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Abstract

The identification and molecular characterization of cellular hierarchies in complex tissues is key to
understanding both normal cellular homoeostasis and tumorigenesis. The mammary epithelium is a
heterogeneous tissue consisting of two main cellular compartments, an outer basal layer containing
myoepithelial cells and an inner luminal layer consisting of estrogen receptor negative (ER") ductal cells
and secretory alveolar cells (in the fully functional differentiated tissue) and hormone responsive estrogen
receptor positive (ER) cells. Recent publications in Nature Communications used single cell RNA-
sequencing (scRNA-seq) analysis to decipher epithelial cell differentiation hierarchies in human (Nguyen
et al., 2018) and murine (Pal et al., 2017) mammary glands and report the identification of new cell types
based on the expression of the luminal progenitor cell marker KIT (c-Kit). However, there are several
inaccuracies and unfortunate omissions in the citation of previous research in each of these studies. As a
result, the overall conclusions on the significance of these reports, in particular the claimed identification of

new cell types is not accurate. Here we discuss these studies in the context of our previous research (Regan
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25 etal., 2012), in which we identified c-Kit as a luminal progenitor cell marker and functionally characterized
26  cellular subpopulations analogous to those reported in the recent ScRNA-seq studies.

27

28  Keywords: stem cells; luminal progenitors; mammary; breast; cell hierarchy; differentiation; single cell
29  RNA-sequencing; lineage tracing; c-Kit

30

31  Toinvestigate cellular heterogeneity and lineage relationships in the human breast, Nguyen et al. performed
32 scRNA-seq analysis on fluorescence-activated cell sorted (FACS) breast epithelial cells and reported the
33 identification of previously unidentified cell types within the three main mammary epithelial cell
34  populations, previously identified as basal (B: CD49f"'9" EPCAM®*, K14%), luminal progenitors (L1:
35 CD49f"EPCAMT, ER", K8/18"), and mature luminal (L2: CD49f  EPCAM®, ER", K8/18") cells (Nguyen
36 etal., 2018; Shehata et al., 2012). Significantly, the authors detected replicating cells in all three main
37  populations (Basal, L1, and L2), suggesting that each cluster may be maintained by its own progenitor
38  cell population and proposed a continuous lineage hierarchy connecting the basal lineage to the two
39 luminal branches via a bipotent MaSC. Furthermore, the authors identify what they describe as previously
40  unidentified adult luminal cells that co-express both luminal (KRT8/18) and basal (KRT14) markers in
41  situ.

42

43 When discussing previous reports demonstrating heterogeneity within the mammary epithelium Nguyen et
44 al. refer to a review article and state, “while several distinct subpopulations of murine basal and luminal
45  cells have been reported anecdotally (Visvader and Stingl, 2014), comprehensive knowledge about
46  expression signatures and cellular identities of these subpopulations remains sparse”. Anecdotal evidence
47  refers to casual observations or hearsay rather than conclusions supported by rigorous scientific study.
48  Previous studies involving the functional and molecular characterization of mammary epithelial

49  subpopulations were not based on anecdotal evidence. The cellular identities of mammary epithelial
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50  subpopulations have been rigorously characterized using flow cytometric and functional transplantation
51  assays (DeOme et al., 1959; Regan and Smalley, 2007) as well as, more recently, lineage tracing studies
52  (Davis et al., 2016; Koren et al., 2015; Lloyd-Lewis et al., 2018; Rios et al., 2014; Scheele et al., 2017; van
53  Amerongen, 2015; van de Moosdijk et al., 2017; Van Keymeulen et al., 2011; Van Keymeulen et al., 2017,
54  Wang et al., 2014). Transplantation experiments have generally supported a model in which MaCSs, cells
55  capable of regenerating the epithelium when injected into a cleared mammary fat pad (one free of
56  endogenous epithelium)(DeOme et al., 1959; Regan and Smalley, 2007), are localised to the basal cell layer
57  (Asselin-Labat et al., 2007; Regan et al., 2012; Shackleton et al., 2006; Sleeman et al., 2006; Stingl et al.,
58  2006). Progenitor cells, which are functionally defined by high colony forming and proliferative potential
59 invitro and limited repopulating ability when transplanted into cleared fat pads, are localised to the luminal
60 layer (Asselin-Labat et al., 2007; Regan et al., 2012; Shehata et al., 2012; Sleeman et al., 2007; Taddei et
61 al., 2008). Differentiated cells do not transplant or generate colonies in vitro. The molecular profiling of
62 mammary epithelial subpopulations functionally defined by their transplantation potential has also been
63  extensive (Grigoriadis et al., 2006; Jones et al., 2004; Kendrick et al., 2008; Lim et al., 2009; Lim et al.,
64  2010; Pal et al., 2015; Pece et al., 2010; Raouf et al., 2008; Shipitsin et al., 2007; Spike et al., 2012; Stingl
65 etal., 2006; Wansbury et al., 2011).

