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A B S T R A C T

External genital organs are among the most recognizable sexually dimorphic characters. The penis and cli-
toris develop from the embryonic genital tubercle, an outgrowth at the anterior margin of the cloaca that un-
dergoes an extensive period of development in male and female embryos prior to the onset of sexual differ-
entiation. In mice, differentiation into the penis and clitoris begins around embryonic day (E)15 .5. Current
knowledge of cell types that comprise the genital tubercle is limited to a few studies that have fate mapped
derivatives of endoderm, mesoderm, and ectoderm. Here we use single cell transcriptomics to characterize
the cell populations in the genital tubercles of male and female mouse embryos at E14.5, approximately
24 h before the onset of sexual differentiation, and we present the first comprehensive atlas of single-cell
gene expression during external genital development. Clustering analyses and annotation using marker
genes shows 19 distinct cell populations in E14.5 genital tubercles. Mapping of cell clusters to anatomical
locations using in situ gene expression patterns revealed granularity of cellular specializations and posi-
tional identities. Although E14.5 precedes sexually dimorphic morphogenesis of the genital tubercle, com-
parative analysis of males and females identified sexual dimorphisms at the single cell level, including
male-specific cell clusters with transcriptional signatures of smooth muscle and bone progenitors, both of
which are known to be sexually dimorphic in adult genitalia, as well as immune cells. These results provide
a new resource for classification of external genital cell types based on gene expression profiles and reveal
sex-specific cellular specializations in the early genital tubercle.

1. Introduction

The distinctive morphologies of male and female external genitalia
result from sexual differentiation of the embryonic genital tubercle.
Early outgrowth and patterning of the genital tubercle are controlled by
conserved gene regulatory networks that are expressed in similar pat-
terns in males and females (Haller and Ma, 2019; Hashimoto et al.,
2019; Lin et al., 2013). Sexual differentiation of the genital tubercle is a
relatively late event, beginning around embryonic day (E)15.5 in mice
(Seifert et al., 2008), and is influenced by sex hormones produced by
the testes and the ovaries. Developmental genetic and endocrinological
studies have led to a two-phase model of external genital development
in which outgrowth and patterning of the sexually indeterminate geni-
tal tubercle occur during an early, hormone-independent phase, and
sexual differentiation of the penis and clitoris occurs during a hormone-
dependent phase.

1.1. Early development of external genitalia

The progenitor cells that give rise to external genitalia originate
from the lateral-most lateral plate mesoderm at the level of the
hindlimb fields (Herrera and Cohn, 2014; Tschopp et al., 2014). The left
and right external genital fields are brought together at the ventral mid-
line of the embryo during closure of the posterior body wall (Herrera
and Cohn, 2014). In all amniotes examined to date, outgrowth of exter-
nal genitalia begins with the emergence of paired genital swellings on
either side of the cloacal membrane (Gredler et al., 2014, 2015a,
2015bbib_Gredler_et_al_2014bib_Gredler_et_al_2014bib_Gredler_et_al_
2015abib_Gredler_et_al_2015b; Herrera et al., 2015; Larkins and Cohn,
2015; Leal and Cohn, 2015; Sanger et al., 2015). In the mouse, the
paired genital swellings appear around E10.5, and the swellings merge
to form a single tubercle by E11 (Perriton et al., 2002). The endoder-
mally derived epithelium that lines the ventral wall of the cloaca ex-
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tends into the genital tubercle and forms a bilaminar urethral plate,
which later tubularizes to form the urethra in males (Hynes and Fraher,
2004a). As distal outgrowth of the genital tubercle continues, an addi-
tional pair of swellings, known as the preputial swellings, emerges at its
base and surrounds the tubercle dorsally and ventrally to form the pre-
puce (or foreskin). At E14.5 a small ventral opening, known as the ure-
thral duct or proximal urethral opening (PUO), appears at the base of
the genital tubercle, near the position where the urorectal septum con-
tacts the cloacal membrane (Georgas et al., 2015; Perriton et al., 2002).
These early events in external genital development are indistinguish-
able in males and females, and, as such, are considered to be hormone-
independent (Suzuki et al., 2002).

