Other markers such as Lrp5/6 [22], Axin2 [23],
CD1d [25], Lgr5 [27], and Procr [29] were reported to iden-
tify MaSCs in a single study, respectively. It is notable that
these markers are refined from the Wnt signaling pathway
(Table 1), the pathway that proved to be instrumental for
MaSC self-renewal and long-term expansion [30]. Recently,
Zeng et al. [31] reported that the Ccnys-deficient mammary
cells failed to reconstitute, revealing the importance of the
Ccnys-mediated mitotic Wnt signaling in MaSCs and mam-
mary gland development. Besides, a-SMA™ and Myh11%
were also recognized as the MaSC markers, which a-SMA*
and Myh11*myoepithelial cells have the mammary repopu-
lating unit (MRU) capacity [28].

MRU was first defined by Stingl et al. [21], referring to the
cell populations with the ability to regenerate new mammary
tissue on transplant at limiting dilutions in vivo. In MaSC
studies, the MRU frequency is a significant index to evaluate
the mammary reconstitution capacity of the cells. However,
it is obvious that the MaSC markers and MRU frequency
were various from study to study (Table 1). One plausible
explanation can be the methodological variations, including
different donor mice age, transplant conditions, and subtle
technical differences in harvesting and processing the MaSC
populations [32]. Intrinsically, a more probable explanation
is that the sorted cells with MRU capacity were just restricted
subsets of MaSCs across different studies, while the different
subsets of MaSCs may have distinct expression markers and
give rise to the MRU frequency diversely.

Although these studies have given massive information
about markers and regenerative features of MaSCs, the exact
identity of mammary stem cells is still controversial. Mean-
while, there are many doubts about the transplantation assay,
arguing with the artificiality of the MRU in vivo.

3. Cellular Fate Mapping of MaSCs by
Lineage Tracing

Studies have indicated the presence of different types of
MaSCs existing in mammary gland, including the multipo-
tent and unipotent MaSCs. The multipotent MaSCs are able
to differentiate to either myoepithelial or luminal lineage
mammary cells, while the unipotent MaSCs feature the
lineage-restricted differentiation potential (Figure 2). To fur-
ther investigate the differentiation and cell fate of the MaSCs,
lineage tracing is increasingly employed in tracking MaSCs
and their progeny in situ.

Genetic lineage-tracing technique is a powerful tool for
mapping the cellular fate of stem cells, because it can
directly observe all the progeny of a single stem cell under
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FIGURE 1: (a) The postnatal mammary gland development is multistage. (b) Two distinct phenotypes of mammary epithelium in different
developmental stages: the ductal (A) and alveolar (B) epithelium, both bilayered, with inner layer of luminal cells and outer layer of
myoepithelial/basal cells. There are also milk-producing cells in the inner layer of alveolar epithelium.

physiological or pathological conditions in mouse model
[33]. In the technique of lineage tracing, a recombinase
enzyme is expressed in a cell- or tissue-specific manner to
specifically activate the expression of a conditional reporter
gene, which can make permanent genetic labeling of all prog-
eny of the marked cells [34]. At present, Cre-loxP system [35]
is the preferred approach of genetic lineage tracing in mice,
owing to its high recombination efficiency. In the lineage
tracing using Cre-loxP, Cre recombinase is expressed under
the cell-specific promoter, and specifically activates the
reporter in the cells that express the promoter, by removing
the STOP cassette in loxP-STOP-loxP sequence. To make
the temporal and spatial control of Cre activity, CreER is
recently used in lineage tracing, which the Cre activity is
inducible via ER ligand tamoxifen.

