© 2022. Published by The Company of Biologists Ltd | Journal of Cell Science (2022) 135, jcs259329. doi:10.1242/jcs.259329

e Company of
‘Blologlsts

TOOLS AND RESOURCES

Single-cell analysis reveals the Comma-1D cell line as a unique
model for mammary gland development and breast cancer
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ABSTRACT

The mammary gland epithelial tree contains two distinct cell
populations, luminal and basal. The investigation of how this
heterogeneity is developed and how it influences tumorigenesis
has been hampered by the need to perform studies on these
populations using animal models. Comma-1D is an immortalized
mouse mammary epithelial cell line that has unique morphogenetic
properties. By performing single-cell RNA-seq studies, we found
that Comma-1D cultures consist of two main populations with
luminal and basal features, and a smaller population with mixed
lineage and bipotent characteristics. We demonstrated that multiple
transcription factors associated with the differentiation of the
mammary epithelium in vivo also modulate this process in
Comma-1D cultures. Additionally, we found that only cells with
luminal features were able to acquire transformed characteristics
after an oncogenic HER2 (also known as ERBB2) mutant was
introduced in their genomes. Overall, our studies characterize, at a
single-cell level, the heterogeneity of the Comma-1D cell line and
illustrate how Comma-1D cells can be used as an experimental
model to study both the differentiation and the transformation
processes in vitro.

KEY WORDS: Comma-1D, Mammary epithelium differentiation,
Stem cells, Oncogenesis, Breast cancer

INTRODUCTION

The adult female mammary consists of a core epithelial tree
organized into ducts and terminal lobules that are surrounded by a
variety of stromal cells such as fibroblast and adipocytes (Macias
and Hinck, 2012; Ip and Asch, 2000). The mammary epithelium is
organized into a bilayer of basal and luminal cells that are
molecularly and functionally different. Although terminally
differentiated luminal and basal mammary epithelial cells have
been well characterized molecularly (Visvader and Lindeman,
2006; Visvader and Stingl, 2014), how the differentiation process is
orchestrated, and what are the molecular determinants that mediate
differentiation are much less understood.
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The past decade has brought extraordinary advancements in
genomic approaches that have allowed us to compare cell types at
a genome-wide level (e.g. expression profiling and chromatin
epigenetics). These technologies generate data connecting hundreds
of genes to a specific cell type. However, potentially relevant genes
need to be further investigated functionally to assign specific
biological roles. When investigating the biology of the mammary
gland, one of the major barriers is the need to perform these studies
in vivo. Although in vivo validation is critical to fully confirm the
function of a particular gene, it also imposes a strong limitation on
the number of genes that can be investigated at a time. On the other
hand, in vitro systems represent tractable alternatives that can be
used as testing platforms to easily interrogate multiple candidates at
once before transitioning interesting candidates to in vivo settings.
Dozens of transformed cell lines have been established in vitro and
fully characterized (Ghandi et al., 2019). However, these lines are a
clonal expansion of cancer cells and are not suitable for the study of
differentiation processes. A limited number of immortalized, but
non-transformed, human (Qu et al., 2015; Kumar et al., 2018)
and mouse (Vaidya et al., 1978; Howard et al., 1983; Anderson
et al., 1979) cell lines of mammary epithelial origin have been
also established. Unfortunately, almost all of these models
represent lineage-committed cells without the ability to generate a
heterogeneous progeny. The only exception is the Comma-1D cell
line.

The Comma-1D cell line was originally established from a
normal mouse mammary gland at mid-pregnancy (Danielson et al.,
1984). It shows remarkable morphological heterogeneity in culture,
with cells that specifically express luminal and basal cytokeratins.
When transplanted into cleared mammary fat pads, these cells also
show unique morphogenetic properties in vivo and form outgrowths
that resemble a fully functional mammary epithelial tree, including
milk-producing alveoli during pregnancy (Danielson et al., 1984;
Kittrell et al., 2011). Overall, these characteristics indicate the
presence of multipotent cells among Comma-1D cultured cells. In
this regard, multipotent cells have been found enriched in Comma-
1D cells expressing high levels of the stem cell antigen (Sca-1'ieh;
Sca-1 is also known as Ly6a) (Ibarra et al., 2007; Deugnier
et al.,, 2006). However, precise identification and molecular
characterization of the multipotent cells embedded in Comma-1D
cultures has not been performed.

Here, we utilized single-cell RNA-sequencing (scRNA-seq)
(Hwang et al., 2018; Kumar et al., 2017) to dissect the heterogeneity
of the Comma-1D cells at the individual cell level. Our studies
found that the bulk of Comma-1D culture consists of cells
expressing markers and networks of lineage-committed luminal or
basal subpopulations. After purification by flow cytometry, these
cells were only able to generate homogeneous cultures containing
cells of the same lineage (unipotent). We also identified a small
population of cells that express bilineage markers. Interestingly,
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analysis tracking the evolutionary trajectory of Comma-1D cells
positioned this population at the top of the differentiation hierarchy.
In contrast to lineage-committed luminal or basal cells, these cells
were able to fully regenerate heterogeneous cultures containing all
original Comma-1D cell subpopulations (multipotent). Importantly,
these cells only represent a small number of the Sca-1ieh cells. We
also performed network analysis coupled with functional studies to
study the molecular determinants that impact the differentiation of
Comma-1D cells. These studies identified multiple genes that have
been previously found to be important during the differentiation
process of mammary epithelial cells in vivo.

Increasing evidence indicates that the molecular alterations found
in human breast cancers do not accumulate in random cells. Instead,
specific alterations commonly affect specific subpopulations, and
this specificity determines the breast cancer subtypes seen in the
clinic (Latil et al., 2017; Visvader, 2011; Gilbertson, 2011;
Skibinski and Kuperwasser, 2015). Thus, we also investigated
whether unipotent and bipotent Comma-1D cells can be
transformed by the bona fide breast cancer oncogene Her2 (also
known as Erbb2) (Banerji et al., 2012; Curtis et al., 2012).
Remarkably, we found that only Comma-1D cells with luminal
features acquired transformed properties.