1.2. Sexual differentiation of the penis and clitoris

Sex differences begin to appear in the mouse genital tubercle at
E15.5 (Seifert et al., 2008; Suzuki et al., 2002; Zheng et al., 2015),
when a mesenchymal extension of the urorectal septum extends into
the genital tubercle of males, separating the urethral plate into the de-
finitive urethra on the dorsal side and the urethral seam, or raphe, on
the ventral side (Seifert et al., 2008). In females, the urorectal septum
does not extend into the genital tubercle, and, consequently, the ure-
thral plate remains contiguous with the ventral skin of the clitoris.
Around the same stage, the urethral duct/PUO closes in males but per-
sists to form the vulval opening in females (Kurita, 2010). Mesenchyme
of the genital tubercle condenses around the urethral epithelium, where
it differentiates into smooth muscle and spongy connective tissue (cor-
pus cavernosum urethrae, the mouse homolog of human corpus spon-
giosum) (Hynes and Fraher, 2004b; Murakami, 1987; Phillips et al.,
2015). Dorsal to the urethra, two mesenchymal condensations form the
anlage of the erectile bodies, the corpus cavernosum glandis (Perriton
et al., 2002). These spongy erectile tissues become highly vascularized
and are surrounded by a fibrous sheath (tunica albuginea) in the penis
and the clitoris. Outgrowth of the penis and tissue differentiation
within the penis and the clitoris continue until approximately postnatal
day (P) 25 (Phillips et al., 2015).

Androgens (testosterone and dihydrotestosterone) and estrogen are
the primary sex hormones that direct sexual differentiation of the geni-
tal tubercle to form a penis or a clitoris, respectively (Glucksmann et al.,
1976; Guillette et al., 1996; Hutson et al., 2014; Murakami, 1987;
Stewart et al., 2018; Zheng et al., 2015). Mutations in genes that encode
the androgen receptor (Ar/AR) and estrogen receptor alpha (Esr1/ERα)
have opposite effects on external genital development; males with Ar
mutations have androgen insensitivity and develop female-typical ex-
ternal genitalia, whereas females with Esr1 mutations develop an elon-
gated clitoris containing male-typical skeletal features (Goldstein and
Wilson, 1975; Lyon and Hawkes, 1970; Yang et al., 2010).

1.3. Congenital anomalies of external genitalia

Congenital anomalies of external genitalia are among the most
prevalent birth defects in humans, affecting approximately1:120 new-
born males (Nelson et al., 2005; Springer et al., 2016). Most congenital
penile variations (CPVs) reflect developmental disruptions that occur
during sexual differentiation of the genital tubercle, but the underlying
causes are largely unknown. Aside from syndromic differences in sex
development (DSDs), which result from mutations in sex steroid signal-
ing pathways, most congenital penile anomalies are of unknown etiol-
ogy. CPVs such as penile hypoplasia (severely reduced outgrowth, or
micropenis) and hypospadias (a failure of urethral tube formation) can
be viewed as reduction or loss of male-typical morphology, and se-
verely affected individuals can have ambiguous genitalia. Hypospadias
is the most common CPV and is characterized by ectopic urethral open-
ing(s) on the underside of the glans, along the penile shaft, in the scro-
tum, or even in perineum (Nelson et al., 2005; Springer et al., 2016). In

severe hypospadias, the urethra can be cleft along the entire ventral
side of the phallus, causing it to look more like a clitoris and vulva than
a penis. Surgical intervention is usually required to restore urologic and
sexual function, and even mild forms of hypospadias can require multi-
ple surgeries and involve post-operative complications (Andersson et
al., 2020; Mohammed et al., 2020; Ru et al., 2021; Taneli et al., 2021).
Surgical correction is fraught with challenges, as hypospadias generally
is associated with significant deficiency of the tissues necessary to re-
construct a urethra, particularly the corpus spongiosum and urethral
plate. Thus, methods to isolate, culture, and/or stimulate growth of spe-
cific penile tissues, such as corpus spongiosum, are critically needed to
improve outcomes of surgical interventions. However, at present, the
lack of knowledge needed to identify the cell and tissue types in exter-
nal genital organs is a major obstacle.

Identification of the cell types that comprise the genital tubercle,
the genes that specify cell type identities and regulate their differentia-
tion, and the cellular and molecular differences between male and fe-
male external genitalia is needed to improve our understanding of the
mechanisms of external genital development and the causes of congeni-
tal anomalies. Here we report on an unbiased single-cell RNA sequenc-
ing analysis of the mouse genital tubercle and we map single cell tran-
scriptomic data to an anatomical context using in situ patterns of gene
expression in mouse embryos.

2. Results

2.1. Cellular diversity in the developing genital tubercle

To determine the cellular diversity in male and female genital tuber-
cles immediately before the onset of sexual differentiation, we per-
formed single-cell RNA sequencing (scRNA-seq) of E14.5 mouse genital
tubercles that were PCR-genotyped to verify chromosomal sex (Fig.
1A). Single-sex pools of genital tubercle (GT) cells were dissociated,
screened for viability, counted, and loaded separately into a 10x Ge-
nomics Chromium instrument. Single cell libraries were sequenced to a
depth of approximately 15,000 mean reads per cell using an Illumina
NextSeq 500/550. Transcriptional profiles of 40,945 cells passed initial
quality control screening with an average read depth of 2039 median
genes per cell. After second-stage quality control and filtering using the
Seurat R package (Butler et al., 2018; Satija et al. 2015), 35,619 cells
were retained for analysis (see materials and methods for additional de-
tails).