Several important lineage-tracing studies of mammary
gland have emerged in recent years (Table 2), in which the
keratin family was selected as the classic markers for labeling
the stem cells in these lineage-tracing studies. Van Keymeu-
len et al. [15] found that embryonic K14" (keratin14) stem
cells were multipotent, while postnatal K14" stem cells were
unipotent which only contributed to the myoepithelial line-
age during puberty, adult life, and pregnancy. They also
found that two other putative stem cell markers, K5* (kera-
tin5) and Lgr5*, preferentially labelled the myoepithelial
stem cells [15]. For the luminal stem cell markers, their
lineage-tracing assay showed that the K8" (keratin8) cells
contained the unipotent luminal stem cells, which differenti-
ated into luminal and milk-producing cells [15]. Although
the K18 (keratin18) cells also only labelled the luminal cells,
no clonal expansion of K18" luminal cells was observed

during puberty, virgin, and pregnancy, which indicated the
K18" cells as more committed luminal cells [15]. In conclu-
sion, Van Keymeulen’s study illustrated that the unipotent
luminal and myoepithelial stem cells, respectively, controlled
each lineage throughout the mammary development. Rios
et al.’s study [36], however, showed the existence of multipo-
tent stem cells during the mammary development. They
depicted that the K5, K14, or Lgr5 targeted long-lived stem
cells were multipotent, which contributed to the expansion
of both luminal and myoepithelial lineages in the pubertal
and adult mammary gland, as well as the alveologenesis dur-
ing pregnancy. However, EIf5" (E74-like factor 5) stem cells
were found to be unipotent, which only contributed to the
luminal lineage through puberty and into adulthood. Besides,
the EIf5" cells also contributed to the generation of alveolar
cells in pregnancy. Taken together, the discrepancies between
the two studies, such as the different differentiation potency
of K147, K57, and Lgr5" cells, can be partially explained by
the different lineage-tracing mouse models (Table 2), relating
to different labeling efficiency. It is also possibly because dif-
ferent concentrations of the induction agent (tamoxifen)
resulted in the different labelling intensity [37]. Actually, in
Cre-loxP system, the commonly used induction agent tamox-
ifen may influence the mammary stem cell behaviors [37, 38].
Wouidart et al. [39] further assessed the lineage relationship
and stem cell fate in mammary gland, by quantitative
lineage-tracing strategies. Stem cells labeled Lgr5" or Lgr6™
targeted about 60% of basal cells and 40% of luminal cells,
while stem cells labeled K19" or Sox9" targeted more than
95% of luminal cells and less than 5% of basal cells. And for
K14" stem cells, they targeted initially and independently



TaBLE 1: Markers used to identify MaSCs in different studies.
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Study

MSC markers by FACS

Markers’ annotations

Gland reconstitution donor

MRU frequency/gland
outgrowth frequency

Stingl et al.

CD45 Ter119 CD31"

CD45™ and Ter119™:
to exclude the
haematopoietic cells
CD317: to exclude the
endothelial cells
CD140a": to exclude
the stromal cells
CD24: heat-stable
antigen, expressed by

8-14-week-old virgin FVB,

1 per 60 CD24™ICD49f"
(from FVB mice)

[21] CD140a~CD24™CD49M : C57Bl/6 mice (in 2%FBS) 1 per 90 CD24™¢dCD49f
p
the apical plasma .
(from C57Bl/6 mice)
membrane of the
luminal cells
CD49f: a6-integrin,
expressed by
epidermal stem cells
and human mammary
colony forming cells
CD24: heat-stable
antigen, also expressed
b 1 st 11
CD45 CD31 TER119 y metiral stem ces o
Shackleton L and human breast 8-week-old Rosa-26 mice (with L N hi
(Lin") . 1 per 64 Lin"CD24"CD29
et al. [16] N hi cancer cells LacZ transgene) (in 50% FBS)
CD24"CD29 . .
CD29: fB1-integrin,
expressed in skin stem
cells
Lrp5: Wnt coreceptor,
required for
Badders CD45-CD31 Lip5* mammary ductal stem 10-week-old virgin BALB/c 1 per 485 Lrp5™ '
et al. [22] cell activity and mice (in Matrigel) 1 per 142 CD24*CD29™
Wntl-induced
tumorigenesis
3 per 5 glands
Lin CD24"CD29" Axin2*
(from 500 cells) with serum
1 per 5 gland
Axin2: Wnt/B-catenin 812 week-old Axind-lacz Lin CD24"CD29" Axin2*
-12-week-old Axin2-lac
Zeng and CD317°CD45 Terl19~ target gene in . (from 100 cells) with serum
. IS . . reporter mice (in 50%
Nusse [23] CD24"CD29™Axin2 canonical Wnt signal Matricel or 50% ) 6 per 8 glands
atrigel or serum :
transduction pathway 8 ’ Lin CD24*CD29" Axin2*
(from 100 cells) with Matrigel
11 per 16 glands
Lin CD24"CD29" Axin2*
(from 50 cells) with Matrigel
1 per 14 fetal CD24MCD49"
Spike et al. CD31 CD45 Terl19~ Fetal (E18.5) or adult CD1 mice with Matrigel
[24] CD24™4CD4ofM (with/without Matrigel) 1 per 50 adult CD24™4 CD49f

