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ABSTRACT

The evolutionarily conserved transcription factor, TbxI8, is expressed in a dynamic pattern throughout
embryonic and early postnatal life and plays crucial roles in the development of multiple organ systems.
Previous studies have indicated that this dynamic function is controlled by an expansive regulatory structure,
extending far upstream and downstream of the gene. With the goal of identifying elements that interact with the
Tbx18 promoter in developing prostate, we coupled chromatin conformation capture (4C) and ATAC-seq from
embryonic day 18.5 (E18.5) mouse urogenital sinus (UGS), where Tbx18 is highly expressed. The data revealed
dozens of active chromatin elements distributed throughout a 1.5 million base pair topologically associating
domain (TAD). To identify cell types contributing to this chromatin signal, we used lineage tracing methods with
a Tbx18 Cre “knock-in” allele; these data show clearly that Thx18-expressing precursors differentiate into wide
array of cell types in multiple tissue compartments, most of which have not been previously reported. We also
used a 209 kb Cre-expressing TbxI8 transgene, to partition enhancers for specific precursor types into two
rough spatial domains. Within this central 209 kb compartment, we identified ECR1, previously described to
regulate Tbx18 expression in ureter, as an active regulator of UGS expression. Together these data define the
diverse fates of Tbx18+ precursors in prostate-associated tissues for the first time, and identify a highly active
TAD controlling the gene's essential function in this tissue.

1. Introduction

The TbxI8 gene encodes a deeply conserved T-box transcription
factor (TF) that is expressed dynamically throughout development,
with central roles in the differentiation of mesoderm-derived cell types
in a wide variety of embryonic tissues (Naiche et al, 2005;
Papaioannou, 2014). As a testament to this gene's essential functions,
Tbx18 null mutant (Thx18~") mice die perinatally, with abnormalities
of the axial skeleton, hydroureter and hydronephrosis as the most
obvious visible phenotypes (Airik et al., 2006; Bussen et al., 2004).
However, mutant animals also display defects in the heart, kidneys,
and inner ear, trabecular bone and other tissues (Bohnenpoll et al.,
2013; Cai et al., 2008; Wu et al., 2013).

We previously described a mouse reciprocal translocation, called
12Gso, which breaks approximately 70 kb downstream of the Tbx18
gene and reduces its function in a tissue- and developmental time-
specific manner, creating a hypomorphic loss-of-function (LOF) allele
(Bolt et al., 2014). The translocation acts by disrupting a conserved
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“gene desert” region surrounding TbxI8, and separating the Tbx18
promoter from downstream enhancers including an element called
ECR1, which drives the continued expression of TbxI8 expression
during later stages of ureter development. These data indicated that the
Tbx18 gene desert houses a complex regulatory landscape extending
far from the gene's promoter. One previous study showed that a Tbx18-
containing 209 kb bacterial artificial chromosome (BAC) transgene
could recapitulate most, but not all, of the gene's pattern of develop-
mental expression (Wang et al., 2009). However, the full extent and
structure of the TbxI8 regulatory domain has not been elucidated in
any tissue.

Unlike Thx18 full knockout alleles, 12Gso mutant animals can
sometimes survive to adulthood, permitting us to examine Tbx18 LOF
phenotypes in tissues that develop postnatally. Using 12Gso together
with a LoxP-flanked (floxed) conditional Tbx18 allele we recently
showed that Thx18 deficiency is associated with significant abnormal-
ities in urethra-proximal regions of the anterior prostate lobe
(Bolt et al., 2016). These abnormalities include the failed development
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of stromal smooth muscle cells and the appearance of inflammatory
myofibroblasts, accompanied by a massive disorganization of the
adjacent epithelium. We further showed that ThxI8 is expressed
transiently in the caudal urogenital sinus (UGS), the embryonic
structure from which the prostate develops, during a brief period
peaking at embryonic day 18.5 (E18.5), just before the time of birth.
Since 12Gso mutants display the prostate phenotype, we reasoned that
enhancers essential to UGS expression during this critical perinatal
period would be found downstream of the gene, and beyond the
boundaries of the 12Gso translocation (Bolt et al., 2016).