We identified 19 distinct clusters of GT cells based on expression of
highly variable genes across the population using an unsupervised clus-
ter analysis of de-multiplexed male and female single cell transcrip-
tomes (Fig. 1B, Supplementary Table 1). Clusters were visualized using
‘uniform manifold approximation and projection’ (UMAP) following
data dimensionality reduction by principal-component analysis (PCA).
Nine clusters were assigned preliminary cell type identities based on
gene ontology (GO) analysis and a screen of transcriptional profiles for
known marker genes (Fig. 1C; Table 1). The 9 clusters included 1 ep-
ithelial cell cluster (C11), 1 endothelial cell cluster (C12), 2 immune cell
clusters (C18 and C19), 1 neural cell cluster (C15), 2 blood cell clusters
(C16 and C17), and 2 clusters of muscle cells (C13, C14), which we re-
solved as 1 smooth muscle cluster (C13) and 1 striated/skeletal muscle
cell cluster (C14). The remaining 10 clusters, which were less distinct
from one another, were driven by expression of “tissue development-
morphogenesis” gene functions and were classified as mesenchymal
cells (Fig. 1C, Table 1; see below). Resolution of these 19 distinct cell
clusters shows complex cell type specialization in the sexually undiffer-
entiated genital tubercle.
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Fig. 1. Single cell analysis of E14.5 mouse genital tubercles reveals 19 distinct cell clusters. A. Diagrammatic representation of the workflow showing
genital tubercles of 3 male and 3 female mouse embryos at E14.5, single cell dissociation, and the downstream cell preparation and sequencing. B. UMAP
plot of male and female genital tubercle cells showing 19 distinct clusters by data dimensional reduction. Cluster and cell type identities are indicated by
GO annotation. C. Dot plot of marker genes representing different clusters. Color scale indicates average expression (normalized and scaled) and the size of
the dots indicates the percentage of cells expressing the gene. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Marker genes for each cluster.

ID Cluster Top differential ly expressed genes

C1 Mesenchyme 1 Rspo3, Zfhx4, Zfhx3, Lmo4, Klf4
C2 Mesenchyme 2 Twist2, Igf1, Meg3, Shox2, Ezr
C3 Mesenchyme 3 Rprm, a, Cxcl14, Tac1, Msx1
C4 Mesenchyme 4 Bambi, Dlx5, Msx1, Ptn, Msx2
C5 Mesenchyme 5 Nefm, Creb5, Nefl, Meis1, Epha4
C6 Mesenchyme 6 Vim, Pitx1, Cdo1, Flrt2, Ntm
C7 Mesenchyme 7 Igfbp5, Sfrp2, Igfbp2, Meis2, H19
C8 Mesenchyme 8 Bambi, Pitx1, Msx1, Cxcl14, Msx2
C9 Mesenchyme 9 Fo xf1, Fo xp2, Aldh1a2, Tcf21, Gucy1a1
C10 Mesenchyme 10 Asb4, Co l8a2, Tagln, Co l9a3, Acta2
C11 Epithelium Krt14, Krt5, Krt15, Perp, Sfn
C12 Endothelium Gng11, Cdh5, Emcn, Egfl7, Co l18a1
C13 Muscle 1 Acta2, Tcf21, Actg2, Myocd, Cnn1
C14 Muscle 2 Actc1, Tnnt1, Mylpf, Myog
C15 Neural Ednrb, Cryab, Plp1, Fo xd3, Phactr1
C16 Blood 1 Hbb-bh1, Ca r2, Alas2, Hsd3b6, Pdzk1ip1
C17 Blood 2 Snca, Alas2, Alc25a37, Gypa, Pnpo
C18 Immune 1 C1qb, Fcer1g, Pf4, Tyrobp, C1qc
C19 Immune 2 Isg15, Usp18, Ifit1, Rtp4, Ifi44

2.2. Mesenchymal cell clusters reveal progenitors of morphological
structures of the penis and clitoris

To refine the 10 cell clusters that were classified as “mesenchyme”,
we performed a re-clustering analysis of only those cells. We identified
8 subclusters of mesenchymal cells, although these appear to reflect
heterogeneity within the mesenchymal cell population rather than dis-
tinct cell types (Fig. 2A, Supplementary Table 2). We then used the top
differentially expressed (DE) genes in the transcriptomes of each cluster
to map cells to anatomical domains within the genital tubercle and
found that several cell clusters show distinct patterns of spatial local-
ization (Fig. 2A–C). Analysis of the in situ expression patterns of highly

differentially expressed genes in E14.5 genital tubercles revealed that 6
clusters of cells map to positions that correspond to progenitors of spe-
cific anatomical structures, including the corpus cavernosum (cc) glan-
dis, cc urethrae (corpus spongiosum), urethral duct/(PUO), dorsal as-
pect of the genital tubercle, glans, and prepuce (Fig. 2C). Two clusters
could not be resolved to specific regions based on gene expression pat-
terns, and, therefore, retained the general classification of mesenchy-
mal cells.