66

67  However, lineage tracing experiments have yielded results which in some cases conflict with this model. In
68  situ evidence from early mammary development, puberty and alveolargenesis during pregnancy has
69  shown that basal stem cells can contribute to the luminal layer (Regan et al., 2013; van Amerongen et
70 al., 2012; Van Keymeulen et al., 2011; Wuidart et al., 2018). We previously proposed, based on in situ
71 analysis, that basal MaSCs located in the cap cell layer of terminal end buds (TEBS), the outermost cell
72 layer of the specialized growth structure that drives ductal growth during puberty, are bipotent and
73 produce daughter cells that contribute to both the basal and luminal cell lineages (Regan et al., 2013).

74  Lineage tracing experiments from Rios et al. (2014) and Wang et al. (2014) were in agreement with
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75  transplantation data and our in situ analysis suggesting that MaSCs in the postnatal gland are bipotent
76  (Reganetal., 2013; Rios et al., 2014; Wang et al., 2014). In contrast, work from Van Keymeulan et al. (2011
77  and 2017) using cell type-specific promoters in adult tissue suggested that in the resting post-pubertal
78 gland, MaSCs are unipotent and that basal and luminal lineages are maintained by separate
79  stem/progenitor populations (Van Keymeulen et al., 2011; Van Keymeulen et al., 2017). Studies in mouse
80  tumor models suggested that during oncogenic transformation basal and luminal cell populations lose
81  this restricted lineage potential and acquire multipotency (Koren et al., 2015; Van Keymeulen et al.,
82  2017).

83

84  Throughout their paper, Nguyen et al. discuss KIT (c-Kit) as a marker of mammary progenitor cells. When
85  discussing KIT as a progenitor cell marker, the authors consistently refer to two papers, namely Stingl et al.
86  (2001)(Stingl et al., 2001) and Shehata et al. (2012)(Shehata et al., 2012) (references 7 and 8 in Nguyen et
87 al. 2018). The Stingl et al. paper from 2001, which characterized bipotent mammary epithelial progenitor
88  cells in normal adult human breast tissue, does not include any mention KIT as a progenitor cell marker (or
89  otherwise). Shehata et al. (2012) performed phenotypic and functional characterization of the luminal cell
90 hierarchy of the mammary gland and discussed our previous work (Regan et al., 2012) when describing their
91 reasons for further investigating c-Kit as a marker of luminal progenitor cells. The Shehata et al. study is,
92  therefore, not the primary research paper demonstrating c-Kit as a luminal progenitor cell marker.

93

94  Using c-Kit as a marker in combination with CD24, Sca-1 and CD49f, we isolated and characterized, using
95  functional limiting dilution (down to a single cell) cleared mammary gland fat pad transplants, 2D and 3D
96 invitro colony forming assays, gene expression and immunofluorescence analysis, the most highly enriched
97  subpopulation of MaSCs so far reported. In addition, we described distinct c-Kit-expressing cells within
98 each of the mammary epithelial basal (CD24"-°" Sca-1- CD49f*Mi9" c-Kit™ and c-Kit*), myoepithelial

99  (CD24%-°% Sca-1" CD49f*o% ¢-Kit and c-kit*), luminal ER™ (CD24*M19" Sca-1- ¢c-Kit™-*" and c-Kit*'Hid")
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and luminal ER* (CD24%*% Sca-1" ¢c-Kit", CD24*-° Sca-1* c-kit and c-kit*) cellular compartments (Regan
et al., 2012). These studies resulted in the identification of nine distinct cell types within the mammary
epithelium and demonstrated that luminal ER™ progenitors, the cells of origin of BRCA1 mutation-associated
breast cancer (Lim et al., 2009; Molyneux et al., 2010) (which are identified as L1.1 cells by Nguyen et al.),

are c-Kit".