With the goal of mapping long-distance enhancers that interact
with the Thx18 promoter during prostate development, we carried out
circular chromosome conformation capture (4C) and transposase-
based mapping of open chromatin domains (ATAC-seq) in chromatin
isolated from E18.5 UGS tissue. The data reveal an extended landscape
of promoter-contacting regions throughout a 1.5-2 million base pair
(Mbp) domain surrounding the TbxI8 gene; this domain is roughly
consistent with a region defined as the primary TbxI8 topologically
associating domain (TAD) (Dixon et al., 2012). We combined these
chromatin profiles with Cre-Lox-based lineage-tracing studies to assign
elements controlling Thx18 expression in precursor cells with specific
adult fates to subdomains within the TAD. Together, these data point to
the locations of long-distance enhancers, including the previously identi-
fied element ECR1, that regulate Tbx18 in a surprisingly large array of
precursor cell types at a key stage in urogenital tract development.

2. Materials and methods
2.1. Mice and lineage tracing

B6.Cg-Gt(ROSA)26Sortm6(CAG’ZSG‘ee“I)Hze/ 7 (ZsG) reporter mice
(Madisen et al., 2010), Tbx18:Cre (Cai et al., 2008) knock-in
allele, B6.Cg-Tg(Tbx18-iCre)3Fech/J (TbxI8:BAC-iCre) transgenic
mice (Wang et al.,, 2009) and ECRI1-Lacz transgenic animals
(Bolt et al., 2014) were all maintained by crossing heterozygous Cre-
expressing animals to C3H/HeJ x C57BL/6J hybrid mice. All animal
care and procedures in this study were carried out under strict
adherence to the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The protocol was approved by
IACUC with protocol #15245 at the University of Illinois. The Cre
lineages were studied by breeding male Tbx18:Cre/+ heterozygous and
Tbx18:Bac-iCre animals with ZsG/ZsG homozygous females. For timed
pregnancies vaginal plugs were checked in the morning after mating
and noon was taken as E0.5. Genomic DNA was prepared from tail
snips and used for genotyping by PCR. Primers used for PCR are listed
in Supplemental Table 6.

2.2. Lineage tracing and immunohistochemistry

Tissues were dissected at the appropriate age in cold phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) over-
night at 4 °C. Tissues were dehydrated and fixed in paraffin wax and
then cut into 4-6 pm sections. For lineage tracing the green fluores-
cence (ZsGreen) was visualized directly. For immunohistochemistry,
the sections were incubated overnight at 4°C with the following
antibodies MHC (DSHB, MF20, 1:50), NeuN (Millipore, ABN91,
1:200), Serotonin (Novus, 5HT-H209, 1:100). Following washes, the
secondary antibodies Donkey anti mouse IgG 594 (Invitrogen, R37115,
1:200) and Goat anti Chicken IgG 594 (Invitrogen, A-11042, 1:200)
were applied as appropriate at room temperature for 1 h. After washes,
counterstaining with Hoescht 33342 (Invitrogen, H3570) and cover-
slipping, the sections were imaged in the Hamamatsu Nanozoomer and
Carl Zeiss confocal microscope LSM710.
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2.3. LacZ staining

For whole-mount LacZ stains the fresh tissue samples were washed
and fixed in ice cold 4% PFA and 5-bromo-4-chloro-3-indolyl-p-d-
galactopyranoside (X-Gal; Invitrogen, 15520034) staining was applied
as per the protocol outlined in (Loughna and Henderson, 2007). For
thin section staining, the lower abdomen was isolated, fixed in 4% PFA
and frozen in OCT (Tissue-Tek, 4583) media. 10 pm sections were cut
and then X-gal was applied, also as outlined by Loughna and
Henderson (2007). Nuclear Fast Red (Vector Laboratories, H-3403)
was applied for counterstaining the nuclei.