Comparisons of transcriptional signatures across all mesenchymal
cell clusters showed that while some DE genes showed qualitative dif-
ferences in expression, and, as such, were markers of single clusters,
many DE genes are expressed in more than one cluster, although at
quantitatively different levels. For example, Vim is a top DE gene in the
dorsal tubercle cluster, and although Vim is expressed in 7 mesenchymal
clusters, dorsal tubercle is characterized by the highest expression in the
greatest number of cells (Fig. 2D). On the other hand, genes like Foxf1,
which is expressed almost exclusively within the cc urethrae, were de-
termined to be true marker genes for specific cell clusters (Fig. 2E).
Thus, both presence/absence and quantitative thresholds of gene ex-
pression can be used to resolve cell identities in the GT. The finding that
subsets of genes within each cluster's transcriptional signature are ex-
pressed across multiple clusters, albeit at different levels, is consistent
with the common lineage of genital tubercle mesenchyme and shows
that cells within the genital tubercle are still undergoing differentiation
at E14.5.

Genetic studies in mice and humans have identified a number of
transcription factors with key roles in external genital development
and suggest that the embryonic genital tubercle may be patterned by
regionalized expression of transcription factors (Gredler et al., 2020;
Matsumaru et al., 2014; Su et al., 2019; Suzuki et al., 2008; Wang et
al., 2013). Therefore, we investigated the spatial distributions of DE
transcription factors in mesenchymal cells of the genital tubercle. We
identified 106 transcription factors that exhibited an average log2 fold
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Fig. 2. Mesenchymal cell clusters correspond to specific anatomical regions of the genital tubercle. A. Mesenchymal cells re-clustered to identify specific
cell identities. Cluster identities were assigned based on in situ gene expression patterns. B. Schematic diagram of the six morphological regions identified in the
cell cluster analysis. C. In situ hybridization results from GenePaint showing the spatial expression patterns of genes from the 6 morphological regions shown in
(B). GenePaint set ID numbers are as follows: C3591.2.4.B (Rspo3), C2673.4.3.D (Nefl), C2854.3.4.C (Pitx1), C2679.4.4.B (Bambi), G0435.1.3.C (Twist2),
C4026.1.4.B (Foxf1). Additional sections and interactive magnification can be accessed on the GenePaint website (gp3.mpg.de). D. Vim expression across clusters
is shown as an example of a gene that is highly expressed in the dorsal genital tubercle but also is found throughout the mesenchymal cells. E. Foxf1 expression
across clusters is shown as an example of a gene expressed almost exclusively in one cluster. F. Heatmap of transcription factors expressed across mesenchymal
cell clusters.

change of 0.25 in one cell cluster compared to all others
(Supplementary Table 3). Hierarchical clustering analysis of the top 5
DE genes in each cell cluster highlighted a number of transcriptional
signatures that associate with specific morphological features in the
genital tubercle (Fig. 2F). For example, the erectile tissues – cc glandis

and cc urethrae – contain clusters of cells with similar transcription fac-
tors, such as Six1, Sparcl1, En1, Scx, Foxp2, Foxf1, and Lsp1. This
shared expression profile may reflect (and potentially control) the simi-
larities in the tissue types found within these structures. Interestingly,
the cluster we designated as indistinct mesenchyme has an expression
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pattern similar to cc glandis, dorsal tubercle, and glans clusters, raising
the possibility that these clusters may contain cells from these same
anatomical regions but at less advanced stages of differentiation. Alter-
natively, these clusters could consist of cell types that are found
throughout the body of the genital tubercle but are excluded from do-
mains such as the ventral tubercle and the prepuce.

2.3. Epithelial cell clustering suggests that urethral epithelium is
homogeneous at E14.5

Our initial analysis produced a single cluster of cells associated with
epithelial cell types; however, the genital tubercle contains several ep-
ithelial tissues, including the genital skin and preputial glands, which
are derived from surface ectoderm, and the urethral plate epithelium,
which is derived from endoderm (Figs. 1B and 3A). To refine the iden-
tity of the epithelial cell cluster, we performed a re-clustering analysis
of the epithelial cells and identified 4 distinct subclusters (Fig. 3B,
Supplementary Table 4). Our analytical pipeline identified a single sub-
cluster of urethral epithelial cells, which expressed urethral plate
marker genes such as Shh, Upk3bl, Foxa1, and Foxa2 (Fig. 3C and D).
Although Shh is found in the urethral plate and in preputial glands at
E14.5, preputial gland identity could be excluded by the presence of Up-
k3bl, Foxa1, and Foxa2, which are known markers of the developing
urethra (Gandhi et al., 2013; Gredler et al., 2020) (Fig. 3E). Further
subclustering of epithelial cells yielded no further separation regardless
of the parameters used, although cluster 1 also contains Shh-expressing
cells and, therefore, it could contain ectodermal cells of the preputial
gland (Fig. 3D).