Overall, the studies presented here characterize, at a single-cell
level, the heterogeneity of the Comma-1D cell line and illustrate
how Comma-1D cells can be used as a relevant experimental model
to study both differentiation and transformation processes in vitro.

RESULTS
Single-cell RNA-seq analysis reveals the presence of three
subpopulations in Comma-1D cells
scRNA-seq is a powerful method to identify cell subtypes and track
the trajectories of cell lineages (Hwang et al., 2018; Kumar et al.,
2017). To study the heterogeneity of Comma-1D cells, we
performed scRNA-seq on ~20,000 cells growing exponentially in
cell culture using a droplet-based platform (10X Genomics) (Hwang
etal., 2018; Ding et al., 2018). Clustering analysis of all sequenced
cells based on #-distributed stochastic neighbor embedding (tSNE
plots) (Kumar et al., 2017; Hwang et al., 2018) found two major
clusters comprising ~70% and ~29% of the cells (Fig. 1A). To
discover the identity of these clusters, we first collected the
expression profiles of mammary luminal and basal cells obtained by
scRNA sequencing generated by the Tabula Muris consortium
(Tabula Muris, 2020). Next, we used the tool SciBet (Li et al., 2020)
to obtain a gene list with the most-specific basal and luminal
epithelial genes (see details in Materials and Methods section and
Table S1). Finally, we calculated a luminal and basal score for every
cell in our single-cell Comma-1D data by computing the average
expression of these basal and luminal markers. This study revealed
that each of the larger clusters represents mammary epithelial cells
with specific luminal or basal characteristics (Fig. 1B). Thus, the
luminal Comma-1D population expressed high levels of K78,
Krt18, Cd14 and Epcam, whereas the basal Comma-1D population
expressed showed higher expression of Krt5, Krtl4 and Trp63
(Fig. 1C; Fig. S1A). For simplification, in this manuscript, we will
call these populations Comma-1D-luminal (C1D-L) and Comma-
1D-basal (C1D-B). Additionally, a smaller population accounting
for ~1-2% of all total cells was also identified (Fig. 1A).
Remarkably, this small cluster showed mixed features of both
luminal and basal cells (Fig. 1B,C; Fig. S1A). Here, we will call this
population Comma-1D bilinage (C1D-bi).

Comma-1D cells with the ability to reconstitute a functional
mammary gland upon transplantation in vivo have been associated

with high levels of Sca-1 protein (Ly-64 and Ly-6E genes) (Ibarra
et al., 2007; Deugnier et al., 2006). Interestingly, the expression
of both genes was higher in C1D-B and C1D-bi than in C1D-L
(Fig. S1B).

Intrigued by these results, we investigated the lineage relationship
of the three clusters by generating a diffusion plot (Fig. 1D). Here,
we observed that the C1D-L and C1D-B relocated in well-defined
groups separated from each other. In contrast, the small
subpopulation was positioned forming a vertex between the two
clusters. Finally, we also dissected the differentiation trajectories of
the three Comma-1D clusters by pseudotime analysis (Haghverdi
et al., 2016; Haghverdi et al., 2015). This computational method
embeds scRNA-seq profiles in a low-dimensional space where the
distance between adjacent cells represents the progression through a
continuous  differentiation process. This showed a gradual
bifurcation from the cells belonging to the small cluster into two
different branches of C1D-L and C1D-B (Fig. 1D; Fig. S1C).

Overall, these results indicate that Comma-1D cultures contain at
least three distinct populations. Two of these populations express
markers of luminal or basal mammary epithelium, whereas the third
one shows an expression pattern of both lineages. Remarkably, our
computational studies suggested that the small cluster with mixed
lineage features represents bipotent cells that can generate C1D-L
and C1D-B.

Bipotent C1D-bi cells can regenerate the original
heterogeneity of Comma-1D cells

Based on the data described above, we hypothesized that the
presence of cells with luminal and basal characteristics in the
Comma-1D cultures was maintained by the C1D-bi population. To
test this hypothesis, we designed a fluorescence-activated cell
sorting (FACS) strategy based on the differential expression of
Epcam and Sca-1 among the three Comma-1D clusters. The C1D-B
population was separated from the rest based on their low expression
of Epcam. C1D-bi was separated from C1D-L based on its high
expression of Sca-1. Noticeably, a vast majority of the C1D-B cells
had high levels of Sca-1. Thus C1D-B was Epcam™*“/Scaltlieh,
CID-L was Epcam"e/Scal®¥ and CID-bi was Epcam!lel
Scaltligh (Fig. 2A). After FACS, we performed RNA-seq of the
purified populations and compared them with the expression data
obtained from scRNA-seq. As expected, hierarchical clustering and
principal component analysis revealed that the purified cells
faithfully represent the three populations seen by single-cell
analysis (Fig. 2B; Fig. S2A).

Next, we looked at the cellular heterogeneity of these
populations. For this, we combined microscopic visualization of
the purified cells with forward scatter (FSC) and side scatter (SSC)
flow cytometry analysis. This study revealed clear morphological
differences (Fig. 2C). C1D-B are larger cells presenting distinctive
lamellipodia all around the cell. C1D-L are smaller cells without
lamellipodia, with decreased cytoplasmic content and that had
reduced granularity. C1D-bi are of intermediate size, with low
granularity and presenting membrane protrusions that give them a
stellate morphology.

Matrigel is a mixture of proteins, including laminins, collagens,
and other components commonly found in extracellular matrices.
When epithelial cells are embedded and cultured in this mix, they
generate 3D organoids that resemble the epithelial organization
found in normal tissues more closely than standard 2D cultures (Lee
et al.,, 2007). Thus, we cultured the three purified Comma-1D
populations in Matrigel to compare their morphogenetic capabilities
(Fig. 2D). Remarkably, clear differences were observed. Whereas
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Fig. 1. Single-cell analysis of Comma-1D cells. (A) tSNE plot revealing that comma-1D cultures contain three populations. (B) Expression profiles of the three
subpopulations from A revealed that C1D-bi cells express both luminal and basal genes. Basal and luminal genes were grouped in a single score. Results are
given as a violin plot. (C) tSNE plot with the overlaid expression of lineage-specific genes. (D) Diffusion (left) and pseudotime (right) plots indicating the lineage
relationship and divergent trajectory from C1D-bi to C1D-L and CiD-L. Results shown are representative of n>3 experiments.