2.4. Chromatin conformation capture (4C)

Chromatin conformation capture was performed essentially as
described in (Gheldof et al., 2012) with these modifications. Each
individual biological replicate was produced from five male E18.5
urogenital sinuses dissected from CBA x C57BL/6 F1 embryos. Tissues
were disaggregated by treatment with collagenase then fixed with 1%
PFA for 10 min at room temperature. Approximately five million cells
were used for each replicate. Chromatin was digested with three
additions of 400U DpnIl (NEB cat# R0543), followed by ligation,
and a second digest with 400U HindIII (NEB cat# R0104).
Independent chromosomal libraries from biological replicates were
amplified with viewpoint primers (Suppl Table 1). The forward and
reverse primers map to the genomic interval chr9:87626944-87627578
on Mm9. Samples were sequenced on an Illumina HiSeq. 2500
producing 30 million reads per sample. Mapping and the computa-
tional identification of peaks were performed on HTSstation (David
et al., 2014; Noordermeer et al., 2011). The 4C-seq reads are quantified
and normalized by dividing each fragment score by the mean number
of fragment scores that are located within a 1Mbp region upstream and
downstream of the viewpoint. These profiles were then corrected by the
HTSstation algorithm which adjusts for non-specific interactions as a
function of linear distance on the DNA strand. The profiles were then
smoothed on a sliding window of eleven restriction fragments. All
sequences from this project, including 4C and ATA-seq data (below)
have been deposited in the GEO database under accession number
GSE123102.

2.5. ATAC-seq

ATAC-seq libraries were produced using a pool of 5 male urogenital
sinuses that were treated with collagenase to disaggregate into single-
cells. Cells were counted and 50,000 individual cells (96% viability)
were treated as described in Buenrostro et al. (2015). We sequenced
the ATAC library in HiSeq. 2500 in two batches and obtained 55.4 M
and 20.6 M single end reads. We trimmed the reads to remove the
Nextera transposase sequences at the ends using Trimmomatic (Bolger
et al., 2014). We aligned the reads using Bowtie2 with default
parameters (Langmead and Salzberg, 2012) to mm9 with a 51% overall
alignment rate. We called peaks using Homer (Heinz et al., 2010) using
default parameters and generated wiggle files to view on the UCSC
browser (Kent et al., 2002). To identify related human regions, we
performed a liftOver of these peaks to hgl9 in the UCSC browser
platform. We cross-referenced the human liftOver coordinates with
coordinates of peaks from the Encode DNasel Hypersensitive Sites
(DHS) track (John et al., 2011; Thurman et al., 2012). Additionally, we
used Homer to correlate the mouse ATAC-seq peaks to nearest
promoter regions genome-wide, and cross-referenced these peak-
associated genes to UGS expression levels using our previously
published RNA-seq data set from E18.5 UGS (Bolt et al., 2016).
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Fig. 1. 4C-seq and ATAC-seq reveal the regulatory structure of the Thx18 locus in E18.5 male urogenital sinus. (A) 4C-seq using a viewpoint located at the Tbx18 promoter (red line)
shows the Tbhx18 topologically associating domain extends over a 1.5Mbp region. The asterisk (*) indicates a strong interaction peak with the Tbx18 promoter. This peak contains the
ECRI1 enhancer. The indicated TADs are from Dixon et al. (2012) and Lieberman-Aiden et al. (2009)). The two 4C tracks are biological replicates. See Methods section for details on the
scaling and smoothing of the 4C. The bottom track of (A) is ATAC-seq for the region. (B) Expansion of the portion of the Tbx18 locus included in the BAC RP23-35307. ATAC-seq
indicates multiple putative enhancer elements in this subregion. The ECR1 enhancer, which encompasses the 12Gso breakpoint is indicated. This region is also a strong contact for the
Tbx18 promoter and includes a highly accessible element just distal to the 12Gso breakpoint (blue arrowhead). VP is the Tbx18 4C-seq viewpoint.