with Matrigel
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TaBLE 1: Continued.

Study MSC markers by FACS Markers” annotations Gland reconstitution donor MRU frequency/gland
outgrowth frequency
Lgr5: a downstream
target of Wnt and a 3 per 9 glands
major stem cell Lin"CD24*CD49f"CK14"Lgr5*
marker in the small (from 100 cells)
intestine, colon, 2 per 12 gl
Plaks etal. CD31 CD45 Ter119 (Lin") intestine .CO or% 7-9-week-old Lgr5-EGFP pubertal . _ }zer & ?nds R
. ; N . stomach, hair follicle, . . . Lin"CD24*CD49f"CK 14 Lgr5
[27] CD24*CD49f"CK14 Lgr5 . mice (in Matrigel with FGF2)
and kidney nephrons (from 50 cells)
CK14: a major marker 5 per 16 glands
of mammary Lin"CD24*CD49f"CK14 " Lgr5*
myoepithelial/basal (from 10 cells)
cells
812 week-old 1 per 66 Lin"CD24*CD29",
Machad Lin CD24*CD29™ Pt 10 ym diamet
achaco n : FVB.Cg-Tg(CAG-EGFP)B5Nagy/J > o pm dameter
et al. [26] large (>10 ym diameter) L . 1 per 132 Lin"CD24"CD29
female mice (in Matrigel) o )
1 per 237 Lin"~, >10 ym diameter
CD1d: a glycoprotein
h
o . cxpressedonthe 6-10-week-old H2b-GFP 1 per 8
dos Santos  CD31 CD45 Ter119 (Lin") surface of various transgenic virein mice Lin-CD24*CD29"CD1d"1 er
etal. [25] CD24'CD29"CD49f"CD1d* mouse and human 8 Virg p

. . (in 50% Matrigel)
antigen-presenting

cells

44 Lin CD24*CD29"

Prater et al.
(28]

EpCAM: epithelial cell
adhesion molecule;
aSMA and Myhl1 are
functional markers of

10-14-week-old
C57BL/6]J, Acta2-GFP and
Myh11-Cre-GFP;Rosa26LacZ
virgin mice (in 25% Matrigel)

CD31°CD45 Ter119"
CD49f"EpCAM" aSMA *or

Myh11* myoepithelial cells and

enhance contractile
force generation
during lactation

1 per 57 Basal EpCAM™
1 per 93 Basal aSMA™
1 per 67 Basal Myh11"

Procr: a novel Wnt
target, a protein C

Wang et al. LinCD24*CD29"Procr* receptF)r, functi.ons in 8-week—91d CD1 mice (in 50% 1 per 68 CD+24+ Cl?li29hi )
[29] anticoagulation, Matrigel and 20% FBS) 1 per 12 CD24" CD29™"'Procr
inflammation, and
haematopoiesis
Cenys: Ceny and
paralogue Ccnyll, e
essential in Wnt 1 per 5024 Ceny™™;
. . o Ccnyll” lacZ 1 scramble-shRNA
signaling activity for (loss of 2 copies) 1 per 13355
Lin CD24"CD29*Cenys~ maintaining the . P o P
Zeng et al. lost the basal stem cell developmental 8-12-week-old transgenic mice (in Ceny ™'
[31] p 50% Matrigel and 20% FBS) Ccnyll” lacZ | scramble-shRNA

function in regeneration potential of dividing
MSCs; expression of
Ccnyll and Axin2
overlapped in pubertal

mammary gland

(loss of 3 copies) None Ceny ™'~

Cenyl1*% 4 Cenyll-shRNA
(Ccnys depleted)