C1D-B efficiently regenerated spherical organoids in less than a
week, C1D-L formed a large number of underdeveloped structures.
Although some organoids also emerged from CID-L, these
predominantly presented irregular shapes. Mixed phenotypes were
seen in C1D-bi cultures containing spherical and non-spherical
organoids, as well as underdeveloped structures.

To further test the functional capabilities of FACS-purified
cells we maintained them in culture for a few weeks and

performed flow cytometry analysis of the cultures at different
time points (Fig. 2E). This study showed that both CID-L
and C1D-B cultures largely maintained homogeneous populations
through time. Remarkably, CI1D-bi cultures progressively
increased the content in C1D-L and C1D-B cells until the original
percentages found in parental Comma-1D cultures were reached.
Interestingly, when grown independently, C1D-B proliferated faster
than C1D-L (Fig. S2). It was not possible to test the growth of
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Fig. 2. Cellular and functional characterization of Comma-1D populations.
(A) FACS strategy used to isolate Comma-1D populations. (B) Unsupervised
cluster analysis using the top differentially expressed genes showing that
purified cells represent the populations identified in sc-seq analysis.

(C) Morphology in standard 2D culture of the Comma-1D subpopulations.
White arrows indicate the presence of lamellipodia and black arrows indicate
acicular membrane protrusions. Representative morphologies are also
sketched below the pictures. Differences in cell size (FSC) and granularity
(SSC) distribution among the populations are shown in the graphs. Results in
A-C are representative of n>3 experiments. (D) Morphology in 3D Matrigel
culture of the Comma-1D populations. Quantification of organoid formation
efficacy is shown in the bar graph. The result indicates the combination of n=3
different experimental replicates with >100 spheroids counted for each
population in each of the replicates. The P-value was calculated by one-way
ANOVA with Chi-squared test. (E) The panel shows the percentage of each
Comma-1D subpopulation (evaluated by FACS) that is generated by C1D-B,
C1D-L and C1D-bi after these cells are FACS purified and cultured for 1 and 2
weeks. (F) Carmine Red staining showing the reconstitution of mammary
epithelium after orthotopic fat pad transplantation of FACS-purified Comma-1D
populations. The width of the images shown represents 2 inches. The bar
graph indicates the percentage of fat pad filled (n=4).

C1D-bi because they rapidly transitioned into more committed
populations.

Finally, we assayed the reconstitution potential of each of these
populations in vivo. Thus, 250,000 FACS purified cells were
transplanted orthotopically in cleared mammary fat pads of
syngeneic 3-week-old female mice as previously described
(Danielson et al., 1984; Kittrell et al., 2011), and the extent of the
reconstituted mammary tree was evaluated by Carmine Red staining
5 weeks after transplantation. Remarkably, only C1D-bi was able to
phenocopy the behavior of unsorted parental Comma-1D cells and
fill the entire mammary fad pad (Fig. 2F). In contrast, C1D-B
partially filled ~50% of the gland and only minor cell growth was
observed in C1D-L transplanted glands (Fig. 2F). As mentioned
above, parental Comma-1D cells have been reported to respond to
lactogenic stimuli (Danielson et al., 1984; Kittrell et al., 2011).
Thus, we also investigated whether C1D-bi reconstituted mammary
glands mentioned this potential. As expected based on their ability
to phenocopy the parental behavior, we observed that the
outgrowths generated by C1D-bi cells generated milk-producing
epithelium in transplanted animals during pregnancy (Fig. S2C,D).

Overall, all the above shows that Comma-1D populations present
cellular, molecular and functional heterogeneity. Importantly, these
results reveal that the heterogeneity of Comma-1D cultures
originates in a small fraction of cells with the ability to generate
both luminal and basal committed cells.

Cellular and molecular dissection of bipotent Comma-1D

To investigate the characteristics of the C1D-bi cell more deeply, we
first used FACS to obtain a purified population of Epcam'!ieh/
Scalfigh cells and, then we performed scRNA-seq. This analysis
revealed that these cells can be further divided into three clusters
(Fig. 3A). Expression profiling of these clusters revealed that two of
them are very similar to C1D-B and C1D-L cells indicating some
degree of lineage specialization (Fig. 3A). Remarkably, diffusion and
pseudotime analysis indicated that the last cluster was the origin of the
other two (Fig. 3B; Fig. S3). Based on the above, for simplification,
we will call these C1D-bi subpopulations C1D-bi luminal (C1D-biL),
C1D-bi basal (C1D-biB) and C1D-bi-stem, respectively. Next, we
aimed to test the ability of these cells to regenerate heterogeneous
Comma-1D cultures. For this, we first designed a FACS strategy
to sort individual subpopulations. Based on the expression data
from the sc-RNAseq studies we identified podoplanin as a cell
surface marker that was differentially expressed in C1D-bi clusters

(Fig. 3C). Additionally, we also observed that C1D-bilL expressed
the highest levels of Epcam (Fig. 3C). Thus, CID-biL was
Epcam!ighest/Scaligh/Podoplanin™ee, CID-biB was Epcam!ieh/
Scal'lieh/Podoplanin®"  and C1D-bi-stem was Epcam'ligl
Scal'lieh/Podoplanin'® (Fig. 3D). After sorting using these
markers, C1D-bi subpopulations were individually cultured, and
interestingly, all of them were able to regenerate the heterogeneity of
parental Comma-1D cultures (Fig. 3D). However, some differences
were noticed. After 1 week, cultures from C1D-biL and C1D-biB
contained larger numbers of C1D-L and C1D-B cells, respectively,
and additional passes were required until the percentages for other
subpopulations increased. This suggests that although bipotency is
preserved in all C1D-bi subpopulations, some degree of lineage
specialization, luminal or basal, is already present. Remarkably, this
allowed us to investigate the molecular determinants that define early
lineage specification of Comma-1D cells by comparing their
expression profiles. For this, we decided to specifically look at the
transcription factors (TFs) that increased their activity when C1D-bi-
stem cells progress toward luminal and basal expression patterns.