3. Results

3.1. Tbx18 promoter contacts are distributed throughout a 1.5 Mb
topologically associating domain

To identify regulatory elements contacting the Tbx18 promoter in
the E18.5 male caudal UGS, we carried out circularized chromatin
conformation capture (4C) experiments using hight throughput se-
quencing near the TbhxI18 promoter as the “viewpoint” (see Methods).
The experiments were carried out in duplicate on separate pools of
tissue and both libraries were sequenced to collect a total of more than
30 million sequence reads. Reads were analyzed using the HTStation
software (David et al., 2014) to reveal broad peaks extending from the
Tbx18 promoter both upstream and downstream, over a distance of
approximately 2 Mbp (Fig. 1). The highest peak density was found
within a smaller region including Tbhx18 neighbors 4922501 CO3Rik in
the centromeric direction, to Snx14 and Syncrip located telomerically
(Fig. 1A). This region corresponds roughly to the boundaries of the
topologically associating domains (TADs) determined for the ThxI18
region in mouse and human Hi-C experiments (Fig. 1A) (Dixon et al.).

Synteny is conserved in the human and mouse regions extending
1 Mbp downstream of Tbx18, suggesting that the same genes and
elements are likely to be in influencing Tbx18 gene expression in both
species. However, an evolutionary rearrangement has disrupted
mouse-human synteny upstream of TbxI8, in the mouse telomeric
direction. Specifically, TbxI8 and its downstream neighbors, as well as
upstream genes up to and including Syncrip, are all similarly organized
on human chromosome 6 (chr6). However, genes beyond Syncrip in
mouse chr9 do not map to human chr6; instead they cluster together
on human chr4. This evolutionary breakpoint coincides well with the
telomeric ends of the experimentally determined, conserved mouse
Tbx18 TAD (Fig. 1A). The TAD contains approximately 10 broad peaks
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identifying the approximate locations of sequence elements in contact
with the Tbx18 promoter in E18.5 UGS cells, detected with excellent
reproducibility in the replicate experiments (Figs. 1 and 4C tracks).

3.2. Genome-wide open chromatin maps define positions for
regulatory elements within Tbx18 promoter-contacting peaks

To more precisely delineate the locations of active enhancers within
the broad 4C peaks, we carried out ATAC-seq, a transposase-based
method that allows identification of open, or accessible chromatin
positions genome-wide from small numbers of input cells (Buenrostro
et al., 2015) (Supplemental Table 2).

Open chromatin profiles have not been published for UGS at any
developmental stage, making quality genome-wide profiles potentially
useful beyond the purposes of this study. To assess the quality of these
data, we first asked whether the ATAC-seq peaks correlated well with
genome features known to be associated with open chromatin marks in
eukaryotic genomes (Suppl Table 2). For example, as expected, E18.5
UGS ATAC-seq peaks were especially enriched near (within 2 kb of) the
annotated promoters of genes expressed in the UGS genome-wide;
furthermore, most of the peaks with the highest levels of ATAC-seq
enrichment were promoter-linked, as expected (Supplemental Table 4).
Furthermore, ATAC-seq promoter peak height correlated roughly with
previously determined E18.5 UGS gene expression levels ((Bolt et al.,
2016), Supplemental Table 3). Thus, the ATAC-seq peaks correlate well
with features expected of open chromatin domains.