MRU: mammary repopulating unit; CD45: protein tyrosine phosphatase receptor type C; Ter119: lymphocyte antigen 76; CD31: platelet/endothelial cell
adhesion molecule 1; CD140: platelet-derived growth factor receptor; CD49f: a6-integrin; CD29: f1-integrin; Lrp5: LDL receptor-related protein 5; Lgr5:
leucine-rich repeat-containing G protein-coupled receptor 5; EpCAM: epithelial cell adhesion molecule; a-SMA: alpha smooth muscle actin; Myhl1:
smooth muscle myosin, heavy polypeptide 11.



6 Stem Cells International
Postnatal MaSC
- q % Ductal myoepithelial/basal cells
@ CHRERERPEFE
Unipotent MaSC

(myoepithelial/basal stem cell)
K14+, K5+, Lgr5+, Axin2+,
p63+, and Acta2+

q

Embryonic MaSC

Alveolar luminal cells

d.

Unipotent MaSC
(luminal stem cell)

K8+, Elf5+, Prom1+, Notch1/3+,
and Blimp1+

q

Multipotent MaSC

Alveolar myoepithelial/basal cells

€.

- — 1 Ductal luminal cell
¢ a:g:gcag::c:: uctal luminal cells
f.
R :: cplu:a EEB Ductal myoepithelial/basal cells
e o e >

FiGurg 2: Cellular fate mapping of MaSCs by lineage tracing in vivo. A simplified schematic depicts the existence of unipotent and
multipotent MaSCs characterized with distinct cellular markers (embryonic MaSCs: K14+, Axin2+, Notchl, Blimp1l+, and p63+; postnatal
MaSCs for unipotent basal lineage: K14+, K5+, Lgr5+, Axin2+, p63+, and Acta2+; postnatal MaSCs for unipotent luminal lineage: K8+,
Elf5, Prom1+, Notchl+, Notch3+, and Blimp1+; multipotent postnatal MaSCs: Axin2+, K5+, K14+, K19+, Lgr5+, Lgr6+, and Sox9+) and

their distinct differentiations.

unipotent luminal and basal cells in mammary gland. How-
ever, the mathematical modeling by Wuidart et al. has been
queried in interpreting the image data and quantifying model
parameters [40], as the proteolytic digestion used for tissue
processing can destruct the basal lamina and profoundly
change the morphology of epithelial cells and their physical
interaction with luminal cells. Thus, care must be taken in
such statistical models of lineage tracing. More extensive
images derived from refined genetically engineered mice that
allow different populations to be marked are needed for giv-
ing more precise evaluation.

Besides the keratin family, Notch family including
Notchl+, Notch2+, and Notch3+ have also been found to
mark MaSCs in vivo (Table 2), corresponding with that
Notch signaling pathway was greatly implicated in mammary
gland development. For Notchl, Rodilla et al. [41] found that
Notchl targeted multipotent stem cells in the embryonic
mammary bud but restricted their lineage potential to ER-
luminal lineage postnatally. Later, Lilja et al. [42] further
reported that Notchl activation would lock multipotent stem
cells into a luminal unipotent cell fate during early mammary
embryogenesis and then specially dictated ER- luminal cell
fate postnatally. By using Notch2-specific genetic labeling,
Sale et al. [43] uncovered the existence of distinct Notch2+
progenitors that represent two previously unrecognized
mammary epithelial cell lineages, which they termed S
(small) and L (large) cells. And the S and L cells are morpho-
logically, topologically, genetically, developmentally, and
functionally distinct from classical luminal and myoepithelial
cells. Lafkas et al. [44] elucidated that Notch3™ cells were a

highly clonogenic and transiently quiescent luminal progen-
itor population that gives rise to a ductal lineage.