To identify the key TF that regulates the differentiation process we
used a powerful method that analyzes expression profiles called
inference of transcriptional regulatory networks (TRNs) (Ding et al.,
2018; Alvarez et al., 2016; Putcha et al., 2015; Aytes et al., 2014,
Bisikirska et al., 2013; Carro et al., 2010). Briefly, a TRN consists of a
web of connections (network) between TFs and their targets. A TF—
gene connection can show a positive (activator) or a negative
(repressor) correlation. The activity of a TF is calculated based on the
expression of its targets and is represented numerically. Then, the cell
network is inferred by integrating all the TF—gene hubs. To delineate
TRNs, we used the STARACNe (Khatamian et al., 2019) algorithm
[an improved implementation of ARACNe (Margolin et al., 2006),
which has been used extensively in normal and cancer cells (Ding
et al., 2018; Alvarez et al., 2016; Putcha et al., 2015; Aytes et al.,
2014; Bisikirska et al., 2013; Carro et al., 2010)]. Then, we used the
C1D-bi-specific TRN to identify the master regulators (MRs) of each
C1D-bi subpopulation. A MR is defined as a TF that is differentially
active among the populations studied (Aytes et al., 2014; Bisikirska
et al., 2013; Carro et al., 2010). For this, we used NetBID (Wang
etal., 2019) to calculate the activity scores of each TF in each C1D-bi
subpopulation. Finally, to quantify the significance of the activity
score we performed gene set enrichment analysis (GSEA) to assess
the enrichment of its predicted targets. Notably, multiple TFs for
which a relevant role for basal (e.g. Trp63, Sox2, Twistl, Twist2 or
KIf5) and luminal epithelial cell differentiation (e.g. Gata3, Kif2,
KIf6, KiIf7, EIlf5 or Sox9) has been discovered in vivo (Inman et al.,
2015; Zhou et al., 2019; Pellacani et al., 2019) were found in our
analysis (Fig. 4A; Fig. S4, Table S2).

To further confirm the critical role of these MRs in Comma-1D
cells, we performed gain-of-function studies in TFs with a well-
known role in the differentiation of mammary epithelial cells,
namely, Trp63 (basal) and Gata3 (luminal). First, we purified
C1D-bi by FACS as described above, and then we overexpressed
the TFs in these cells by viral transduction of cDNA (Fig. 4B).
For Trp63, we overexpressed the DeltaNp63 isoform as it has
been shown to play a critical role in epithelial development and
differentiation (Romano et al., 2012). Finally, we analyzed how
the overexpression of these TFs impacted the regeneration of
heterogeneous Comma-1D cultures using flow cytometry. As
expected, overexpressing the basal MR T7rp63 increased the
fraction of C1D-B cells in the culture (Fig. 4C). In contrast,
overexpressing the luminal MR Gata3 greatly increased the
percentage of C1D-L cells (Fig. 4C).
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Overall, these results confirm that important factors and
regulatory networks that govern the differentiation process of
mammary epithelial cells in vivo function, at least in part, in
Comma-1D cells.

Comma-1D populations present different transformation
sensitivities

Increasing evidence is showing that not all cells are equally sensitive
to transformation (Latil et al., 2017; Visvader, 2011). Thus, neither
the same genetic alterations can transform all cells nor will cells that
get transformed with a particular set of alterations necessarily get
transformed with another (Visvader, 2011; Gilbertson, 2011;
Skibinski and Kuperwasser, 2015). This has important clinical
consequences and generates diverse pathological subtypes even
among cells within the same tissue of origin. Large sequencing
cancer projects such as BRCA-TCGA (Banerji et al., 2012) and
METABRIC (Curtis et al., 2012) have revealed a comprehensive list
of genetic alterations that are associated with each of the breast
cancer subtypes. However, which the cell of origin is for each of
these subtypes is still an open question (Zhang et al., 2017).

Comma-1D are immortalized but not transformed cells. They
harbor two distinct 7p53 mutations that result in loss of its function
(Jerry et al., 1994). Thus, we decided to investigate how the three
main Comma-1D populations respond to the bona fide breast cancer
oncoprotein HER2. For this, we sorted C1D-B, C1D-L, and C-1Dbi
by FACS as described above. Sorted populations were then
transduced with  virus-containing constructs co-expressing
oncogenic HER2 (HER2™"; a mutant hyperactivated formed of
HER2, G776YVMA; Wang et al., 2006) and GFP. At 1 week after
transduction, the brightest 25% of the GFP-expressing cells were
sorted to obtain homogeneous populations expressing similar levels
of the oncogenes (Fig. SA). Finally, oncogene-expressing Comma-
1D variants and control counterparts were compared through several
assays to address how the transforming abilities of HER2™"
depended on the recipient population.

First, we tested whether the expression of oncogenic HER2
modified the phenotypes of the Comma-1D populations in Matrigel.
Although all HER2™" organoids presented overgrowth phenotypes
after 10 days in culture, we observed clear differences among the
Comma-1D populations despite them expressing comparable
amounts of HER2™" (Fig. 5B). HER2™" expressing C1D-B
organoids were still of regular shape reaching a maximum of 3 to 4
times the size of controls. In contrast, C1D-L organoids were
massive irregular structures ~10 times larger than their control
counterparts. Intermediate phenotypes were found in C1D-bi.

One of the hallmarks of epithelial transformation is the ability of
these cells to grow in attachment-independent conditions. Normal
epithelial cells require attachment to grow in cell culture and they
will die by apoptotic cell death termed anoikis if the attachment is
prevented (Taddei et al., 2012). To investigate this feature, we plated
Comma-1D variants in a semisolid agar culture system that prevents
attachment (Fig. 5C). As expected, none of the control variants
generated any colonies after 1 month in culture. Remarkably, only
CID-L cells transformed with HER2 were able to efficiently
generate colonies in agar (Fig. 5C).