In addition, a large number of less highly enriched non-promoter
peaks were also detected throughout the genome, including in the
Tbx18 TAD region (Supplemental Table 2; Figs. 1A, 1B). All but eight
of the ATAC peaks in the Thx18 TAD region are well conserved in the
human genome, and overlap very well with ENCODE-analyzed DNasel
hyper-sensitive sites determined in a panel of human cell lines
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(citation; Suppl. Table 5), suggesting conserved regulatory activity. One
of these conserved ATAC-seq peaks with a DNasel HS site, located
under a distal 4C-peak positioned downstream of Tbx18, is contained
within the previously defined ECR1 enhancer region, which lies near
the end of TbxI8-containing BAC clone RP23-35307 (Fig. 1B,
Supplemental Table 5).

3.3. Lineage tracing experiments define broad functional territories
within the Tbx18 TAD

These data defined a large active TAD with broad 4C peaks
containing a significant number of potentially novel UGS enhancers.
However, the UGS and closely apposed tissues (which would have been
included in our dissections) is comprised of a mix of different cell types
at E18.5. ATAC-seq and 4C-seq peaks could be contributed by any
relatively abundant UGS cell type. At this developmental stage,
undifferentiated mesenchymal cells comprise the predominant cell
type, although epithelial cells, neurons, and other cell types are also
present in the tissue samples. Enhancers can exist in various regulatory
states: active, primed, and poised (Cruz-Molina et al., 2017; Rada-
Iglesias et al., 2011; Zentner et al., 2011). In agreement, the observed
4C peaks could represent cells in which Tbx18 is being actively
expressed, repressed, or consisting of a constitutive architectural state
at the E18.5 time-point.

To define the cell types expressing Tbx18 at or around E18.5 with
an eye toward later tracing the adult fates of those cells, we used a Cre-
Lox based lineage-tracing approach. For this purpose, we used a
previously published mouse strain in which the Cre gene had been
“knocked in” to exon 2 of the native TbxI8 locus (Tbx18:Cre;
(Cai et al.,, 2008)). We crossed this strain to animals carrying a
ZsGreen (modified GFP) reporter gene held silent by a loxP-flanked
upstream stop codon (Gt(ROSA)26Sortm6(CAG'ZSGree“1)Hze/J ; (Madisen
et al., 2010); hereafter abbreviated ZsG). In animals carrying both the
Tbx18:Cre and ZsG allele, Tbx18-expressing (Tbx18+) cells will be
fluorescently labeled; once the floxed stop codon has been excised by
Cre in a Tbx18+ precursor cell, all descendants of that cell will also be
labeled, allowing a determination of their ultimate adult fates.

We also employed lineage mapping for another purpose: that is,
with the goal of subdividing the large Tbx18 TAD into subdomains
harboring enhancers active in different subsets of UGS-associated cells.
Specifically, we used the 209kb BAC transgene, described above
(Tbx18:BAC-icre), in which BAC RP23-35309 has been modified by
“knocking in” a Cre recombinase gene into the TbhxI8 gene resident in
the BAC, and used to create a transgenic mouse line (Wang et al.,
2009). As also mentioned, Tbx18:BAC-iCre drives reporter expression
in a pattern that mirrors Tbx18 expression faithfully in many cell types
and tissues, but does not recapitulate all native Tbx18 domains ((Wang
et al., 2009) and see below). This finding is consistent with the fact that
the BAC encompasses only a subset of TbxI8 promoter-contacting
DNA elements (Fig. 1B).

Using the Tbx18:Cre and Tbx18:BAC-iCre alleles in parallel thus
offered the possibility of subdividing the Tbx18 TAD into functional
subdomains. To test this strategy, we crossed animals carrying each
allele to mice carrying the floxed ZsG reporter and collected tissues
from doubly heterozygous offspring at different ages. We focused on
reporter expression at E18.5, but also collected tissues at later stages
with an eye toward identifying the adult fates of the Tbx18+ cells. We
examined cell types contained within the UGS proper but also closely
adherent cells that would have been included in gene expression and
chromatin analysis.