Similar to our 2012 study, Nguyen et al. also identify KIT expressing cells in each of the cellular subtypes
described in their paper. The expression of KIT (as well as the luminal markers KRT8/18 and ESR1 and
basal marker KRT14) in each of Nguyen et al.’s human breast populations of B, Myo, L1.1, L1.2 and L2
are consistent with the expression levels reported by us in the equivalent murine basal, myoepithelial,
luminal ER™ c-Kit""'9" Juminal ER" c-Kit**°", and luminal ER* cells, respectively (Figure 1). The
progenitor cells identified by Nguyen et al. in the three main mammary epithelial compartments (Basal, L1,
and L2) are therefore equivalent to the c-Kit-expressing basal and luminal progenitor cells previously

reported by us.
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114
115 Figure 1: Comparison of gene expression in cell populations identified by Nguyen et al. (2018) and
116  Regan et al. (2012). Nguyen et al. (2018) violin plots showing the expression pattern of progenitor gene
117  KIT (a; LHS), luminal genes ESR1 and KRT8 (b — c¢; LHS) and basal gene KRT14 (d; LHS) grouped by
118  final cluster determination in human mammary epithelium. B = Basal (containing MaSCs), Myo =
119  Myoepithelial. Regan et al. (2012) gene expression in the different cellular subpopulations as determined
120 by gPCR relative to comparator (luminal Sca-1" c-Kit" cells) for progenitor gene c-Kit (a; RHS), luminal
121 genes Esrl and Krt18 (b — ¢; RHS) and basal gene Krtl14 (d; RHS) in murine mammary epithelium. Data
122 are presented as fold expression levels #95% confidence intervals (n=three independently harvested
123  isolates of each cell population). *Gene expression was undetectable in these populations in all three
124  independent isolates. **Gene expression was only detected (at very low levels) in two of three isolates
125  of the luminal Sca-1" c-Kit™ population. Therefore, no error bars are shown for this sample.

126
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Nguyen et al. observed fractions of cells that co-express both luminal KRT8 and basal KRT14 markers
and report that such KRT8*/KRT14" cells had previously been observed in mouse fetal MaSCs(Spike et
al., 2012) but not in adult human tissue in homeostasis. This statement is incorrect. Firstly, in addition to
the Spike et al. (2012) paper cited by Nguyen et al., fetal MaSCs that co-express KRT8" and KRT14*
have previously also been reported by Sun et al., (2010)(Sun et al., 2010). Secondly, numerous other
studies have identified mammary cells that co-express basal and luminal keratins in adult tissue
homeostasis. In ductal cells(Su et al., 1996) and terminal duct lobular units (TDLUS) of the human breast
(equivalent to the secretory alveoli in the mouse), luminal KRT8/18" cells have previously been shown
to express basal KRT5/6 and KRT14 (Gusterson et al., 2005; Malzahn et al., 1998; Nagle et al., 1986;
Otterbach et al., 2001; Werner and Horst, 2003; Wetzels et al., 1991). Furthermore, human luminal
progenitors have been shown to contain a substantial population of cells co-expressing luminal KRT18
and basal KRT5/6 which are also KIT* (Lim et al., 2009). Our analysis of separated cell populations
confirmed that luminal c-Kit* progenitor cells in the adult mouse mammary epithelium also co-express
KRT18 and KRT14 (Regan et al., 2012), although the latter is at low levels and we have not been able
to observe this in sections of the normal mammary gland by routine IHC staining. Co-expression of
proteins associated with different lineages in the normal mammary gland and in breast cancer has been
suggested to indicate plasticity (Petersen and Polyak, 2010; Spike et al., 2012). Overall, these data
suggest that proliferative capacity and phenotypic plasticity in the mammary epithelium are tightly
linked. Plasticity in the expression of keratins and other genes within c-Kit" luminal progenitors may
relate to their potential to contribute to multiple cell lineages during epithelial remodeling, e.g. at
involution of the mammary gland after weaning (Wagner et al., 2002). In addition, the phenotypic
plasticity and multilineage differentiation potential of these luminal progenitors is consistent with their
ability to give rise to tumors with basal features (Lim et al., 2009; Molyneux et al., 2010) as well as