Furthermore, many other notable lineage-tracing studies
emerged in recent years (Table 2), with targeted stem cells or
progenitors expressing Axin2 [18], Acta2 [28], WAP [45],
Procr [29], Lgr5 [15, 36, 39], Lgr6 [39], Sox9 [39, 46], promi-
ninl [46], p63 [47, 48], ER [49], and Blimp1l [50]. These
studies not only supported the coexistence of different multi-
potent and unipotent stem cells in the mammary epithelium
but also revealed the dynamic developmental fate of mam-
mary stem cells.

Notably and intriguingly, recent studies revised previous
model of cellular hierarchy of luminal cells and provided
solid evidence that ER™ and ER" luminal cells were even
maintained by distinct stem cells (Table 2). Until now, stud-
ies have proved that Wap+ [45], Sox9+ [46], Blimp1+ [50],
and Notchl+ [41, 42] stem cells contributed to ER- luminal
lineage cells postnatally, while Prom1+ [46] and ER+ [49]
stem cells restricted to differentiate into ER+ luminal lineage.
These findings revised the understandings of mammary epi-
thelial cell hierarchy and further supported that ER and ER"
luminal cells are two independent lineages.

Thus, studies still presented unclear results, although the
genetic lineage tracing has put unprecedented insights into
the mammary stem cell biology. More studies are needed to
determine the relationships between all these mammary stem
cell populations of different markers’ expression. Certainly,
more studies applying lineage-tracing technique are urged
to enrich the comprehensive understandings on cellular
origins of mammary epithelium.
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TABLE 2: An overview of lineage-tracing studies defined MaSC markers and their cellular fate using different mouse models.

Study M:erlll(:d Cellular fate of the MaSCs Mouse model
K14-Cre/Rosa-YFP mice
K14 E ic: Iti
" mbryonic: multipotent K14-1tTA/TetO-Cre/Rosa-YEP mice
K14+ Postnatal: unipotent (myoepithelial/basal) K14-rtTA/TetO-Cre/Rosa-YFP mice
Vari I?z;neulen K5+ Postnatal: unipotent (myoepithelial/basal) K5-CreER/Rosa-YFP mice
et al.
Lgr5+ Postnatal: multipotent (most basal, rare luminal) Lgr5-GFP-CreER/Rosa-Tomato mice
K8+ Postnatal: unipotent (luminal) K8-CreER/Rosa-YFP mice
K18+ Postnatal: unipotent (luminal) K18-CreER/Rosa-YFP mice
Embryonic: unipotent (luminal)
Van Amerongen Prepubety: unipotent (myoepithelial/basal) Axin2C e ERT2+ Ro6RMTME* mice
Axin2+ .~ CreERT2/+ lacZ/+ .
et al. [18] Puberty; multipotent Axin2 ;R26R mice
Pregnancy: multipotent
Sale et al, [43] Notch2  Postnatal: multipotent (s.rnall. and large cells.) (unrecognized N2-CreERT2%AT/R26RAZ
mammary epithelial cell populations)
Notch3 . . SAT mTmG .
Lafkas et al. [44] . Postnatal: unipotent (luminal) N3-CreERT2>""/R26 mice
Elf5-rtTA-IRES-GFP mice
Elf5+ Postnatal: unipotent (luminal) Elf5-rtTA/TetO-cre/R26R-Confetti mice
Elf5-rtTA/TetO-cre/R26R-tdTomato mice
K5-rtTA-IRES-GFP mice
Rios et al. [36] K5+ Postnatal: multipotent K5-rtTA/TetO-cre/R26R-Confetti mice
K5-rtTA/TetO-cre/R26R-tdTomato mice
K14+ Postnatal: multipotent K14-creERT2/R26R-Confetti mice
Lgr5-GFP-IRES-creERT2/R26R-td T t
Lgr5+ Postnatal: multipotent 8t cre ) / omato
mice
Acta2-Cre-ER"%Rosa26LacZ mi
Prater et al. [28]  Acta2+ Postnatal: unipotent (basal) I;Cjaz_crie_ERTz;(;i;mTifG rrrﬁlccee
Notchl Emb ic: Itipotent
Rodilla et al. [41] ote m ryo.mc mutpoten . N1Cref*?R26™TMS mice
+ Postnatal: unipotent (ER- luminal)

