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SUMMARY
Mammary gland ductal morphogenesis depends on the differentiation of mammary stem cells (MaSCs) into basal and luminal lineages.

The AP-2g transcription factor, encoded by Tfap2c, has a central role inmammary gland development but its effect inmammary lineages

and specificallyMaSCs is largely unknown.Here, we utilized an inducible, conditional knockout ofTfap2c to elucidate the role of AP-2g in

maintenance and differentiation of MaSCs. Loss of AP-2g in the basal epithelium profoundly altered the transcriptomes and decreased

the number of cells within several clusters of mammary epithelial cells, including adult MaSCs and luminal progenitors. AP-2g regulated

the expression of genes known to be required formammary development, includingCebpb,Nfkbia, and Rspo1. As a result, AP-2g-deficient

mice exhibited repressedmammary gland ductal outgrowth and inhibition of regenerative capacity. The findings demonstrate that AP-2g

can regulate development of mammary gland structures potentially regulating maintenance and differentiation of multipotent MaSCs.
INTRODUCTION

The ductal system of the mouse mammary gland develops

postnatally from a single rudimentary duct that extends

from the nipple during the first 3 weeks postpartum (Ball,

1998; Silberstein, 2001). With the start of the prepubertal

period occurring at age 4–5 weeks in mice, the mammary

gland becomes responsive to reproductive hormones that

initiate a growth period with terminal end bud (TEB) struc-

tures driving ductal morphogenesis. TEBs are club-shaped

structures at the tip of growing ducts, which are composed

of two cell types—an inner layer of body cells that give rise

to the luminal mammary epithelial cells and a single layer

of undifferentiated cap cells that develop into the myoepi-

thelial layer (Morris and Stein, 2017; Williams and Daniel,

1983). By age 9 weeks, invasion of the TEBs into the stroma

generates a mammary tree that fills the mammary fat pad

resulting in a mammary gland characteristic of mature vir-

gin animals.

Adult tissue stem cells are classically characterized as un-

differentiatedmultipotent cells capable of regenerating the

structure of the organ or tissue through cell division (Post

and Clevers, 2019). The existence of mammary stem cells

(MaSCs) was first demonstrated by showing that adult

mammary tissue could reproduce the mammary gland

when transplanted into the cleared fat pad of 3-week-old

syngeneic mice (Deome et al., 1959). The frequency of

MaSCs defined by mammary repopulating units (MRUs)

in transplantation assays was estimated to be approxi-
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mately 2% of basal cells (BCs) (Fu et al., 2019; Shackleton

et al., 2006; Stingl et al., 2006). The mouse MaSC popula-

tion has the expression profile of Lin� CD24+ CD29high

CD49fhigh and expresses cytokeratins 5 and 14 (encoded

by the Krt5 and Krt14 genes, respectively). Consistent

with the hypothesis that multipotent stem cells reside

within the basal layer, BC-derived organoids are capable

of forming structures comprised of inner cuboidal luminal

cells capable of milk production surrounded by a myoepi-

thelial layer with elongated morphology, whereas luminal

cell-derived organoids lack a myoepithelial layer (Jamieson

et al., 2017).

Mammary gland developmental programs are character-

ized by changes in the transcriptome orchestrated by

several transcription factors (Pal et al., 2017; Wuidart

et al., 2018). The AP-2 transcription factor family is

required for normal embryogenesis and proper embryonic

development of neural crest derivatives, and epidermal and

urogenital tissues (Hilger-Eversheim et al., 2000; Winger

et al., 2006). AP-2 factors also play an important role in

regulating mammary gland development. In the mouse

mammary gland, AP-2a and AP-2g are expressed within

the nuclei of basal and luminal mammary epithelial cells

by age 7 weeks and both factors are expressed within the

body and cap cells of the TEB (Jager et al., 2010; Zhang

et al., 2003). Studies have examined the effects of AP-2a

overexpression driven by a transgene using theMMTVpro-

moter (Zhang et al., 2003). The initial phase of mammary

gland development was normal with mature virgin
uthor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Loss of AP-2g Represses Mammary Ductal Outgrowth
(A) Krt5 promoter was used to drive expression of Cre recombinase to eliminate expression of AP-2g through Lox sites designed to remove
exon 6 of the Tfap2c gene.
(B) FVB/Tfap2cfl/fl/Krt5-Cre-ERT2 mice were pulsed with corn oil (CO) or 4-hydroxy-tamoxifen (4OHT) and Cre expression was examined by
immunohistochemistry; treatment with 4OHT-induced nuclear CRE expression.
(C) Schematic showing treatment of mice with CO or 4OHT starting at age 4 weeks for 5 days; analysis was performed at age 6, 9, 12, and
16 weeks.
(D) Analysis of protein expression and whole mounts. Immunohistochemistry (left side) was used to examine loss of AP-2g protein in
MMECs with CKO of Tfap2c. Expression of KRT5 and KRT8 demonstrates basal and luminal MMECs, respectively. There was a significant

(legend continued on next page)
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8-week-old mice expressing the transgene, demonstrating

normal mammary tree structures; however, at 6 months

mice expressing the transgene demonstrated a sparser

ductal network with reduced alveolar buds. During preg-

nancy lobuloalveolar tissue in mice expressing the trans-

gene had reduced proliferation and increased apoptosis.

Parallel studies in mice overexpressing AP-2g demon-

strated hyperproliferation, as determined by increased Ki-

67 expression and bromodeoxyuridine incorporation, as

well as increased apoptosis, with the overall effect resulting

in hypoplasia of the alveolar epithelium during pregnancy

(Jager et al., 2003).