We previously reported that the Tbx18 transcript and protein are
expressed in the UGS as early as E16.5 (Bolt et al., 2016). At this stage
expression is limited to a cluster of UGS mesenchymal cells that closely
surround dorsal and anterior portions of the prostatic urethra (Bolt
et al., 2016). The Tbx18:BAC-iCre allele was also shown previously to
drive low level expression from a floxed beta-galactosidase-expressing
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LacZ reporter gene in the UGS as early as E15.5 (Wang et al., 2009).
We examined ZsG expression driven both the TbxI18:Cre and
Tbx18:Bac-iCre alleles at E16.5, and confirmed low levels of labeling
concentrated in the dorsal and anterior regions of the prostatic urethra,
very similar to the pattern reported previously (Bolt et al., 2016).

Also consistent with quantitative RT-PCR (qRT-PCR) and immu-
nohistochemistry (IHC) data indicating peak Tbx18 UGS expression
around the time of birth (Bolt et al., 2016), we also detected high levels
of ZsG labeling in UGS sections from animals carrying the native
Tbx18:Cre knock-in together with the floxed ZsG allele (Tbx18:cre/+,
7ZsG/+) at E18.5. We first examined transverse sections taken from a
relatively anterior position, near the base of the bladder where the
prostate buds have begun to form. At this stage and in this location,
Tbx18:Cre-driven ZsG labeling was widespread throughout the UGS
mesenchyme in both dorsal and ventral directions, including cells
surrounding the base of the seminal vesicles (SV) and ejaculatory ducts
(ED), around the prostatic urethra (UR), and around the buds of
prostatic epithelium extending into the mesenchyme (arrowhead in
Fig. 2A). In contrast, the Tbx18:BAC-iCre allele drove ZsG expression
primarily in the dorsal portions of the UGS in comparable anterior
sections, with limited ventral labeling (Fig. 2B).

In more posterior sections of TbxI18:Cre/+, ZsG/+ UGS, ZsG
expression was driven in cells forming a ring surrounding the urethra
(Fig. 2E). However, this domain of ZsG expression was not detected in
the Tbx18:BAC-iCre, ZsG+ embryos (Fig. 2F). The ring of cells labeled
by Tbx18:Cre yielded a strong positive signal when the sections were
stained with an antibody to myosin heavy chain, a marker for skeletal
muscle, confirming that the ring of cells labeled exclusively in
Tbx18:Cre/+, ZsG/+ embryos are skeletal muscle precursors (yellow
cells in Fig. 2E). The ring of MHC+ cells was arranged similarly to
those that will later give rise to the skeletal muscle of the rhabdo-
sphincter (Borirakchanyavat et al., 1997; Oelrich, 1980; Sebe et al.,
2005) (Fig. 6C), suggesting that Tbx18 is expressed in cells destined for
the rhabdosphincter fate.

Also labeled by the endogenous Tbx18:Cre knock-in but not by the
Tbx18:BAC-iCre allele was the loose band of mesenchymal cells
exterior to but in close apposition to the UGS (Figs. 2G, 2I); both
Cre alleles labeled the mesothelial lining around the developing organ
(Fig. 2H. 2J). Although the identification of TbxI8 expression in
skeletal muscle cells was surprising, each of these cell types is
mesenchymally derived. Even more surprisingly, however, we found
clear examples of ZsG labeling driven from both of the Cre alleles in
cells of other embryonic types. For example, the Tbx18:Cre drove
expression of the floxed ZsG reporter in urothelial cells forming the
inner lining the prostatic urethra (Fig. 2C); these cells were not labeled
by the Tbx18:BAC-iCre (Fig. 2D). Moreover, with both Cre alleles, we
saw ZsG expression in the pelvic ganglia (PG), which develop to provide
the major innervation of the bladder and prostate (Keast, 2006). Like
other peripheral ganglia, PG cells are of neural crest origin (Wiese
et al., 2017, 2012) an embryonic lineage not previously linked to Tbx18
activity. Widespread ZsG labeling was detected in PG with the
Tbx18:Cre at E18.5, with stronger expression driven by the transgenic
Tbx18:BAC-iCre allele but in a more limited number of PG cells
(Figs. 2A, 2B; Figs. 3A, 3D).