Urethral epithelial cells share many properties, including lineage,
with bladder epithelium. The developing urothelium of the embryonic
bladder consists of several distinct cell types, including basal, interme-
diate, progenitor, and superficial cells, which can be identified between
E13.5 and E14.5 by the presence/absence of four marker genes (Foxa2,
Trp63, Upk, and Krt 5). All 4 marker genes were present throughout the
urethral epithelial cluster (Fig. 3F), but not in the specific combinations
that distinguish the cell layers of the urothelium. These results suggest
that urethral epithelium at E14.5 is relatively homogeneous.

2.4. Cells of the undifferentiated genital tubercle show molecular sexual
dimorphisms

The clustering patterns of mesenchymal cells of the genital tubercle
at E14.5 led us to investigate whether some cells have already begun to
express markers of adult cell types and whether male and female geni-
tal tubercle cells have distinct molecular profiles at this stage. UMAP
plots revealed one cluster (C10) that appeared to have mostly male cells
(Fig. 4A). Quantitative comparison of male and female cells across all
clusters confirmed that cluster 10, which was categorized as undifferen-
tiated mesenchymal cells, is composed predominantly of male cells
(Fig. 4B). We then reclustered only the mesenchymal cells to determine
if this male-centric cluster could be further differentiated from the
other mesenchymal cells. Again, a distinct cluster of male cells catego-
rized as undifferentiated mesenchyme was recovered (Fig. 4C). We then
used a differential expression analysis, DEseq2, to identify genes that
were significantly different between male and female cells within that
cluster of cells (Supplementary Table 5). Within the male-biased clus-
ter, strongly dimorphic expression patterns were detected for a number
of genes, including Acta2, Tagln, Ptn, Cdkn1c, Sparc, and Lum, all of
which are upregulated in males compared to females (Fig. 4D). The in
situ expression patterns of these genes map to different regions of the
genital tubercle, and they are known to mark a variety of cell types in
other organs. For example, Acta2 and Tagln are both associated with
smooth muscle (Chakraborty et al., 2019; Gomez et al., 2015). Ptn regu-
lates cell proliferation, cell survival, cell differentiation and cell migra-
tion in neurons and bone (Wang et al., 2020). Cdkn1c is an imprinted

gene that is a negative regulator of cell proliferation. Mutations in Cd-
kn1c result in Beckwith-Wiedemann syndrome, which includes ambigu-
ous genitalia (Creff and Besson, 2020). Sparc encodes a protein that is
required for calcification of collagen in bone (Rosset and Bradshaw,
2016). Lum also is involved in regulating collagen fibrillogenesis (Chen
and Birk, 2013). Overall, the genes that differentiate the male cell clus-
ters are associated with smooth muscle and bone formation, both of
which are known to be sexually dimorphic in the adult genitalia.

Sequence analysis of the top DE genes in male-specific cell clusters
identified a number of genes (e.g., Sparc, Ptn, Acta2) that contain con-
sensus sequences for AR binding, known as androgen response ele-
ments (AREs). AREs consist of two hexameric half-sites separated by a
3-nucleotide spacer, and the half sites can be arranged as either in-
verted repeats in the classical ARE or as direct repeats in the selective
ARE (Denayer et al., 2010; Shaffer et al., 2004). Although biological ac-
tivity of ARE sequences requires evidence of AR binding and functional
assays, the results suggest that these mesenchymal cell clusters segre-
gate due to expression of androgen-responsive genes. This is consistent
with our previous finding that AR expression in genital tubercle mes-
enchyme is critical for differentiation of the penis and urethral tube
(Zheng et al., 2015).

We also searched for sex differences in epithelial cells but found no
significant difference in the number of male and female cells that con-
tributed to epithelial cell clusters. However, analysis of androgen recep-
tor (Ar) expression in epithelial cells revealed a striking sex difference;
the number of male cells expressing Ar far exceeded the number of Ar-
expressing female cells (Fig. 4F). Although this finding suggests a sex
difference in androgen responsiveness of urethral cells at E14.5, in pre-
vious studies we demonstrated that AR expression in epithelial cells is
not required for development of the penile urethra (Zheng et al., 2015).