Genetic knockout (KO) of Tfap2c results in early embry-

onic lethality due to loss of AP-2g expression in extra-embry-

onic membranes (Auman et al., 2002). Conditional

knockout (CKO) of Tfap2c using the Sox2 promoter to drive

Cre recombinase showed that loss of AP-2g impaired mam-

mary gland branching during the prepubertal period (Jager

et al., 2010). LossofAP-2g resulted ina reduction inthenum-

ber of branch points andmaximal ductal length but did not

impair the generation of TEBs. By 8 months, the mammary

ducts had completely filled the fat pad in virgin Tfap2c

CKO mice; however, there was a reduction in the degree of

branching, showing that AP-2g controls the speed of ductal

elongation and the development of tertiary branches and

lateral buds. In another study, CKO of Tfap2c using the

MMTVpromoter todriveCre resulted in lossofAP-2g expres-

sion in the luminal epithelial cells only (Cyr et al., 2015).

Mammary gland branching was delayed in Tfap2c CKO

mice with a reduction in branch points and an increase in

the relative proportion of BCs compared with luminal cells.

The previous experimental models offered a limited abil-

ity to form conclusions on the role of AP-2g in the basal

and MaSC populations and were not able to identify AP-

2g target genes necessary for mammary gland develop-

ment. To advance our understanding of the role of AP-2g

inmammary gland development, here we used a transgene

that uses the Krt5 promoter to drive expression of a tamox-

ifen-inducible Cre-ER, allowing control over the timing of

Tfap2c KO and also directing the loss of AP-2g to the BC

population that includes MaSCs.
reduction of AP-2g expression noted at 6, 9, and 12 weeks in the (BC
expression noted at 6 weeks but this reduction did not persist at 9 a
magnification) were quantified per animal. The percentages were calcu
expressed as mean ± SEM; number for CO/4OHT: n = 5/5 (6 weeks), n =
**p < 0.01; n.s., not significant; statistical significance by Mann-Whi
mice at 6, 9, 12, and 16 weeks (right side); black arrows illustrate dista
tree measured from the lymph node to the most distant mammary b
mammary tree with CKO of Tfap2c, which resolves by 16 weeks. Results
(6 weeks), n = 5/5 (9 weeks), n = 8/9 (12 weeks), n = 14/14 (16 weeks)
by Mann-Whitney U test.
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RESULTS

Loss of AP-2g Impaired Mammary Gland Ductal

Outgrowth

To control the timing of Tfap2c KO inmouseMaSCs, we uti-

lized FVBmice expressing a tamoxifen-inducible Cre recom-

binase fused to the estrogen receptor with expression driven

by the bovine keratin 5 promoter (Indra et al., 1999) (Fig-

ure 1A).We confirmed that localizationofCREwas restricted

to the cytoplasm in the basal layer with nuclear localization

induced by exposure to 4-hydroxy-tamoxifen (4OHT) (Fig-

ure 1B). The floxed Tfap2c allele was designed to delete

exon 6, which disrupts expression of functional AP-2g pro-

tein. FVB/Tfap2cfl/fl/Krt5-Cre-ERT2 mice were pulsed with

corn oil (CO) or 4OHT at a dose previously shown not to

interfere with morphogenesis (Scheele et al., 2017). Geneti-

cally identical female littermates were treated for 5 days

beginning in early puberty at age 4 weeks and analyzed for

AP-2g expression with immunohistochemistry and mam-

mary gland branching was assessed by whole mount at 6,

9, 12, and 16 weeks (Figures 1C and 1D). Significantly

reduced AP-2g expression was demonstrated in the BCs at

6, 9, and 12 weeks with a slight reduction of expression in

the luminal cells only at 6 weeks. Differences in AP-2g

expression resolved by 16 weeks. Loss of exon 6 within the

Tfap2cmRNAwas detected in the basal mammary epithelial

cells (MMECs) but not in the luminal cells within 1 week of

treatment with 4OHT (Figure S1A). A delay in mammary

gland ductal elongation was demonstrated with CKO of

Tfap2c at 6, 9, and 12 weeks. However, no significant differ-

ences in mammary gland ductal structure were found at

16 weeks comparing the 4OHT- and CO-treatedmice. A par-

allel set of experimentswere performed inFVB/Krt5-Cre-ERT2

mice demonstrating that tamoxifen treatment using an

identical protocol had no effect on mammary gland ductal

morphogenesis (Figures S1B and S1C). The findings suggest

thatCKOofTfap2cwas eithermosaic or failed to target a pre-

cursor cell population, so that wild-type cells could outcom-

pete mutant cells and lead to an eventual recovery of ductal

outgrowth. Collectively, the findings indicate that AP-2g

plays a critical role in mammary gland ductal elongation.
) compartment. Luminal cells had a significant reduction in AP-2g
nd 12 weeks. At least three representative microscopic fields (403
lated by comparing stained cells to total epithelial cells. Results are
4/5 (9 weeks), n = 4/4 (12 weeks), n = 4/5 (16 weeks). *p < 0.05,

tney U test. Representative whole mounts of mammary glands from
nces measured. Corresponding graphs show growth of the mammary
ranching demonstrating a significant reduction in growth of the
are represented as mean ± SEM; number for CO/4OHT mice: n = 4/5
; *p < 0.05, **p < 0.01; n.s., not significant; statistical significance



CKO of Tfap2c Alters MMEC Clusters and Patterns of

Gene Expression

Single-cell RNA sequencing (scRNA-seq) was used to

examine changes in the transcriptome in MMECs with

loss of AP-2g. Four-week-old FVB/Tfap2cfl/fl/Krt5-Cre-ERT2

mice were similarly pulsed with 4OHT or CO and mam-

mary glands were harvested at age 9 weeks (Figure S1D).

Single cells were generated and flow sorted to enrich

luminal and basal mammary epithelial populations, which

were combined 1:1 and analyzedwith scRNA-seq (Figure 2).