Chang et al. [45] Wap+

Pregnancy: unipotent (ER- luminal)

WAP-Cre;Rosa26-1sl-YFP mice

CreERT2/+ mTmG/+
;R26

Wang et al. [29]  Procr+ Postnatal: multipotent Procr CreERT2/+ 1~ DTA/+ n.lice
Procr ;R26 mice
K14+ Postnatal: multipotent K14-CreER"?/Rosa-Confetti mice
. K19+ Postnatal: multipotent (most luminal, rare basal) K19-CreER"/Rosa-Confetti mice
E/;];;dart etal Sox9+ Postnatal: multipotent (most luminal, rare basal) Sox9-CreER?/Rosa-Confetti mice
Lgr5+ Postnatal: multipotent Lgr5-CreER"?/Rosa-tdTomato mice
Lgr6+ Postnatal: multipotent Lgr6-CreER"?/Rosa-tdTomato mice
Wang et l. [46] Sox9+ Postnatal: multipotent (myoepithelial/basal, ER- luminal) S0x9-CreER™%R26R-tdTomato mice
Proml+ Postnatal: unipotent (ER+ luminal) Prom1-CreER"%R26R-tdTomato mice
f;;:kumar ctal p63+ Postnatal-Cap cells: unipotent (basal) p63CTERT2* R oga™ T MG/ *
Z[ai.l?z;/;neulen ER+ Postnatal: unipotent (ER+ luminal) ERl?rI::Fr;T?e/jOeéOI{i/ZI]{S(;ZI—:YPFr;n:relice
Elias et al. [50] Bhrfp ! Pi:tl::yta‘;ningi ziegélﬁfﬁiljl) Prdm1Cre®RT2/*; RpgR™T™C/+
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TastLE 2: Continued.
Study M;rlll(:d Cellular fate of the MaSCs Mouse model
Wuidart et al. 63+ Embryonic: unipotent (basal) K14rtTA/TetO-Cre/Rosa-A
(48] P ryomic: tip Np63-IRES-GEP
Notchl Emb ic: unipotent (luminal

Lilja et al. [42] o mbryonic: unipotent (luminal) N1Cre®*™2/R26™ ™S mice

+ Postnatal: unipotent (ER- luminal)

K14: keratin14; K5: keratin5; K8: keratin8; K18: keratin18; K19: keratin19; Elf5": E74-like factor 5; Acta2: actin, alpha 2, smooth muscle, aorta; WAP: acidic
protein; Procr: protein C receptor; Sox9: SRY-box 9; Lgré6: leucine-rich repeat-containing G protein-coupled receptor 6; Proml: prominin 1; p63: tumor

protein p63; ER: estrogen receptorl; Blimpl: PR/SET domain 1.

4. Lineage Signatures of Mammary
Epithelium by Single-Cell RNA-Seq

The comprehensive single-cell transcriptomes are recently
used as a powerful tool to understand cellular hierarchy
and lineage relationships. Two recent studies [10, 11] that
used single-cell RNA sequencing have supported the exis-
tence of MaSCs and mapped the cellular dynamics of mam-
mary epithelium at different developmental stages.