3. Conclusions

In this study, we characterized 35,619 single-cell transcriptomes to
produce the first comprehensive cellular atlas of the genital tubercle of
male and female mouse embryos. These experiments were carried out
on mouse embryos at E14.5, approximately 1 day before male and fe-
male external genital development begins to diverge; however, we
identified multiple sexual dimorphisms at the single-cell level. Cluster
analysis, including sequential subclustering, allowed the resolution of
22 cell populations, including 10 distinct populations of mesenchymal
cells, 4 populations of epithelial cells, 2 populations each of blood cells,
immune cells, and muscle cells (1 smooth and 1 striated), and single
populations of endothelial and neural cells. When we compared the top
DE genes in mesenchymal cell clusters to in situ gene expression pat-
terns, 6 of the 8 mesenchymal subclusters could be assigned to specific
anatomical positions and tissue types, including the glans, the dorsal
aspect of the genital tubercle, the urethral duct/PUO, the prepuce, and
the corpora spongiosum and cavernosum. These results show that the
transcriptomes of single cells reflect their molecular coordinates within
the morphospace of the E14.5 genital tubercle and suggest that progen-
itors of key tissue types are established at this stage.

Given the relatively undifferentiated state of the genital tubercle at
E14.5, the results of our subclustering analysis of mesenchymal cells
raise a few possibilities regarding the nature of the cell clusters. One
possibility is that the relative position of cells along the 3 major axes of
the tubercle is the primary driver of clustering, and molecular markers
of positional identity eclipse the heterogeneity of cell types or states
within these spatial domains, in a manner similar to Hox gene expres-
sion domains in the limb bud or along the primary body axis. A varia-
tion on this interpretation is that the expression domains mark progeni-
tor populations at a given position that are heterogeneous but at E14.5
are highly undifferentiated. Another possibility is that the dominant
transcriptional profiles reflect cell types or cell states, and the in situ ex-
pression domains delineate homogeneous cell states or types at a given
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Fig. 3. Epithelial cell clusters reveal homogeneity in the undifferentiated genital tubercle. A. Schematic diagram of the different epithelial cell types
within the genital tubercle. B. Epithelial cells reclustered to resolve cell cluster identities. C. Dot plot showing the top 10 differentially expressed genes for
each epithelial cluster. D. Feature plot of epithelial cell clusters. Shh-expressing cells are shown in red. Clusters are pseudocolored to distinguish them from
each other. Note the presence of Shh-expressing (red) cells in clusters 1 and 2. E. Violin plot showing expression of the urethral epithelial and urothelial
markers Foxa1, Foxa2, and Upk3bl predominantly in cluster 2. F. Feature plots of different combinations of urothelial cell type markers in urethral epithelial
cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

anatomical position. Generation of single-cell atlases in a fine-grained
temporal series will allow discrimination among these possibilities.

In addition to the spatial domains described above, we identified
two mesenchymal clusters that correspond to specific tissue types in the
phallus, the cc urethrae (the mouse homolog of the corpus spongiosum)
and the cc glandis. These results suggest that the progenitors of these

specialized tissue types are specified relatively early in external genital
development. In previous studies, we noted that mesenchymal cells in
the proximal region of the E13.5 genital tubercle begin to aggregate in
two domains that lie dorsal and lateral to the urethral plate (Perriton et
al., 2002). By E14.5, these cells have formed the paired condensations
of the cc glandis proximally, whereas the distal mesenchymal cells are
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Fig. 4. Sexually dimorphic cell clusters in the E14.5 genital tubercle. A. UMAP of cells in the genital tubercle. Cell colors correspond to cell cluster identities
(C1-C19) on the left and cell sex on the right. Cluster 10 (enlarged at right) consists predominantly of male cells. B. Graph showing percentage of male and female
cells in each cluster. C. UMAP of mesenchymal cells by sex. Enlargement (right) shows cluster that constists predominately of male cells. D. Violin plots of select
genes found to be differentially expressed in the male cells from cluster 10. E. UMAP of epithelial cells by sex. F. Ar expression in the epithelial cells. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the Web version of this article.)

just beginning to aggregate, suggesting that the erectile tissues develop
in a proximal-to-distal direction. Our finding that genes expressed in
mesenchymal cluster C1 localize to the cc condensations in situ suggests
that this cluster contains progenitors of the paired corporal bodies.
Given that differentiation of these erectile structures progresses from
proximal-to-distal over time, we anticipate that progenitor cells of the
distal cc should express genes reflective of their earlier state, and, there-
fore, they could lie outside of C1.

Development of the penile urethra in mice involves closure of the
urethral duct/PUO at the base of the genital tubercle, whereas in fe-
males, this duct persists to form the vulval opening. Our analysis of
genital tubercle mesenchyme identified a transcriptionally distinct sub-
cluster of cells that map to the PUO. Given that only a small number of
these genes have been implicated in urethral tube closure (Gredler et al.,
2015c; Haraguchi et al., 2001; Morgan, 2003; Perriton et al., 2002),
this dataset presents new opportunities for functional studies that
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should enhance our understanding of sexual differentiation of the ure-
thra.