Of note, we did not find a statistically significant difference

in the total numbers of basal and luminal cells harvested

comparing CO- and 4OHT-treated FVB/Tfap2cfl/fl/Krt5-Cre-

ERT2 animals. The RNA-seq data from the combined popu-

lation of 7,866 MMECs from CO-treated animals and

10,350 MMECs from 4OHT-treated animals were analyzed

using uniform manifold approximation and projection

(UMAP), which identified 13 distinct MMEC clusters,

referred to as clusters 0–12 (Figure 2A). The pattern of

expression was used to identify the major MMEC

groups—luminal mature cells, luminal progenitor cells

(LPCs), BCs, and protein C receptor (PROCR+) stem cells

(PSCs) (Wang et al., 2015; Sun et al., 2018) (Figures 2B

and S2A). The pattern of gene expression for the PSC cluster

matched the pattern of expression for the Procr+ population

of multipotent MaSCs reported by Wang et al. (2015) (Fig-

ure S2B). CKO of Tfap2c significantly reduced the relative

proportion of cells within clusters 4 and 8, belonging to

the basal and luminal clusters, respectively (Figures 2C–

2E). Less profound decreases were also identified in several

other clusters, including cluster 10 (BC cluster) and 12 (PSC

cluster). In addition, there was a significant increase in the

relative proportion of cells in cluster 11, belonging to the

PSC subgroup (Figures 2D and 2E). The Tfap2c gene was

most highly expressed in the basal compartment with the

highest percentage of Tfap2c-expressing cells in cluster 2

(Figure 2F). Scattered cells in LPC clusters 0, 7, 8, and 9

were also demonstrated to have relatively high Tfap2c

expression. Although CKO eliminated AP-2g protein

expression in the basal layer (Figure 1), the mRNA with

exon 6 deleted was expressed, as expected (Figure 2F).

The data were analyzed to identify genes with significant

changes in expression with loss of AP-2g and this gene list

was subsequently subjected to Ingenuity Pathway Analysis

(IPA). IPA indicated that many genes altered by loss of AP-

2gwere involved in cell cycle,migration, and differentiation

(Table S1). There was a total of 644 genes that demonstrated

significant changes in expression with CKO of Tfap2c (Table

S2). Using a difference based on a log-fold change of ±0.5

and significance with p < 0.05, there was a greater number

of genes repressed compared with those induced with

CKO of Tfap2c (Figure 3A). When limited to genes with an

absolute percentage difference of 5% of cells in the cluster,
there were 30 genes repressed and 4 genes induced by loss

of AP-2g (Figures 3B and S3). When examined by cluster,

changes in gene expression were noted in every cluster,

except cluster 11 (Figures 3C and S4). When considering

genes that demonstrated significant changes in four or

more clusters, Cdk2ap1, Cebpb, Csn1s1, Hspa1a, Krt15,

Lgals7, Plin2, Pnpla8, and Sp140 were repressed and Anxa3,

Gadd45b, Krt18, Nfkbia, Odc1, and Tm4sf1 were induced

withCKOofTfap2c (Table S2). For all of these genes, changes

in expression always included basal clusters (1, 2, 3, 4, 5, and

10), and for Lgals7 and Krt15, changes in expression were

restricted to the basal clusters. Expression analysis of

selected genes from bulk luminal and basal MMECs isolated

at age 5weeks confirmed the regulation byAP-2g (Figure S5).

CKO of Tfap2c Repressed Multipotency of MaSCs

Previous studies (Fu et al., 2019; Visvader and Stingl, 2014)

have defined MaSCs by expression of the markers Lin�

KRT5+, CD49high, CD29high, and CD24+. LGR5 has been re-

ported as another potential MaSC marker, but studies have

been inconsistent showing repopulating activity in LGR5+

and LGR5� subsets (Visvader and Stingl, 2014). An exami-

nation ofmousemammary glands using scRNA-seq did not

identify a single, unique cluster representing MaSCs,

consistent with previous reports that a functional MaSC

state may be generated from cells with different transcrip-

tional signatures (Giraddi et al., 2018). The current analysis

of mammary gland transcriptome using scRNA-seq did not

define a MaSC cluster specifically (Figures 2 and 4); how-

ever, based on the pattern of expression of MaSC markers,

a small subset of cells in clusters 4 and 10may represent the

MaSC population. Within the basal clusters, cluster 10 had

the highest percentage of cells inG1/G0 and lowest percent-

age of cells in S phase (Figure 4A). CKO of Tfap2c reduced

the number of cells within basal clusters 4 and 10 (Figures

2D and 2E) and the pattern of expression was consistent

with cell populations harboring an MaSC phenotype; cells

in clusters 4 and 10 were noted to be Itga6/CD49f+, Itgb1/

CD29High, Cd24a/CD24+, and Lgr5Low (Figure 4B). Cells

with the MaSC marker expression were reduced with KO

of Tfap2c. The impact of AP-2g deficiency on MaSC signa-

ture and on mammary gland ductal outgrowth suggested

that CKO of Tfap2c potentially reduced the frequency

and/or function of MaSCs.

To examine changes in the functional properties of

MaSCs, MMECs isolated from FVB/Tfap2cfl/fl/Krt5-Cre-ERT2

mice treated with CO versus 4OHT were examined for the

ability to form mammospheres. MMECs isolated from

4OHT-treated mice demonstrated a significant reduction

in the ability to formmammospheres, asmeasured bymam-

mosphere-forming efficiency, compared with CO-treated

mice (Figures 5A and 5B). The formation of secondarymam-

mospheres has been advocated as a more reliable method to
Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021 109



Figure 2. scRNA-Seq Analysis
(A) Experiments were performed in two independent replicates and in each experiment two CO- and two 4OHT-treated mice were used for
mammary gland harvest for a total of n = 4 mice per condition. UMAP cluster analysis identified 13 mammary cell clusters; the tran-
scriptome defined closely related clusters, including the BC, luminal progenitor cluster (LPC), mature luminal cluster (LMC), and the Procr+

stem cell cluster (PSC).
(B) Examples of gene expression used to classify the major groups of mammary cell clusters.
(C) UMAP clusters shown separately for CO-treated (orange) and 4OHT-treated (teal) animals.
(D) Relative proportion of mammary cells in each cluster for CO- and 4OHT-treated animals, where 0.50 would indicate no change in
relative number of cells; *p < 0.05.
(E) Frequency of cells from CO- and 4OHT-treated mice shown by the relative amount of cells by cluster.
(F) Expression pattern of Tfap2c in CO and 4OHT-treated mice.
assess self-renewal of MaSC activity (Shaw et al., 2012).