The ZsG+ cells in the PG were of two types at this stage in both
animals: (1) round cells with large nuclei and cell bodies, and (2)
elongated cells, many of which appeared to encase the large round cells
(Figs. 2A, 2B; Figs. 3A, 3D). In the PG, these different cell shapes are
associated with (1) progenitor cells or differentiated neurons and (2)
satellite glia, which wrap and protect sympathetic neurons either singly
or in clusters, respectively (Armati and Mathey, 2013). The majority of
ZsG+ cells were of the latter type, although especially in the
Tbx18:BAC-iCre images, rounds cells were also brightly labeled with
7ZsG (Figs. 3A, 3D). We asked whether these round cells were neurons
or undifferentiated progenitors by staining sections with NeuN, an
established marker for differentiated neuronal cells. In both cases, a
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Fig. 2. E18.5 UGS lineage tracing using TbxI18:Cre and Tbx18:BAC-iCre alleles. Immunofluorescence (A-D, G-J) and Immunohistochemistry (E, F) of transverse sections at E18.5. Cre-
expressing lineages are marked by ZsGreen (ZsG; Green) and nuclei are counter-stained with Hoechst (Blue). The Tbx18:Cre allele gives rise to strong and widespread ZsG labeling in the anterior
UGS mesenchyme (A) in contrast to Tbx18:BAC-iCre which labels cells only in regions dorsal to the UR (B). White arrowheads mark anterior buds (A, B). Surface urethral epithelial cells are
labeled by the Tbx18:Cre (C) but not by Tbx18:BAC-iCre allele (D). Tbx18:Cre lineage labeling is intense in a ring of posteriorly located muscle cells that becomes the rhabdosphincter (E) but
Tbx18:BAC-iCre does not label these cells (F), which stain positive for the Myosin heavy chain antibody (MHC; in red). The loose mesenchyme surrounding the UGS is labeled with Tbx18:Cre
(G) but not Thx18:BAC-iCre (1); see Figs. 6A, 6B. Mesothelium, marked by white arrowheads (H, J) is marked by both Cre alleles. Abbreviations DD: Ductus deferens; PG: Pelvic ganglia; SV:
Seminal vesicles; UR: urethra. Scale bars are 100 pm.
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Crel+, ZsG/+

Tbx18

BAC-iCre, ZsG/+

Tbx18

Fig. 3. Cells marked by Tbx18:Cre and Tbx18:BAC-iCre alleles in the E18.5 Pelvic
Ganglia. Immunohistochemistry of transverse sections of the pelvic ganglia at E18.5 with
the NeuN antibody identify the presence of differentiated neurons. Lineages labeled with
the endogenous Tbx18:Cre and the Tbx18:BAC-iCre alleles are marked by ZsGreen
(Green) and nuclei are counter-stained with Hoechst (Blue). The Tbx18:Cre allele marks
a larger population of cells in the pelvic ganglia including a few that co-stain lightly with
the neuronal marker NeuN (white arrowheads in A, B, and C). Tbx18:BAC-iCre also
labels cells in the E18.5 pelvic ganglia, and including some brightly stained NeuN+
neurons, arrowheads in (D, E, F). Scale bars are 100 um.

subset of the NeuN+ cells were also labeled with ZsG, more in number
in the TbxI8:BAC-iCre sections than for the TbxI8:Cre samples
(arrowheads in Figs. 3C, 3F). In sections from animals of both
genotypes, the elongated glial cells were labeled with ZsG but did not
co-stain with NeuN, as expected. However, in both cases, we detected
NeuN+ cells without ZsG label. These data suggested that the
Tbx18:Cre and Tbx18:BAC-iCre drive expression in progenitor cells
somewhere along the path to the commitment to neuron or glial cell
lineages, with the fate of labeled cells biased toward the satellite glial
cell fate.