Comparison of stage-matched genital tubercles from male and fe-
male embryos at E14.5 revealed the presence of sexual dimorphisms at
the single-cell level a full day before the onset of sexual differentiation
of the phallus. Although most of the cell clusters in our analysis con-
tained similar numbers of male and female cells, 3 cell clusters were
sexually dimorphic; male cells comprised 99% of C10, 80% of C13, and
96% of C19. Key marker gene expression in the single-cell transcrip-
tomes of these 3 clusters classified them as bone (C10), smooth muscle
(C13) and immune (C19) cells (Fig. 4B; Table 1). Interestingly, the ma-
ture penis and clitoris show dramatic differences in both bone and
smooth muscle tissues. Development of the penis bone (baculum or os
penis) and clitoris bone (baubellum, or os clitoridis), both of which de-
velop postnatally in mice, have long been thought to reflect differences
in androgen signaling at late fetal and postnatal stages (Murakami,
1987; Murakami and Mizuno, 1986; Williams-Ashman and Reddi,
1991). During testis differentiation, Leydig cells begin synthesizing
testosterone around E13 in the mouse (O’Shaughnessy et al., 1998). AR
is activated when ligand binding in the cytoplasm triggers translocation
of the receptor to the nucleus, where it binds DNA. At E13.5, male and
female genital tubercles show similar cytoplasmic localization of AR,
whereas at E15.5 (when sexual differentiation is initiated), AR protein
is almost entirely nuclear in male genital tubercle mesenchyme but is
undetectable in females (Zheng et al., 2015). Thus, at E14.5, when our
scRNA-seq experiment was performed, mesenchymal cells are likely to
experience different hormonal milieus in male and female genital tu-
bercles. Our results suggest that the morphological differences between
the baculum and baubellum, as well as the smooth muscle that sur-
rounds the penile urethra, may be established in the progenitor cell
pools in the early, sexually indeterminate genital tubercle.

We were intrigued by the sexually dimorphic nature of C19, one of
two cell clusters enriched for expression of genes with “immune system
process” GO classifications. Why would immune cells show a sex differ-
ence? Analysis of the combinations of DE genes in the “immune” clus-
ters indicated that C18, which is non-dimorphic, shows the highest ex-
pression of macrophage markers, whereas C19 expressed markers of
both the myeloid and the lymphoid hematopoietic cell lineages, includ-
ing Isg15, Usp18, Ifit1, Rtp4, Ifi44. Hematopoietic stem cells (HSCs)
have been shown to express a number of sex steroid receptors, includ-
ing AR, and HSCs treated with androgen show increased proliferation
(Mierzejewska et al., 2015). Thus, the dominance of C19 by male cells
may reflect the early effect of gonadal androgens on the HSC lineage.

The mechanisms responsible for the sexual dimorphisms of cell clus-
ters in the genital tubercle at E14.5 remain to be identified. As noted
above, synthesis of gonadal sex hormones begins shortly before this
stage, although hormone-independent mechanisms, such as sex-linked
genes, could also have roles in establishing the cellular sexually dimor-
phisms of the genital tubercle. Indeed, genes residing on sex chromo-
somes have been implicated in sexually dimorphic morphologies, be-
haviors, and pathologies (Arnold, 2019). Sexually dimorphic epigenetic
modifications also should be considered, as previous studies have iden-
tified sex differences in chromatin conformation and histone marks in
cells of reproductive organs as early as E11.5 (Kawabata et al., 2019;
Yang and Wilson, 2019). Taken together, the results presented here pro-
vide new resources for cell-specific genetic manipulation, open the pos-
sibility for the use of key anchor genes to target and/or isolate progeni-
tors of critical tissue types isolated from the early genital tubercle, and
provide a foundation for high-resolution analyses of signaling interac-
tions, cellular dynamics, and cell lineage during normal and anomalous
development of the external genitalia.

4. Materials and methods

4.1. Animals

Time-mated pregnant C57BL/6 mice were ordered from Charles
River. Mice arrived 3 days before desired embryonic day and were
housed in the animal facilities at the University of Florida. All animal
experiments were conducted with approval of the University of Florida
IACUC under protocol # 201803399.