Secondary mammospheres were generated from primary

mammospheres recovered from 4OHT- versus CO-treated
110 Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021
animals; primary mammospheres from 4OHT-treated

mice demonstrated a reduced capacity to form secondary

mammospheres (Figure 5C). Secondary mammospheres



Figure 3. Changes in Gene Expression with CKO of Tfap2c
(A) Volcano plot with vertical axis showing the �log10 p value and horizontal axis average log-fold change for genes altered across all
MMECs with loss of AP-2g; colored dots represent genes with p < 0.05 and average log-fold change >±0.5; blue is used for genes repressed
and red is used for genes induced with KO of Tfap2c.
(B) Same data as shown in (A) plotted with average log-fold change versus the difference in the percentage of cells demonstrating
expression of the genes. Labeled genes had an adjusted p value < 0.05 and ±5% difference.
(C) Volcano plots as presented in (A) for changes in gene expression for clusters 4, 8, 10, and 11.
recovered frommice with CKO of Tfap2cwere also noted to

be smaller compared with control mammospheres. To avoid

potential confounding effects of 4OHT, basal MMECs from

FVB/Tfap2cfl/fl mice were transduced with adenovirus vec-

tors expressing green fluorescent protein (Ad-GFP) or GFP

and Cre recombinase (Ad-Cre), subjected to fluorescence-

activated cell sorting (FACS) to recover GFP+ cells and used

to form mammospheres; whereas Ad-GFP-transduced cells

formed mammospheres, Ad-Cre-transduced cells failed to

form mammospheres (Figure 5D), consistent with the

notion that KO of Tfap2c resulted in a loss of mammo-

sphere-forming capability.

Mammary gland transplantation was used to further

demonstrate the effect of CKO of Tfap2c on functional

MaSCs. Mammary tissue was isolated from 9-week-old

mice that had been treatedwithCOor 4OHT for 5 days start-

ing at age 4 weeks. Mammary tissue isolated from CO-

treated animals was capable of reconstituting themammary

glandwhen transplanted into a cleared fat pad of 3-week-old

syngeneic FVB mice, whereas, mammary tissue harvested

from 4OHT-treated animals was not able to regenerate the

mammary gland structures in cleared fat pads (Figure 5E).
To further examine the effect of AP-2g on mammary gland

regenerative capacity, MMEC BCs were harvested from

FVB/Tfap2cfl/fl mice and transduced with Ad-Cre or Ad-

GFP. Basal MMECs transduced with Ad-GFP demonstrated

the capacity to regenerate themammary tree; however, cells

transduced with Ad-Cre failed to demonstrate the capacity

to regenerate mammary gland structures (Figure 5F). These

data demonstrate a critical role for AP-2g in maintenance

of multipotent, functional MaSCs.

Pseudotime Analysis

Pseudotime analysis of scRNA-seq data was used to

generate a model of mammary gland development within

the context of Tfap2c expression (Figure 6). The earliest

MMEC precursor was represented by the Procr+ cell clusters

(11 and 12). Gene expression in the Procr+ cells include

expression of known MaSC markers, including Zeb2,

Gng11, Etv5, and Cdh5, but with low expression of basal

lineage marker Krt5 (Figure 2), consistent with earlier

studies indicating that the Procr+ cell population is a multi-

potent embryonic MaSC population (Wang et al., 2015).

Our data showed that Krt5low/Procr+ embryonic MaSCs
Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021 111



Figure 4. Changes in MaSCs with Loss of AP-2g
(A) Cell cycle shown as proportion of cells in G1, S, and G2/M by mammary cell cluster for CO- and 4OHT-treated mice.
(B) Expression pattern for the Itga6, Itgb1, Cd24a, and Lgr5 genes from CO- and 4OHT-treated mice. Middle panel: magnified view of boxed
area focused on basal clusters 4 and 10; right panel: heatmap showing relative expression of Itga6, Itgb1, Cd24a, and Lgr5 in basal MMEC
clusters in CO- versus 4OHT-treated mice.
persist in adult mammary glands during puberty but were

not affected by Tfap2c CKO (Figure 3C). The pseudotime

trajectory starting at Procr+ clusters 11/12 differentiates to

cluster 4, and provides additional evidence for this cluster

containing KRT5+MaSCs (Figure 6). From cluster 4, the dif-

ferentiation pathway diverged into luminal and basal line-

ages terminating in either mature luminal or mature BC

populations. Unsupervised pseudotime trajectory analysis

using p-Creode further supported a stem cell role for the

PSC cluster and close developmental relationship to cells

in cluster 4 (Figure S6).
DISCUSSION

This study provides important insight into the role of AP-

2g during the prepubertal stage of mammary gland devel-

opment. CKOofTfap2cwithin the KRT5+ BC compartment

repressed mammary gland ductal outgrowth and inhibited

the ability of mammary epithelial cells to form mammo-

spheres and regenerate mammary gland structures. Where

they can be compared, the current findings are consistent

with previous reports that examined the role of AP-2g in

the mouse mammary gland (Cyr et al., 2015; Jager et al.,

2010). As noted previously, Igfbp5 was identified as an AP-

2g target gene in the mammary gland (Jager et al., 2003)

and we noted a significant repression of Igfbp5 expression
112 Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021
in basal cluster 4 and luminal cluster 7 (Table S2). The cur-

rent findings extend previous reports by clarifying the role

of AP-2g in the basal/MaSC compartment and by identi-

fying AP-2g target genes that regulate mammary gland

development.