In the study by Pal et al. [10], they newly identified a
mixed-lineage or “lineage-primed” cluster among basal cells
which may precede commitment to the luminal lineage dur-
ing puberty, adulthood, and pregnancy. These cells expressed
both core basal and luminal genes, such as Acta2, Krtl4,
Cxcl4, Myhl11, Areg, Elf5, Krt19, and Csn2. An early progen-
itor subset (Lum Int) marked by CD55 was also depicted in
their study, lying between luminal progenitor and mature
ductal/alveolar cells, with expression of Jund, Irx5, Sox4,
and Igtbp2. In the study by Bach et al. [11], they analyzed
23,184 cells across nulliparous, mid gestation, lactation, and
post involution and identified 15 distinct clusters of mam-
mary epithelial cells. In the luminal compartment, both the
hormone sensing and not subgroup possessed clusters that
expressed progenitor markers (e.g., Aldhla3, CD14, Kit),
while the basal compartment also contained a cluster of
“stem-like” cells that expressed high levels of Procr, Gngl1,
and Zeb2. In summary, the data of single-cell transcriptomes
provides us an unbiased view of mammary gland develop-
ment and unmasks the lineage signature of mammary epithe-
lium at a high cellular resolution. More single-cell sequencing
profiles at different developmental time-points are needed to
give a more comprehensive understanding on the molecular
networks that drive specification and differentiation in mam-
mary gland.

5. The Stem Cell Niche as a Regulator in
Sustaining MaSC Function

MaSCs are located in the specific microenvironment which is
called as MaSC “niche” [51]. Paracrine factors and extracellu-
lar matrix (ECM) were the pivotal MaSC niche elements in
regulating MaSC maintenance and differentiation [52].
Aberrant regulation may increase the opportunity for accu-
mulation of oncogenic mutations in the self-renewing
MaSCs, eventually leading to the neoplastic progression.

Mammary gland is one of the main target organs for ste-
roid hormone, including estrogen, progesterone, and prolac-
tin. These steroid hormones play important roles in
controlling ductal outgrowth and alveolar expansion. Both
global [53] and conditional ERa knockout mice [54] revealed
the essential requirement of ER« for epithelial proliferation
and morphogenesis in mammary development. Yet, substan-
tial evidence has showed that steroid hormones exert their
effects on MaSCs through paracrine signaling. At first,
Asselin-Labat et al. [55] found that the expression of ERa
and PR were high in luminal cell-enriched (CD24CD29")
population, indicating the importance of luminal cells in
ERa and PR signaling. Later, they demonstrated that MaSCs
were highly responsive to the steroid hormone via paracrine
signaling from the RANK (also called Tnfrsfl1a) ligand pro-
duced by luminal cells [56]. It is also demonstrated by Joshi
et al. [57] that progesterone propelled MaSC expansion
in vivo during the reproductive cycle, which acted mitogenic
effect on MaSCs through paracrine signaling from the RANK
ligand and Wnt4 produced by luminal cells. Besides, studies
by Lee et al. [58] showed that the paracrine signaling of
progesterone-RANK ligand exerted effects on Elf5 expression
in CD61" (integrin f33) luminal progenitor cells and their
consequent differentiation. Moreover, novel mediator such
as Rspol (R-spondins1) has been recently found to be impli-
cated in promoting MaSC self-renewal through the synergy
action with Wnt4 [59]. Taken together, all these studies sug-
gested that the steroid hormones normally regulate the
MaSCs, probably through the paracrine signals from the
ER" luminal cells.

It is widely believed that there are MaSCs localized in
the basal layer of adult mammary epithelium, which
directly interact with the ECM. The mammary basal cells
were found with high expression of integrins [60], which
are the major class of receptors for ECM [61]. As we know,
integrins such as a6 and fl-integrins (CD49f and CD29)
have already been commonly used as the markers to purify
MaSCs, indicating their potential roles in regulating MaSCs.
Taddei et al. [62] found that 1 integrin deletion from the
basal cells abolished the MaSC maintenance and mammary
morphogenesis, validating their essential roles in mediating
the interactions between ECM and MaSCs contained basal
cells. Besides, MMPs (matrix metalloproteinases), which
are the essential microenvironmental proteases in degrading
and remodeling ECM, were found to play an important role
in regulating MaSC functions. MMP3 produced in the
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vicinity of mammary epithelium could promote MaSC func-
tion by binding and activating Wnt5b [63]. Other MMPs
such as MMP14 [64] were also proved to be important in
mammary development. Thus, there is no doubt that MaSC
niche plays a crucial role in regulating MaSCs, and more
underlying mechanisms need to be further investigated.