lineage switching in response to oncogene activation (Koren et al., 2015; Van Keymeulen et al., 2017).
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There are currently two opposing concepts as to whether homeostasis and development in the mammary
gland is maintained by bipotent MaSCs (Regan et al., 2013; Rios et al., 2014) or lineage-restricted basal
and luminal cells (Van Keymeulen et al., 2011; Van Keymeulen et al., 2017). Considering these two
models, Nguyen et al. performed pseudotemporal reconstruction based lineage hierarchy analysis. This
analysis identified a continuous lineage connecting the basal lineage, via a bipotent MaSC, to the two
luminal branches. These results agree with previous models of mammary differentiation wherein a
bipotent basal MaSC generates daughter cells that differentiate into myoepithelial and luminal cell
lineages (Regan et al., 2012; Regan et al., 2013; Rios et al., 2014; Wang et al., 2014). However, Nguyen et
al. propose that their results differ from previous studies in that L1.2 cells (luminal ER™ c-kit*-°" cells)
are progenitors to L1.1 cells (luminal ER™ c-Kit*H19" cells) and that c-Kit*"'9" 1.1 cells are another type
of mature differentiated luminal cell rather than a luminal progenitor upstream of luminal ER* L2 cells.
Based on this pseudotemporal analysis the authors suggest that c-Kit is not a marker of luminal progenitor
cells. This is a surprising conclusion, considering that Nguyen et al.’s L1.2 progenitor cells actually
express c-Kit (Figure 1). c-Kit has been demonstrated to be a defining marker of the gene expression
signatures of mouse and human luminal progenitor cells (Kendrick et al., 2008; Lim et al., 2009; Lim et al.,
2010). Furthermore, and in contrast to Nguyen et al., we functionally tested c-Kit", c-Kit"-*" and c-
Kit*Hi9h [luminal cells for progenitor properties. Luminal c-Kit*~°" (L1.2) and c-Kit*H9" (L1.1) cells had
high colony forming and proliferative capacity in vitro and even repopulated cleared mammary fat pads
in vivo, thus demonstrating the defining functional features of stem/progenitor cells. c-Kit luminal cells,
on the other hand, were found to be differentiated. These studies clearly demonstrated that c-Kit is a
marker of luminal stem/progenitor cells and that luminal cells do indeed contain a population with ‘stem

cell potential” as defined by the cleared fat pad transplantation assay.

In addition to identifying two ER™ (L1) progenitor subtypes (c-Kit*"19" and c-Kit*'-°%), we also identified

three luminal ER* (L2) cell types (CD24*-°" Sca-1* c-kit and c-kit* and CD24*-°% Sca-1" c-Kit’), which
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were not reported by Nguyen et al. Our data demonstrated that luminal ER* Sca-1" c-Kit" cells are hormone
responsive ductal progenitor cells and that ER* Sca-1* c-Kit cells are terminally differentiated. Luminal
ER™ Sca-1" c-Kit™ cells clustered with the luminal ER™ c-Kit" cells but also expressed genes in common with
the ER™ Sca-1* cells, such as Prom1 and Prlr. We therefore proposed that they may represent an alternative
intermediate route for generating ER™ cells from luminal ER" c-Kit" progenitors, rather than from the luminal
ER™ c-Kit" progenitor population. A potential mammary epithelial cell hierarchy based on these data and
integrating the sScRNA-seq analysis from Nguyen et al. as well as the lineage-primed cell types reported by