There is considerable debate concerning the potential

role of multipotent KRT5+ MaSCs within the basal

compartment in mammary gland outgrowth during the

pubertal period (Lee et al., 2019). Lineage-tracing experi-

ments usingKrt5-CreER/Rosa-YFPmice treatedwith tamox-

ifen at age 4 weeks demonstrated labeling of the basal

compartment exclusively (Van Keymeulen et al., 2011).

Similarly, lineage-tracing experiments designed to label

KRT14+ basal stem cells reinforced support for unipotent

MaSCs in postpubertal mice (Wuidart et al., 2016). Addi-

tional studies have provided evidence that the bulk of

mammary embryonic growth proceeds from lineage-

restricted unipotent cells after embryonic day 15.5 (Lilja

et al., 2018). On the other hand, transplantation experi-

ments demonstrated that CD29highCD24+ BCs were

capable of generating normal mammary gland structures.

Lineage-tracing experiments reported by Rios et al.

(2014), using high-resolution 3D imaging, demonstrated

labeling of both the luminal and basal populations of the

ductal tree when driven by the Krt5 promoter, supporting

the model of a multipotent KRT5+ MaSC giving rise to

mature basal and luminal cells during pubertal mammary



Figure 5. Loss of AP-2g Reduces Mammo-
spheres and Mammary Gland Reconstitu-
tion
Mammospheres formed from MMECs har-
vested from 9-week-old FVB/Tfap2cfl/fl/Krt5-
Cre-ERT2 mice that had been treated starting
at 4 weeks with CO versus 4OHT.
(A) Examples of primary mammospheres after
14 days of culture.
(B) Data for mammosphere-forming effi-
ciency (MFE) and size of mammospheres; n =
12 plating replicates of 4,000 cells per
condition; *p < 0.05; n.s., not significant,
Student’s t test.
(C) Secondary mammospheres formed from
primary mammospheres described in (A and
B) with data for MFE and size; n = 12 plating
replicates of 4,000 cells per condition *p <
0.05, **p < 0.01, Student’s t test.
(D) Examples of GFP+ mammospheres in
Ad5CMVeGFP-transduced MMECs cultured for
14 days and MFE for Ad5CMVeGFP and
Ad5CMVCre-eGFP transduction; **p < 0.01,
Student’s t test.
(E) Top panel shows example of reconstituted
mammary gland branching from CO-treated
animals; data demonstrated that mammary
tree reconstitution was found with trans-
plantation of mammary tissue from CO-
treated but not 4OHT-treated mice, 7/13

versus 0/13, p < 0.01, Fisher’s exact test; graph of percent filled results are mean ± SEM, *p < 0.05, Mann-Whitney U test.
(F) Top panel shows example of reconstituted mammary gland branching from Ad-GFP-transduced cells; data demonstrate reconstitution
of the mammary tree with cells transduced with Ad-GFP but not with Ad-Cre, 4/7 versus 0/8, p < 0.05, Fisher’s exact test; graph of percent
filled results are mean ± SEM; *p < 0.05, Mann-Whitney U test.
gland development. Key differences in resultsmay be influ-

enced by techniques used for processing tissues and the use

of 3D versus 2D imaging to visualize labeled cells (Rios

et al., 2016).

One possibility for finding alteration of the transcriptome

of some luminal cells is that CKO of Tfap2c in KRT5+ MaSCs

gave rise to luminal cells before the loss of AP-2g protein;

however, once function AP-2g protein was lost, the MaSCs

with a deletedTfap2c gene lost theirmultipotent ability. Pre-

vious studies in luminal breast cancer showed that knock-

down of TFAP2C induced epithelial-mesenchymal transi-

tion with repression of luminal gene expression and

induction of basal gene expression (Bogachek et al., 2016;

Cyr et al., 2015).One likelyhypothesis is thatAP-2g is neces-

sary formultipotentMaSCs to generate luminal progenitors,

which could explain both the findings in mammary gland

development and luminal breast cancer models (Figure 6B).

If CKOofTfap2c inMaSCs blocked their ability to give rise to

luminal progenitors, then all subsequent luminal epithelial

cells would have to be derived from MaSCs with an intact
Tfap2c gene, and would explain why decreased AP-2g

expression is not detected at later time points (Figure 1).

Alternatively, loss of AP-2g may decrease viability of BCs

that could account for effects on mammosphere formation

and mammary ductal reconstitution. Furthermore, it is

possible that tissue dissociation in combination with loss

of AP-2g reduces the viability or proliferation of BCs and

could account for the experimental findings. There was a

relative reduction in basal clusters 4 and 10 but a relative in-

crease inKRT5+ basal clusters 1, 2, 3, and 5; hence, the effects

on BC viabilitymight be specific to cells in clusters 4 and 10,

which could include the MaSC population. Further ques-

tions remain as to whether loss of AP-2g leads to prolifera-

tive arrest of BCs, to a reduced ability to invade the extracel-

lular matrix, to an alteration in the expression of genes that

affect BC identity, or to defective signaling between basal

and hormone-responsive luminal cells. Whether loss of

AP-2g affects the viability of MaSCs or alters their transcrip-

tome leading to altered function or identity is a complex

issue that is not easily resolved definitively.
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Figure 6. Analysis of Pseudotime and
Model of Mammary Cell Development
(A) Pseudotime analysis from scRNA-seq with
Slingshot; first panel showing pseudotime
overlying tSNE plot with same clustering as
previous figures and remaining panels
showing each individual lineage inferred
from Slingshot.
(B) Model of mammary development sup-
ported by results with CKO of Tfap2c; numbers
in parentheses refer to cluster number.
Cluster 11, composed of PROCR+ KRT5� cells, was the

only cluster without significant changes in the pattern of

gene expression with CKO of Tfap2c, suggesting that clus-

ter 11 represents a multipotent embryonic MaSC popula-

tion at the top of the developmental hierarchy; we also

confirmed that the expression pattern in our PROCR+ cell

clusters matched the signature profile described by Wang

et al. (2015) (Figure S2). The lack of changes in expression

of AP-2g target genes in cluster 11 is consistent with the hy-

pothesis that the PROCR+ cells in cluster 11 precede expres-

sion ofKrt5 and therefore have an intactTfap2c gene. Other

investigators have identified a PROCR+ mammary epithe-

lial cell population, although they did not conclude that

this population represented an MRU (Bach et al., 2017).