4.2. Single cell dissociation, encapsulation, and library synthesis

Genital tubercles were harvested from pregnant female mice on em-
bryonic day 14.5. Embryos were dissected in ice-cold Dulbecco's phos-
phate-buffered saline and tissue samples were collected for genotyping.
Embryos were transferred to RPMI 1640 medium (Thermo Fisher Scien-
tific, 11875093) and held on ice for ≤2 h while samples were geno-
typed to determine chromosomal sex. Three male and three female em-
bryos were randomly selected from 2 litters, genital tubercles were dis-
sected and sorted into 2 single-sex pools, and cells were dissociated us-
ing collagenase XI (Sigma-Aldrich, C7657-25 MG). Collagenase XI
(13 mg/ml stock) was first dissolved in TESCA buffer at 37 °C for 5 min
and a working solution was prepared at 1.3 mg/ml in PBS containing
10% heat-inactivated fetal bovine serum. Genital tubercles were
chopped into small pieces in 500 μl collagenase XI on ice and then
transferred to 1.5 ml microcentrifuge tubes, which were agitated at
37 °C for 30 min and triturated using a glass Pasteur pipette every
5 min. After digestion, cells were centrifuged at 500 rpm for 5 min at
4 °C and then were resuspended in 100 μl of 1x PBS (magnesium- and
calcium-free) with 0.04% bovine serum albumin, filtered through a
40 μm strainer (Flowmi Bel-Art H13680-0040), and the collection tube
was placed on ice. Male and female samples were loaded separately
into a 10x Genomics Chromium instrument for encapsulation, synthe-
sis, and amplification of barcoded cDNAs (10X Next GEM Single Cell 3′
Gel Bead Kit v3.1). Libraries were prepared using the Chromium Single
Cell Library kit V3 (10x Genomics) according to the manufacturer's in-
structions. After QC, Illumina libraries were sequenced on an Illumina
NexSeq 500/550 using 2x150bp paired-end reads at a depth of approxi-
mately 15,000 mean reads per cell, which exceeds the depth required
for robust, unbiased classification of cell types in heterogeneous tissues
(Pollen et al., 2014).

4.3. Single-cell sequence analysis

Raw scRNA-seq data were demultiplexed into FASTQ files, aligned
(mouse genome mm10), filtered, and UMIs and barcodes were counted
using default settings in CellRanger (v3.1 10x Genomics). The samples
consisted of 19,862 male cells with 2011 median reads per cell and
21,083 female cells with 2067 median reads per cell.

Male and female samples were merged and quality control was per-
formed using Seurat (v3.2.3) (Satija et al., 2015) package in RStudio
(v1.2.1335). To filter the data for possible doublets, free RNA, and cells
with high mitochondrial gene expression, we set the parameters at
nUMI count range of 1000–16,000, nfeatures to 1000–4000, log10-
genes per UMI greater than 0.80, a mitochondrial ratio of less than or
equal to 0.15. and genes found to be expressed in greater than 10 cells.
After filtering, 35,619 cells and 17,297 genes were retained for further
analysis. We assigned a cell cycle score to each cell according to expres-
sion of G2/M and S phase markers (Tirosh et al., 2016) using the Cell-
CycleScoring function in Seurat. We normalized and stabilized the vari-
ance of the filtered cells using the default parameters of the SCTrans-
form function in Seurat and we removed confounding effects of cell cy-
cle and mitochondrial genes. (Hafemeister and Satija 2019).

We then assessed the number of PCs to be included in downstream
analysis by PCElbowPlot and PCHeatmap in Seurat. Our initial cluster-
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ing of all cells was completed with 40 PCAs, as well as mesenchymal
clustering. The subclustering of epithelial cells had 15 PCAs. For data
dimension reduction visualization, we used UMAP and FindCluster in
Seurat at a resolution of 0.6 to assign cell clusters for each protocol.
Clusters identified t o be associated with cell cycle were removed. The
FindAllMarkers function in Seurat was used to identify the most signifi-
cantly different genes expressed in each cluster when those genes were 
expressed at least in 25% cells within the cluster and with a fold change
more than 0.25 (log scale).

To identify transcription factors that were enriched in each mes-
enchymal cluster, we first i dentified th e mo st DE  ge nes an d th en ex-
tracted the transcription factors and plotted them onto a heatmap us-
ing DoHeatmap. DE analysis was performed using the FindAllMarkers
function in Seurat with the DEseq2 test (Love et al., 2014). Differen-
tially expressed genes that were expressed at least in 25% of the cells
within a cluster and with a fold change more than 0.25 (log scale) were 
considered to be marker genes.

4.4. In situ hybridization data

In situ gene expression patterns in the mouse genital tubercle were
identified using the GenePaint digital atlas of gene expression, which is
accessible at https://gp3.mpg.de/(Visel et al., 2004). GenePaint set ID
numbers are provided for each gene in the legend to Fig. 2.

4.5. Sequence and gene ontology analyses

Sequences were examined for transcription factor binding sites us-
ing LASAGNA-Search 2.0 (Lee and Huang, 2013). Gene ontology (GO)
analysis was conducted using PANTHER (v16) (Mi et al., 2013) to find
significant biological processes associated with the top genes found in
each cluster. These terms were used to aid in cell cluster characteriza-
tion. The top 50 genes (or the maximum number of genes if there were 
less than 50 genes identifying the cluster) identified using FindAllMark-
ers were used for cluster classification analysis.

Data and code availability

The data described in this publication have been deposited in NCBI's
Gene Expression Omnibus (Edgar et al., 2002) and are accessible
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nlm.nih.gov/geo/query/acc.cgi?acc=GSE175498). Data Dissemina-
tion: To increase rigor, reproducibility, and transparency, raw sequenc-
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into the GUDMAP consortium database and are fully accessible at
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