6. Relationships between MaSCs and BCSCs

MaSCs and breast cancer stem cells (BCSCs) are distinct with
each other but also have much in common. To some extent,
the hypothesis of “cancer stem cell” is a derivative of the
“normal stem cell” concept [65], stating that cancer cell pop-
ulations are hierarchically developed, with cancer stem cells
at the apex of the hierarchy [66]. Indeed, BCSCs often share
features with MaSCs; for instance, they share the same cellu-
lar markers such as CD29 [67], CD49f [67], Lgr5 [68], Procr
[69], and CD61 [70]. The understanding of MaSC roles in
normal breast is crucial to elucidate the critical functions of
BCSCs in breast cancer.

However, do BCSCs originate from MaSCs and what is
the potential mechanism? One hypothesis is that the routine
self-renewal and expansion of MaSCs increase the opportu-
nity for the accumulation of oncogenic mutations and lead
to the altered control of differentiation and proliferation,
which may predispose to breast cancer. Convincing evidence
in mouse models suggested the potential roles of MaSCs
in tumorigenesis. The transcriptome analyses revealed that
breast tumors arising from MMTV-Wnt-1 and p53”" mice
were enriched for MaSC-subset (CD29™CD24"°CD61")
genes, whereas tumors of MMTV-Neu and MMTV-PyMT
mice were enriched for luminal progenitor subset
(CD29'°CD24CD61%) genes [71]. Wnt signaling may play
an important role in the transit from MaSCs to BCSCs [72].
It was illustrated that the Wnt-1-induced mammary tumor
expanded an epithelial subpopulation, which expressed
MaSC markers such as K6 (keratin 6) and Sca-1, indicating
that the ectopic Wnt pathway may target MaSCs for tumor-
igenesis [73]. Importantly, recent studies by Koren et al.
[74] and Van Keymeulen et al. [75] strongly support the
statement on reprogramming differentiated cells towards
cancer stem cells in breast cancer, by using oncogenic Pik3-
CAM™R mutant mouse model. Both of the studies unra-
veled a key effect of Pik3CA™**’® on mammary cell fate at
the early stage of tumor initiation, which activated a multipo-
tent genetic program [74, 75].

In brief, BCSCs may derive from MaSCs or early stem cell
progenitors through the accumulation of oncogenic muta-
tions, but direct evidence for this oncogenic evolution
hypothesis is still less well established. Moreover, it is also
possible that BCSCs could originate from more differentiated
cells but not MaSC population [76]. Much more precise
studies are still needed.

7. Conclusions and Perspectives

In the recent two decades, impressive advances have been
witnessed in understanding the mammary gland develop-
ment, in which MaSC hypothesis provided very important

models. A variety of cellular markers and specific regulatory
signalings were identified in MaSCs, as well as some over-
lap observed. In mammary gland, cellular fate mappings
of MaSCs, by lineage tracing, identified the unipotent and
multipotent MaSCs, which specifically differentiate to lumi-
nal or basal cells. Certainly, the molecular portraits of
MaSCs were greatly influenced by the stem cell niche.
Given the potential role of MaSCs in breast carcinogenesis,
current studies suggested that BCSCs may originate from
the MaSCs after specific mutations. However, indubitably,
much cognition for MaSCs is still obscure, such as the fol-
lowing: is there a distinct and universal molecular signature
for MaSCs? Is there a hierarchical relationship between
multipotent and unipotent MaSCs? How does the multipo-
tent MaSCs differentiate into the restricted luminal or basal
lineage? Within the embryonic or postnatal MaSCs, what is
the relationship among the MaSCs of different marker’s
expression? How does the stem cell niche cooperatively or
competitively regulate the MaSCs functions? More precise
evidence is required for the transition potency of MaSCs
into BCSCs or their potential oncogenic capacity. In a
word, challenge is still ahead, but the comprehensive
understandings of stem cells and cellular origins in mam-
mary gland have already and will continue to help us to
intimately know the biological and pathologic development
of mammary gland and overcome the stubborn breast
cancer ultimately.
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