Pseudotime analysis suggested that the PROCR+ cells lead

to cluster 4, which likely includes the KRT5+ MaSCs (Fig-

ures 6 and S9). The data suggest that following the pulse

with 4OHT, PROCR+ cells give rise to KRT5+ MaSCs with

an intact Tfap2c gene, which are multipotent resulting in

normal mammary morphogenesis by 16 weeks.

Several genes known to regulate mammary gland devel-

opment were altered by CKO of Tfap2c. Mice deficient for

Cebpb demonstrate disrupted mammary gland morpho-

genesis with reduced ductal growth, secondary branching,

and loss of secretory cells during pregnancy (Robinson

et al., 1998; Seagroves et al., 1998). C/EBPb-deficient mice

also lack expression of b-casein, and, in addition to Cebpb

being repressed in several clusters, theCsn2 gene (encoding
114 Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021
b-casein) was significantly repressed in luminal clusters 0,

7, and 8 with CKO of Tfap2c (Table S2). IkBa encoded by

the Nfkbia gene is a major inhibitor of the nuclear factor

kB (NF-kB) transcription factor (Henkel et al., 1993). Mam-

mary epithelial cells deficient in IkBa when transplanted

into syngeneic animals develop an increase in lateral ductal

branching and intraductal hyperplasia (Brantley et al.,

2001). CKO of Tfap2c increased expression of Nfkbia in

several basal clusters and is consistent with loss of AP-2g in-

hibiting ductal growth through repression ofNF-kB. Loss of

Rspo1 expression resulted in an absence of mammary side-

branching and loss of alveolar development during preg-

nancy (Chadi et al., 2009) and CKO of Tfap2c resulted in

repression of Rspo1 expression in several of the luminal

epithelial cell clusters. Taken together our findings indicate

that loss of AP-2g leads to repression of mammary gland

branching and normal alveolar development, at least in

part, through the regulation of Cebpb, Nfkbia, and Rspo1.

In summary, AP-2g plays an important role in mammary

gland ductal outgrowth during the prepubertal period. We

hypothesize that loss of AP-2g reduced the number of func-

tional MaSCs and significantly repressed the capability for

MaSCs to regeneratemammary gland structures. AP-2g reg-

ulates the expression of several genes known to be neces-

sary for mammary gland development, including Cebpb,

Nfkbia, and Rspo1. The model system described will further

allow an examination of AP-2g influence during other

stages of mammary gland development and lactation.



EXPERIMENTAL PROCEDURES

Mice
All animal studies conformed to guidelines set by the Office of

the Institutional Animal Care and Use Committee (IACUC)

and performed with IACUC approval. FVB/NJ and KRT5-Cre-

ERT2 (FVB.Cg-Tg(Krt5-cre/ERT2)2Ipc/JeldJ) mice were purchased

from Jackson Laboratory (stock no. 001800 and 018394). The

Tfap2cfl/fl mouse strain was described previously (Auman et al.,

2002) and was backcrossed >15 generations on FVB/NJ back-

ground to limit genetic variability. Knockout mice were generated

by crossing Tfap2cfl/fl with Krt5-Cre-ERT2 mice, and the offspring

were back crossed with Tfap2cfl/fl to generate FVB/Tfap2cfl/fl/Krt5-

Cre-ERT2. Pulsing with 4OHTwas performed starting at age 4 weeks

at 30 mg/kg/day intraperitoneal injection for 5 days. All experi-

mental analyses were performed in female mice. Genotype anal-

ysis was conducted with qPCR analysis of tail DNA by Transnetyx

(Cordova, TN).

Mammary Cell Preparation, Labeling, and Flow

Cytometry
Mammary glands of CO (vehicle)-treated and 4OHT-treated 8- to

9-week-old virgin littermate female FVB/Tfap2cfl/fl/Krt5-Cre-ERT2

mice were digested in a mixture of gentle collagenase/hyaluroni-

dase (STEMCELL, cat. no. 07919) with 5% fetal bovine serum

(FBS) in complete EpiCult-B (STEMCELL, cat. no. 05611) media

for 15 h at 37�C. The red blood cells were lysed in NH4Cl. The

cell suspension was further digested in 0.25% trypsin-EDTA for

1 min then 5 U/mL dispase (STEMCELL, cat. no. 07913) plus

0.1 mg/mLDNase I (STEMCELL, cat. no. 07900) for 1min followed

by filtration through a 40-mm cell strainer. After washing in Hank’s

balanced salt solution, cell viability was assessed by trypan blue.

Single-cell isolation procedure was performed as described previ-

ously (Borcherding et al., 2015). FACS was carried out using FACS

Aria (Becton Dickinson). The Lin– population was defined as

TER119–, CD31�, and CD45–. FACS data were analyzed using

FlowJo software (v.10.1r7, Tree Star). The following antibodies

were used: CD31-Biotin (BioLegend, 102404, 1:250), TER-119-

Biotin (BioLegend, 116204, 1:250), CD45-Biotin (BioLegend,

103014, 1:250), Strep-PE-Cy7 (Invitrogen, 25-4317-82, 1:250),

CD24-PE (BioLegend, 101807, 1:250), CD49f-FITC (BioLegend,

313606, 1:200).