When transplanted into syngeneic mice, parental comma-1D
cells transformed with HER2 form mammary tumors (Xiang et al.,
2008). Thus, we wondered whether C1D-L recapitulates this
phenotype. Not surprisingly, overexpressing HER™" in unsorted
parental cells and C1D-L generated tumors compatible with poorly
differentiated mammary carcinomas and that were indistinguishable
from each other (Fig. S5A).

To investigate how HER2 impacts the different Comma-1D
populations, first we compared the expression profiles of HER2-
expressing cells with their corresponding control counterparts.
GSEA revealed that HER2 induces multiple signatures associated
with activation of canonical mitogen-activated protein
kinase signaling, increased glycolysis, and enhanced migration
and epithelial-mesenchymal transition specifically in CI1D-L
(Fig. 5D). Next, we compared the expression profiles of the
different Comma-1D populations with the expression profiles of
human breast cancers. For this, we use PAMS50 signatures to identify
the most likely molecular human counterpart for each of the parental
Comma-1D populations and their corresponding HER2™"'-
expressing variants. Remarkably, whereas parental Comma-1D
populations were found to be related to normal and basal molecular
subtypes of human breast cancer overexpression of oncogenic
HER2 induced a massive shift towards the HER2+ molecular
subtype exclusively in C1D-L (Fig. 5SE). Numerous murine models
of breast cancer have been created to mimic the genetic aberrations
found in human tumors. In particular, gene expression profiles of
385 tumors representative of 27 different genetically engineered
mouse models (GEMMs) of breast cancer have been described
and compared with human counterparts (Pfefferle et al., 2013).
Thus, we also used murine mammary tumor profiles representing
well-defined human breast cancer molecular subtypes to
further investigate how HER2 impacts the different Comma-1D
populations. Consistent with our previous results, we found
that overexpression of HER2 in C1D-L cells upregulates a gene
signature associated with HER2-enriched murine tumors (Fig. S5F),
whereas only a minor or no effect is seen in C1D-B or C1D-bi cells
(Fig. S5B).

Overall, these results confirm that not all Comma-1D cells
respond equally to oncogenic stimuli and that the C1D-L population
is the most sensitive to transformation with HER2.

DISCUSSION

Experimental models are essential for the laboratory-based
investigation of those processes that occur in nature. For this, the
ability to grow tissue-derived cells in vitro is one of the most useful
methodologies. These represent tractable systems that are much
easier to handle than animal models. The overwhelming majority of
all cell cultures are a clonal expansion of a small number of cells
that, although can be cultured indefinitely and are easy to
manipulate, do not capture the cellular heterogeneity that occurs
in vivo. This is a major limitation when investigating processes such
as lineage commitment and differentiation. Cultures of primary cells
extracted fresh from tissues provide an alternative to obtaining
heterogeneous cultures. However, these cultures are unstable and
finite due to cellular mechanisms like senescence that limit the time
for which they can be maintained (Herranz and Gil, 2018). In this
context, Comma-1D is a unique mouse mammary epithelial cell
line. These cells were spontaneously immortalized and contain a
heterogeneous mix of cells with diverse molecular and functional
lineage features (Danielson et al., 1984; Kittrell et al., 2011;
Chen et al., 2007). Importantly, this includes the presence of a
multipotent group of cells that is preserved during culture (Kittrell
etal., 2011; Ibarra et al., 2007). Thus, Comma-1D presents intrinsic
characteristics that make it a unique model to study multipotency
and lineage differentiation in vitro.

Here, we report that single-cell analysis of Comma-1D cells
reveals how the heterogeneity of this cell line is maintained for a
small population of bipotent cells that can generate populations with
specific luminal and basal molecular characteristics. Previous studies
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Fig. 5. Impact of oncogenic HER2 in Comma-1D cell populations. (A) The
figure shows the strategy to generate Comma-1D populations expressing
equivalent levels of an oncogenic HER2 protein. Morphology in 3D Matrigel
culture (B) and Colony formation in semisolid agar (C) of parental Comma-1D
populations and the corresponding HER2 expressing variants. (C) of cells
HER Comma-1D populations. Results shown in A—C are representative of n>3
experiments. (D) Gene set enrichment analysis comparing parental Comma-
1D populations versus the corresponding HER2 expressing variant. The bar
graph indicates significant P-values as well as the direction of the changes.
NES, Normalized enrichment score. (E) Prediction of the corresponding breast
cancer molecular subtype of parental and HER2 overexpressing Comma-1D
populations using PAMS50 signatures. (F) Upregulation of genes associated
with different molecular subtypes of mammary tumors from mouse transgenic
models in C1D-L overexpressing oncogenic HER2. Results are given as a
violin plot with a box-and-whisker plot. The box in the violin plot shows the
median, the 1st and the 3rd quartile. The whiskers are drawn down to the 10th
percentile and up to the 90th. Points below and above the whiskers are drawn
as individual dots. (n=3).

have indicated that the expression of Sca-1 membrane protein can be
used to capture a population of Comma-1D cells enriched in
multipotent cells. Because a large number of Comma-1D cells that
express high levels of Sca-1 also express markers of basal epithelium,
it was assumed that the bipotent population was of basal origin.
Remarkably, our results reveal a different picture. Our studies
confirm that bipotent Comma-1D cells express high levels of Sca-1
but in contrast to what was originally thought, these cells also express
luminal markers presenting an intermediate phenotype. Molecular
characterization of the three main Comma-1D populations revealed
multiple TFs that are well known to be key regulators of the
differentiation process in vivo. Importantly, we have demonstrated
that these master regulators also exert similar functions in Comma-
1D cells in vitro and that the experimental manipulation of these
factors impacts the generation of the lineage-committed Comma-1D
populations C1D-L and C1D-B. This is important as it indicates that
the differentiation of Comma-1D cells in vitro conserves a degree of
molecular similarities with the processes described in vivo. Thus,
Comma-1D cells represent an easy-to-use model that provides a
source of unlimited material to study the differentiation of the
mammary epithelium in vitro. This will be especially relevant for
studies that require a significant amount of starting material such as
biochemical or metabolomic studies.