Pal et al. (Pal et al., 2017) (discussed further below) is shown in Figure 2.
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Figure 2: Proposed model of the mammary epithelial lineage cell hierarchy in the post-natal gland.
Bipotent basal MaSCs generate both luminal and basal/myoepithelial cell lineages. During homeostasis,
each lineage is maintained by its own c-Kit-expressing progenitor cell subpopulation. Lineage-primed c-
Kit" basal cells that express intermediate levels of luminal genes may represent a transient or intermediate

population that precedes commitment to the luminal lineage (Regan et al., 2012; Pal et al., 2017). Luminal
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ER" c-Kit* progenitor cells give rise to secretory alveolar cells and ER* hormone sensing ductal cells. Gene
expression analysis suggests that an alternative route for generating ER* cells from intermediate luminal

cells may also exist.

Similar to Nguyen et al., Pal et al. (2017) used scRNA-seq to identify lineage relationships in the mouse
mammary gland and also demonstrated that bipotent basal MaSCs give rise to basal and luminal lineages
(Pal etal., 2017). Supporting our previous assessment of intermediate cells in the luminal lineage (Regan
etal., 2012), the authors also described the identification of intermediate luminal cells. Significantly, Pal
et al. report the identification of rare mixed-lineage or “lineage-primed” c-Kit-expressing basal cells in
the adult mammary gland and state, “It is presumed that these cells represent a transient population that
is poised for commitment to the luminal lineage, reminiscent of ‘lineage-primed’ stem and progenitor
cells initially reported in the hematopoietic system.” These lineage-primed c-Kit* basal cells comprised
approximately 5% of the basal compartment and expressed luminal genes such as Esrl, Prir, Csn2 and
Areg in addition to basal genes. Pal et al. state, “these data suggest that the basal state may precede

commitment to a luminal cell fate in the post-natal mammary gland.”

In our 2012 study we also identified cells that we described as lineage-primed basal cells (CD24*-°" Sca-
1 CD49f*Migh c-Kit*) in the adult mammary gland that expressed luminal genes, including those described
by Pal et al. (Esrl, Prlr, Csn2, Areg), but that clustered with the basal MaSCs (Regan et al., 2012).
Furthermore, we functionally tested these cells by single cell cleared mammary fat pad transplantation
and demonstrated that they can reconstitute an entire ductal tree, although at a lower frequency than c-
Kit" MaSCs. Based on these data we came to the same conclusion as Pal et al. (2017) and described these
c-Kit* basal cells as intermediate MaSCs that were undergoing “lineage priming”, in which stem cells

express genes associated with their differentiated daughter populations (Huang et al., 2007; Mansson et

10
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al., 2007). This was the first time that lineage-primed basal cells in the adult mammary gland had been

reported and functionally tested.

In contrast, in recent work from Bach et al. (2017)(Bach et al., 2017) in which scRNA-seq was performed
on mouse mammary epithelial cells at four developmental stages of nulliparous, mid gestation, lactation
and post involution, no mixed-lineage population with both basal and luminal markers was detected.
Furthermore, Bach et al. (2017) found that, rather than clearly defined clusters maintained by their own
stem / progenitor population, a continuous spectrum of differentiation exists in which a common luminal
progenitor cell, which notably expressed c-Kit at high levels, gives rise to intermediate, restricted
alveolar, and hormone-sensitive progenitors. However, this highly relevant study from Bach et al. was
also not discussed or referenced in the subsequent Nguyen et al. paper, despite appearing in the same

journal five months previously.

Concluding Remarks

Taken together, therefore, the weight of evidence supports c-Kit as a stem/progenitor marker in the
mammary epithelium and, more importantly, one which is functionally characterized and can be used
to isolate stem/progenitor cells. Indeed, we have already begun to understand the signaling pathways
downstream of c-Kit in mammary stem/progenitor cells (Tornillo et al., 2018). scRNA-seq studies,
which allow for comprehensive and unbiased analysis of the different cell types that constitute a
heterogeneous tissue (Cristea and Polyak, 2018), have been extremely valuable in contributing to this
evidence. However, in order to fully understand the significance of these studies it is essential to link
them to functional data, in particular where such data already exists, and future studies should aim to
do so. This will avoid confusion as to the state of knowledge in the field and prevent the misreporting

of previously identified cell types as new.
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