Whole-Mount Analysis of Mammary Branching
Mammary glands were collected and whole mounts performed on

pair 4 mammary glands as described previously (Plante et al.,

2011). To analyze branching morphogenesis, whole-mount mam-

mary gland images were taken on a light box, and branching dis-

tance was measured from lymph node to the furthest TEBs. For

mammary gland transplantation experiments, the branching

area was measured. All images were quantified by ImageJ.

Immunohistochemistry
Immunohistochemical analysis was accomplished on formalin-

fixed, paraffin-embedded samples from the fourth mammary

gland. The following antibodies were used for analysis: anti-AP-

2g, 1:100 (Santa Cruz Biotechnology, no. sc-12762); anti-CRE,
1:50 (Cell Signaling Technology, no. 15036); anti-CK5, 1:100

(Abcam, ab5235); and anti-CK8/18, 1:500 (Abcam, ab53280). Stan-

dard protocols were followed, and Vector ABC kits used for ampli-

fication. Bright-field imaging was collected on an Olympus BX-51

microscope.

Quantitative Real-Time RNA Analysis
RNAwas isolated from basal and luminal cells recovered from flow

cytometry using the RNeasy Mini Kit (QIAGEN, cat. no. 74104).

Using the random hexamers method (Thermo Fisher Scientific),

mRNAwas converted to cDNA by quantitative real-time PCR. Rela-

tive expression of exon 2/3 of Tfap2c (TFS, cat. no. 4351372; ID:

Mm00493470_g1), exon 6 of Tfap2c (TFS, cat. no. 4351372; ID:

Mm00493474_m1), Cebpb (TFS, Mm00843434_s1), Lgals7 (TFS,

Mm00456135_m1), Rspo1 (TFS, Mm00507077_m1), and Csn2

(TFS, Mm04207885_m1) was determined using TaqMan primers

and the DDCt method of qPCR and compared using CO- versus

4OHT-treated mice. Amplification of Gapdh (TFS, cat. no.

4331182; ID: Mm99999915_g1) was used as an endogenous

control.

Single-Cell Capture and Library Preparation for

Sequencing
Following the same flow cytometry protocol as above, freshly

sorted basal and luminal epithelial cells were submitted in a 1:1 ra-

tio for sequencing using the manufacturer’s recommended Chro-

mium (103 Genomics) and Illumina technologies. Two separate

submissions of littermate-controlled, mammary epithelial cells

were submitted to 103Genomics. In each of the two submissions,

two CO-treated MMECs were combined and two 4OHT-treated

mice MMECs were combined and then were each submitted for

sequencing. This resulted in a total of four CO-treated and four

4OHT-treated, 9-week-old mice used for downstream analysis.

The amplified cDNA was constructed into 30 expression libraries

and pooled together in separate lanes of a 150-bp, paired-end

chemistry flow cell. The IlluminaHiSeq 4000was usedwith anAgi-

lent Bioanalyzer, and average library sizes ranged from 329 to

432 bp in length. The adapter sequence of the librarywas 124 bases

in length. Basecalls were converted into FASTQ files by the Univer-

sity of Iowa Genomics Division using the Illumina bcl2fastq soft-

ware. These each captured an estimated 3,546 to 5,545 cells per

sample, which were submitted for sequencing with mean reads

per cell ranging from 63,842 to 94,776.

scRNA-Seq Data Processing and Quality Control
Transcripts were mapped using Cell Ranger v.3.0.1 and mm10

reference genome (GRCm38.91). Using R, the filtered gene count

matrix was imported, and quality control for all samples was

completed before downstream analysis using the standard work-

flow put forth by the Seurat R package, v.3.1 (Butler et al., 2018;

Stuart et al., 2019). All cells with unique RNA feature counts

<200, or percent mitochondrial DNA >5% were removed.

scRNA-Seq Clustering and Visualization
scRNA-seq data normalization using Seurat was completed to ac-

count for feature expression measurements in each cell in rela-

tion to total expression values and the data were log transformed
Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021 115



using a 1 3 104 factor (Butler et al., 2018; Stuart et al., 2019). The

subsets of features showing high cell-to-cell variability were iden-

tified in the dataset. The four individual samples were combined

usingmutual nearest neighbor approach, as described previously,

into a singular ‘‘integrated’’ Seurat object (Stuart et al., 2019),

enabling further analysis to allow for identification of common

cell types between datasets and to control for batch effect be-

tween samples. Linear scaling was performed and principal-

component analysis calculations were completed. UMAP was

calculated using the RunUmap function with default settings

and principal components input set to 20 (Becht et al., 2018).

The FindClusters Seurat function with default Louvain algorithm

and a resolution of 0.5 clustered cells was completed, identifying

13 clusters. The sequence forCre transgenewas concatenated into

the mm10 reference genome and all four samples were rerun

through Cell Ranger. The single-cell expression data for the trans-

gene was extracted and added to the previous data to allow for its

visualization while keeping clustering consistent with the

accepted mm10 reference genome. Differential gene expression

was calculated using the Wilcoxon rank-sum test with a pseudo-

count of 0.01 and without thresholds for log-fold change or per-

centage of cells. The p values for differential gene expression were

adjusted using the Bonferroni method for multiple hypotheses

comparison.

Pathway Analysis
Differential gene expression results derived from the scRNA-seq

quantifications were analyzed using IPA (QIAGEN, Hilden, Ger-

many). Each cluster was individually analyzed to examine the rela-

tionship between its highly significantly up- or downregulated

genes between CO versus 4OHT. Analysis was completed with an

adjusted p < 0.05 and log-fold change R and %0.5 to isolate the

top networks altered in each cluster by KO of Tfap2c.