Another important finding from our data is that not all Comma-
1D cells respond the same way to oncogenic stimuli. As mentioned
above, tumorigenesis is the result of a perfect storm where specific
alterations in tumor suppressors and oncogenes accumulate in
specific cells (Visvader, 2011; Gilbertson, 2011; Skibinski and
Kuperwasser, 2015). A hierarchy exists in the mammary epithelium
where embryonic bipotent mammary epithelial stem cells (MaSCs)
generate unipotent luminal and basal progenitors that are
responsible for the generation and maintenance of the various
differentiated cells that form the mammary epithelial tree (Skibinski
and Kuperwasser, 2015). However, understanding how normal
mammary gland heterogeneity influences breast tumor
heterogeneity is poorly understood. Because of its multipotent
characteristics, it was initially postulated that MaSCs could be the
‘cell-of-origin’ for breast cancers (Li et al., 2003). However,
emerging data is showing a different picture. Thus, for instance,
conditional deletion of BRCA1 in luminal precursor cells generates
tumors that do not present a luminal phenotype, instead, they
resemble the basal-like phenotype found in BRCA™"" carriers in
human cancers (Molyneux et al., 2010). Similarly, because of its
complex heterogeneity, the origin of HER2+ tumors remains
challenging to resolve (Godoy-Ortiz et al., 2019). Interestingly, in
our studies, oncogenic HER2 was only able to promote transformed

characteristics in CID-L cells (see Fig. 5C). Noticeably, breast
cancers emerging in the commonly used HER2 mouse model
MMTV-neu (Guy et al., 1992) present an expression pattern similar
to the luminal human breast cancer (Pfefferle et al., 2013).

Overall, these results support that the heterogeneity of Comma-
1D cells can be used to study how the response to cancer-promoting
mutations is influenced by the cellular fingerprint of cell subtypes
and how different alterations impact the tumor phenotype.

An additional area of intrigue is how the constant equilibrium
between the Comma-1D populations is preserved in culture. Our
data have shown that C1D-L and C1D-B can grow as individual
subpopulations (Fig. 2E) and that C1D-B are the fastest-growing
cells (Fig. S2). Thus, in standard conditions, C1D-B cells would
take over the entire culture over time. Additionally, due to the small
percentage of C1D-bi in Comma-1D cultures, these cells would be
progressively diluted even if the growth rate were identical to C1D-
B. One possibility to maintain the heterogeneity is that some kind of
dedifferentiation (Jopling et al., 2011) naturally occurs. We have
observed that some of our sorted C1D-L cultures generate a small
number of C1D-B cells. However, the number of cells formed was
very small (<2%), inconsistent among purifications, and we were
able to culture pure C1D-L cultures for long periods (>1 month)
(data not shown). Thus, it is unclear whether these cells are
sporadic contaminant C1D-B cells or are generated under certain
conditions from CI1D-L. Another possibility is that when all
Comma-1D populations are together they interact with each other
to maintain the equilibrium. Heterotypic communication between
luminal and basal cells is known to play important roles in
mammary epithelial homeostasis in vivo (Centonze et al., 2020).
Interestingly, the expression profiles of Comma-1D cells reveal
strong differential expression of some ligands and secreted
molecules. For instance, CSF3 and calprotectin (an S100A8-
S100A9 complex) were highly expressed in C1D-L cells, whereas
multiple insulin-like growth factor-binding proteins (IGFBP-2, -3,
-4, -6 and -7) were expressed in CID-B cells. Although
investigating this question is out of the scope of this manuscript,
additional studies may set up the basis to use the Comma-1D model
to investigate heterotypic communication between cells.

Finally, there are limitations in the Comma-1D model that are
worth discussing. The data shown here illustrates how the
heterogeneity of the Comma-1D mimics, to some extent, what is
observed in vivo. However, not all processes or pathways seen in
vivo are present in this culture model. For instance, these cells do not
express estrogen or progesterone receptors (Stingl, 2011) or the
Foxal (Theodorou et al., 2013) TF, which are critical regulators of
mammary epithelial homeostasis.

In summary, our single-cell studies of Comma-1D cells provide a
molecular and functional frame to utilize the unique heterogeneity
of this model as a tractable and easy-to-use platform for mammary
epithelial differentiation and tumorigenesis.

MATERIALS AND METHODS

Cell culture

The Commal-D cell line was obtained from Dr Greg Hannon (Cambridge
Institute, UK) as an early passage of the original line generated by
Dr Medina (Danielson et al., 1984). Commal-D cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM):F12 (Gibco) supplemented
with 2% fetal calf serum (FCS), 5 ng/ml murine epidermal growth factor
(EGF; Sigma), 10 ug/ml human insulin (Sigma) and 50 pg/ml gentamicin
(Gibco). They were used for an average of 10—15 passes before thawing
a new batch. HEK-293T Phoenix cells were obtained from the ATCC
and maintained in DMEM supplemented with 10% FBS (Corning)
and 1% penicillin-streptomycin  (Gibco). All cells were tested
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for contamination before starting the experiments. RNA-seq-
characterized cultures will be shared with the scientific community
through collaboration.

Mammary fat pad transplantation

Transplantation of Comma-1D populations and HER2 transformed variants
was performed as previously described (Danielson et al., 1984; Xiang et al.,
2008). Briefly, 2.5%103 cells were surgically injected in 10 ul of PBS in
cleared fat pad (mammary sprout located between the nipple and the lymph
node was excised) of 21-day-old female syngeneic Balb/c mice.
Reconstitution of the normal mammary epithelium was evaluated by
standard Carmine Red staining after 5-6 weeks. Evaluation of tumor growth
in HER2 transformed variants was performed 6-8 weeks after
transplantation by visual inspection and hematoxylin and eosin (H&E)
staining (see methods in Lewis and Porter, 2009). For pregnancy studies,
transplanted animals were mated at 2 months old and mammary glands were
evaluated 1-3 days after delivery of pups. All animal experiments were
approved by the institutional IACUC committee.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM, NacCl,
SmM EDTA, pH 8.0, 30mM NaF, 1mM NazVO,;, 40mM -
glycerophosphate, protease inhibitors, 10% glycerol and 1% Nonidet-
P40). Protein concentrations were determined by using the Protein Assay
Kit (Bio-Rad #500-0006). Equal amounts of proteins were subjected to
SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare
#10401197). Non-specific binding was blocked by incubation with 5% non-
fat milk in phosphate-buffered saline (Sigma) with 0.05% Tween 20.
Membranes were incubated with primary antibodies overnight at 4°C and
fluorescent secondary antibodies for 1 h at room temperature. The primary
antibodies used were anti-actin (1:500; Santa Cruz Biotehcnlogy, sc47778)
and anti-ErbB2/c-Neu (1:500; Sigma #OP15). All antibody dilutions
were used as recommended by the manufacturer. The unprocessed blot
corresponding to Fig. 5 is shown in Fig. S6.

RT-PCR

Total RNA was extracted using Qaigen RNAeasy Mini Kit (#74104)
according to the manufacturer’s instructions. First-strand cDNA was
generated from total RNA for each sample using the Roche Transcriptor
First Strand ¢cDNA Synthesis Kit (04379 012 001) according to the
manufacturer’s instructions. cDNA was then amplified in triplicate for each
sample with using PowerTrack SYBR Green Master Mix (Thermo
#A46012). PCRs consisted of an initial denaturation step (3 min at 95°C)
and 40 cycles of PCR (95°C for 10s, and 59.5°C for 45 s). Relative
expression was calculated by normalizing cycle threshold to that of Gapdh.
The following primers were utilized (specific to mouse): forward hTrp63,
5’-GAGCAGCCTTGACCAGTCTC-3'; reverse hTrp63, 5'-GAGGAG-
CCGTTCTGAATCTG-3'; forward mGapdh, 5'-AAGGGCTCATGACCA-
CAGTC-3’; reverse mGapdh, 5'-GGATGCAGGGATGATGATGTTCT-3';
forward mGATA3, 5'-CGAATTCCGCATGGAGGTGACTG-3’; and
reverse mMGATA3, 5-GACGGAGTTTCCGTAGTAGGACG-3'.

Comma1-D viral transduction

For ectopic HER2 expression, pBabe Her2 mutant GFP plasmid was used (a
modified version of Addgene #40982). Virus production was achieved by
transfecting 293 phoenix eco cells with jetPEI (Polyplus #101-10N).
Medium was collected at two 24-h time points and concentrated overnight
using virus Concentrator (Clontech #631231) and resuspended in Comma-
1D medium. Commal-D cells were infected for 24 h at which point
the medium was changed. After 72 h, GFP-positive cells were selected
via FACS (FACSAria I BD cell sorter). For Gata3 overexpression, we
utilized the LZRS-GATA3 (Addgene #34836) viral vector. For Trp63
overexpression we subcloned ANp63beta (Addgene #27014) in a retroviral
vector (pLPCX-GFP, Addgene #65433) using the following primers
designed to add Xhol forward and BamHI reverse cut sites:
forward, 5'-ATCGATCGCTCGAGATGGGCTGTGATCG-3’; reverse, 5'-
ATCGATCGGGATCCTTATTTTCCATTCTTGGA-3'.

Flow cytometry and FACS

Cell suspensions were incubated with the following antibodies: EpCAM-
PerCP/Cy5.5, CD49f-APC, Sca-1-BV421, Podoplanin- APC/Cy7
(BioLegend #118220, #313616, #108127, #127418; #118220 and #108127
were used at 0.15 ug per 10° cells; #313616 was used at 5 ul per 10° cells;
#127418 was used at 0.05 pg per 10° cells). The LIVE/DEAD™ Fixable
Aqua Dead Cell Stain (Thermo Fisher #1.34957) was used to determine cell
viability. Antibody incubations were performed for 15 min on ice. The cells
were sorted using a FACSAria II (BD) cell sorter or analyzed with an Attune
NxT Flow Cytometer. The gating strategy was the following: size
discrimination by FSC-A/SSC-A followed by doublet discrimination by
FSC-W/FSC-H. Singlets were assessed for viability and the viable cells were
resolved into luminal, basal, and stem populations based on EpCAM/Sca-1.

Organoid culture

Sorted cells were seeded in 24-well ultra-low attachment plates at a density of
5000 or 10,000 cells/well in EpiCult-B Mouse Medium (StemCell #05610)
supplemented with 5% FBS, 10 ng/ml EGF, 20 ng/ml basic fibroblast growth
factor (bFGF), 4 ug/ml heparin, 5 uM Y-27632 and 5% Matrigel (Corning
#354230). The organoid culture method was adapted from Guo et al. (2012).
The result indicates the combination of three different experimental replicates
with >100 spheroids counted for each population in each of them. Organoid
dissociation was achieved by incubating organoids in 0.25% trypsin-EDTA in
PBS for 5 min at 37°C followed by mechanical disruption with a P1000
pipette. Finally, the dissociated cells were filtered using a 40 pum cell strainer.

Colony-forming assay

Cells were seeded in triplicate (300 cells/well) in six-well tissue culture
plates (Falcon) and grown without passaging for 21 days. Medium was
aspirated and cells stained with 0.1% Crystal Violet solution for 1 h at room
temperature with subsequent washes to remove the excess of stain before
colonies were counted manually.

Agar assay

Cells were seeded in triplicate in six-well ultra-low attachment plates
(Falcon) with each well containing a cell suspension of 5000 cells in 1.8 ml
medium combined with 400 ul 2% melted sterile agar (w/v). After
solidification, cells were maintained at 37°C. Medium was replaced twice
a week. After 14 days, cells were stained with 0.01% Crystal Violet and the
colonies were counted manually.