Cell-Cycle Analysis
Cell-cycle phase was calculated with scRNA-seq data in both CO-

and 4OHT-treatedmice on the previously generated integrated ob-

ject. Scores were determined based on previously published

markers (Nestorowa et al., 2016). Utilizing the CellCycleScoring

function in Seurat on the integrated metadata of the four samples,

S and G2/M scores were stored in the object metadata along with

classification of each cell as G2M, S, andG1phase based on the pre-

viously publishedmarkers. Cell-cycle distribution based on cluster

was visualized by creating a frequency table and graphs using the

ggplot2 R package v.3.2.1.

Mammosphere Assay
Freshly sorted basal MMECs from CO- and 4OHT-treated FVB/

Tfap2cfl/fl/Krt5-CreERT2 littermate-controlled mice were cultured

at 4,000 cells per well at a density of 8,000 viable cells/mL on

low attachment plates in EpiCult-B basal medium supplemented

with EpiCult-B proliferation supplement, 10 ng/mL epidermal

growth factor, 10 ng/mL fibroblast growth factor b, 4 mg/mL,

10% FBS, and 50 mg/mL gentamicin in a low-oxygen incubator at

37�C for 14 days (Dong et al., 2013; Shaw et al., 2012). The above

sorting was completed in triplicate. Approximately 48,000 BCs

were sorted for each of the two conditions, which allowed for 12
116 Stem Cell Reports j Vol. 16 j 106–119 j January 12, 2021
wells to be plated in total. At 21 days, secondary mammospheres

were generated by introduction of trypsin and mechanical disrup-

tion of primary mammospheres via gentle aspiration through a

20G syringed needle. Again, 48,000 cells per condition were har-

vested allowing for 12 replicates of each condition to be plated

on low-adherent plates. Secondary mammospheres were incu-

bated in a low-oxygen incubator at 37�C for 14 days. Mammo-

sphere analysis and data collection were performed in a blinded

manner to treatment of the mammospheres. All images for

comparative analysis were taken at 14 days. Total mammosphere

count was evaluated by ImageJ software using 40 mm minimum

diameter and evidence of 3D structure to differentiate from singu-

lar BCs, cellular aggregates, and other debris. Mammosphere for-

mation efficiency was determined by percentage of mammo-

spheres formed per plated basal epithelial cell. For adenovirus

mammosphere assays, the BCs were harvested from Tfap2cfl/fl

mice and immediately transduced with adenovirus after initial

sorting for MMECs. The following day, all BCs were reharvested

and, after filtering for single cells, both adenovirus-GFP and GFP-

tagged Cre recombinase were sorted for GFP positivity by FACS.

These cells were plated in nonadherent plates as described previ-

ously and were evaluated for mammosphere formation at 14 days.

Adenovirus Transduction
An enhanced adenovirus-GFP (Ad5CMVeGFP) and enhancedGFP-

tagged CRE recombinase adenovirus (Ad5CMVCre-eGFP) were

both purchased from the University of Iowa Viral Vector Core

(Iowa City, IA) at a viral titer of 5 3 1010 plaque-forming units

per mL. Ad5CMVeGFP expresses the enhanced GFP by the CMV

promoter and Ad5CMVCre-eGFP has GFP downstream of an

IRES sequence. All transductions were performed at a multiplicity

of infection of 200 in serum-free Opti-MEM for 1 h. All down-

stream adenovirus experiments were performed in triplicate with

MMECs acquired from cell sorting as described previously.

Mouse Mammary Gland Transplantation
Three-week-old virgin FVB/NJ recipient females were anesthetized,

and the fat pad of the right fourth mammary gland was cleared up

to the lymph node and complete removal of the mammary gland

was confirmed histologically. In one set of experiments, 1-mm3

sections of mammary gland were harvested from 9-week-old

FVB/Tfap2cfl/fl/Krt5-Cre-ERT2mice that had been previously treated

with 4OHT or CO from 4 to 5 weeks to conditionally knock out

Tfap2c, and then were transplanted into the cleared fat pads

following the identical clearing method as above. In another

congruent experiment, freshly FACS-sorted MMECs were har-

vested from FVB/Tfap2cfl/fl mouse mammary glands, transduced

with either Ad5CMVeGFP or Ad5CMVCre-eGFP, and 9,000–

10,000 GFP+ MMECs were transplanted into the newly cleared

fat pad of recipient mice. After 8 weeks, transplanted mammary

glands were collected for whole-mount staining and analysis, con-

ducted by a blinded investigator.

Pseudotime Analysis
Slingshot was used to infer and verify cell lineages (Street et al.,

2018). The Slingshot object was generated using the previously

generated integrated scRNA object. The tSNE plot for pseudotime



inference was generated using dims = 20, max_iter = 2,000, see-

d.use = 2, and the remainder of the settings to default. Clusters

were labeled per previous Seurat cluster labeling for consistency

and Slingshot was run with the tSNE identifier for reducedDim,

start.clus set to cluster 11, and maximum iterations set to 20. Five

cell lineageswere identifiedusing the slingPseudotime function.Un-

supervised trajectory analysis usingp-Creodewasperformedon the

previously generated Seurat integrated object (Herring et al., 2018).

Default parameters were utilized as per program recommendations

with the representative trajectory of n = 200 runs displayed. For

consistency, nodes of inferred trajectory from p-Creode were

colored according to previous assigned Seurat cluster color.

Statistical Analysis
For whole-mount analysis of branching and immunohistochem-

ical data, statistical significance was assessed using the non-para-

metric Mann-Whitney U test, for small samples not normally

distributed. For mammary gland transplantation experiments,

the Mann-Whitney U test and Fisher’s exact test were performed.

p values of less than 0.05 were considered significant. Mammo-

sphere counts and sizes were analyzed using the Student’s t test

as they were continuous, unpaired data. The chi-square test was

used to determine significance between scRNA-seq cluster cell

points from Seurat as the cell count in each cluster was categorical

with either CO or 4OHT treatment. All scRNA-seq statistical ana-

lyses were performed in R version 3.6.0. All remaining statistical

analyses were performed in GraphPad Prism v.8.0.1.
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