Growth curve assay

Cells were seeded in triplicate (2000/well) into a 96-well clear bottom tissue
culture plate (Falcon) and Cell Titer Glo (Promega #G7570) applied for
every 24 h-read as per the manufacturer’s instructions.

Library preparation and single-cell sequencing

Library preparation was performed with Chromium Single Cell Gene
Expression 3’ Kits (10x Genomics) and sequenced on NextSeq 2000
systems (Illumina). Read processing including demultiplexing, barcode
assignment, and unique molecular identifier (UMI) quantification was
performed by the Cell Ranger analysis pipeline. The reference genome
mm10 was used. Quality control and data pre-processing were performed by
the R package Seurat. In short, genes expressed in less than 1% of cells were
filtered. A couple of criteria, including the number of genes detected, the
total number of UMIs, and the percentage of molecules mapped to the
mitochondrial genes, were used to determine the quality of cells.
Specifically, cells in which either the number of genes or the total number
of UMIs was less than three median absolute deviations (MAD) below the
median of the distribution were filtered. The same for cells with a high
percentage of molecules mapped to the mitochondrial genes (above the
median by three MADs). The resultant gene-cell matrices were normalized
such that the total expression of each cell was scaled by a factor of 100,000.

Luminal and basal markers and scores

Gene expression in luminal and basal cells was obtained by single-cell RNA
sequencing of the mammary gland of 3 month aged mice, generated by the
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Tabula Muris Consortium. scRNA-seq and bulk profiling can be found in
Gene expression omnibus (GEO) under accession #GSE182354.
Informative genes for basal and luminal clusters were obtained in the pre-
built training model of the tool SciBet (Li et al., 2020), which were
identified by SciBet using their E-test. The top 100 luminal genes and the
top 100 basal genes were selected, and the overlapping genes were filtered,
arriving at 34 basal markers such as Kr¢/4 and Krt5, and 34 luminal markers
such as Krt18 and Krt8. Given the expression profile of a cell, the basal
(luminal) scores were defined as the average expression of the basal
(luminal) markers in the cell.

Clustering, diffusion mapping and pseudotime analysis of
scRNA-seq data

Clustering was performed using an in-house mutual information-based
clustering algorithm, scMINER (https:/github.com/jyyulab/). Briefly, for
each pair of cells, the pairwise mutual information was calculated based on
the log-transformed expression profiles and was used as the distance
between the cells. The mutual information-based metric was better in
capturing the non-linearity between expression profiles. Multi-dimensional
scaling was performed for dimension reduction, and the first 19
eigenvectors were used for further clustering. For robustness, consensus
clustering was performed over ten independent k-means clustering. The
visualization of clusters on tSNE plots in Figs 1A and 3A were generated
using the tool Seurat (Satija et al., 2015). In Fig. 1A, only unsorted cells
were used, whereas for Fig. 3A, both unsorted and sorted datasets were
combined using the scRNA-seq integration pipeline described in the tool
Seurat. The pipeline matches and align shared cell populations across
datasets and correct for batch effects by identifying a set of anchors. Marker
genes were used for creating the diffusion map and pseudo-time analysis.
The diffusion map and the inference of pseudo-time were obtained by using
the R package destiny (Angerer et al., 2016).

Inference of transcriptional regulatory networks

The cell-type-specific transcriptional regulatory network of C1D-bi was
inferred from single-cell expression data using SJARACNe (Khatamian
et al., 2019). Like the original mutual-information-based ARACNe
algorithm, it eliminates the indirect interactions typically found by
correlation-based analysis. The adaptive partitioning algorithm was used
to estimate mutual information and bootstrapping was applied to ensure
robustness. NetBID2 (https:/github.com/jyyulab/NetBID; Du et al., 2018)
was then used to calculate the activity of transcription factors. In short, the
activity value summarizes the importance of the transcription factor. A high
activity score means the targets of the transcription factors are highly
expressed. TFs with high activity in either C1D-biL or C1D-biB were
identified as the lineage-specific master regulators. The differential activity
was estimated by a two-sample -test. The network shown in Fig. 4A was
constructed using HDMap (https:/github.com/jyyulab’/hdmap), and
visualization by Cytoscape (Shannon et al., 2003). The size of nodes and
edges scales with the betweenness centrality.

RNA-seq of purified Comma-1D populations, populations
transduced with oncogenes and control counterparts

The Comma-1D populations were sorted and transduced with oncogenic
HER2, and control counterparts (viruses carrying luciferase vectors).
Stranded RNA libraries were prepared with 200 ng total RNA using the
KAPA RNA HyperPrep Kit with RiboErase (HMR) (Roche). RNA library
sequencing was performed on Illumina NovaSeq 6000 system (Illumina).
Expression quantification was performed at a gene level by Salmon (Patro et
al., 2017). scRNA-seq and bulk profiling can be found in Gene expression
omnibus (GEO) under accession #GSE182354.

Differential expression for each of the three HER2-transformed cell
populations and their corresponding controls was estimated using the tool
GFOLD (Feng et al, 2012). The enrichment of upregulated and
downregulated genes among the MSigDB gene sets (v7.1) (Liberzon
et al., 2015) were examined using the tool fgsea (https:/github.com/ctlab/
fgsea). Gene sets enriched with the up- and down-regulated genes will
receive a positive and negative, respectively, normalized enrichment score
(NES) with significant P-values.

The top 50 upregulated genes for each of the three HER2 transformed cell
populations when compared to the corresponding controls were used as the
signatures of the three populations. To confirm the resemblance of C1D-L
with mouse and human HER?2 tumors, the expression levels of the signature
genes were examined in patient samples from the METABRIC dataset
(Curtis et al., 2012) and samples of genetically engineered mouse models of
breast cancer (Pfefferle et al., 2013). Prediction of the PAM50 molecular
subtyping of the three HER2 transformed cell populations were performed
using the R package genefu (Gendoo et al., 2016).
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