3.4. Adult fates of Tbx18-expressing UGS cells

To better understand the identities of labeled cell types, and in
particular the ultimate fates of those cells, we also examined prostates
and closely associated supporting tissues from adult animals. Both Cre
alleles labeled cells in the fibromuscular stroma of the prostate lobes,
particularly in urethral-proximal regions of the anterior and dorsolateral
lobes (Fig. 4A-F). In animals carrying either Cre allele, ZsG-labeled cells
corresponded to both major prostate stromal cell types, fibroblasts and
SMC, as evidenced by staining with vimentin (VIM), and smooth muscle
actin (SMA) antibodies, respectively (Fig. 4G-J). We also detected bright
ZsG labeling in other cell types in and around the prostate lobes including
some with a surprising connection to Tbhx18.
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For example, in the prostate epithelial compartment we detected
isolated, dispersed cells in both genotypes; staining with the serotonin
(5-HT) antibody revealed all of these to be the neuroendocrine cells
(NEC) of the prostate (Fig. 5E-F, arrowheads). Like cells within the PG,
NEC are derived from neural crest precursors (Szczyrba et al., 2017),
making this a second type of Tbx18+ cells of this lineage. Within the
adult pelvic ganglia, most ZsG+ cells were of the satellite glial type,
stretched around neuronal cells in a continuous, elongated layer
(Fig. 5C,), stained with s100, a marker for satellite glia (Yan and
Keast, 2008). These elongated cells were also labeled with ZsG+ in the
Tbx18:BAC-iCre animals (Fig. 5D); additionally, and uniquely in the
Tbx18:BAC-iCre, ZsG+ mice, the cell bodies of large, round cells were
labeled (Fig. 5Bi). These round cell bodies also tested positive for NeuN
(Fig. 5Bii) indicating that, Tbx18:BAC-iCre actively drives Cre expres-
sion in precursors of both pelvic ganglion satellite glia and neuronal
cells. We also saw lineages of both Tbx18:Cre and Tbx18:BAC-iCre in
cells around blood vessels (data not shown).

Looking at other cell types closely associated with the prostate but
not integral to it, we detected very strong ZsG labeling in the adult
adipose tissue with the TbxI8:Cre allele (Fig. 6A). ZsG was also
detected within the same periprostatic adipose depots in Tbx18:BAC-
iCre, ZsG+ mice, but in significantly fewer cells and at much reduced
intensity (Fig. 6B). This difference suggests that mesenchymal cells
destined to differentiate into prostate-associated adipocytes express
Cre from the native Tbx18 allele, but not, or significantly less so, from
the Tbx18:BAC-iCre transgene. The exact origins of these fat depots is
not clear, but they should be derived from a mesenchymal cell type not
labeled with the Tbx18:BAC-iCre allele. Candidate tissues thus include
the loose band of mesenchymal cells surrounding the UGS at E18.5
(Fig. 2G), or possibly, cells of the anterior/ventral regions of the E18.5
UGS. Alternatively, the periprostatic fat cells could be derived from
cells outside the UGS proper, or from cells that express TbxI8 after
E18.5. Whatever their origins, these data show that Tbx18 is expressed
in cells that are fated to become periprostatic fat.

A final stark difference between the two Cre-expressing alleles was
observed in the very strong labeling of skeletal muscle cells of the
external rhabdosphincter in mice driving ZsG from Tbx18:Cre
(Fig. 6C); these muscle cells were not labeled in animals expressing
7sG from the Tbx18:BAC-iCre driver (Fig. 6D). This result is consistent
with activities of the two Cre alleles in the ventrally- and caudally-
located ring of mesenchymal cells at E18.5 (Figs. 2E, 2F), and confirms
the Tbx18+ origins of those skeletal muscle cells.

3.5. The ECRI enhancer is expressed in developing prostate

Together these data define cell types expressing T7bx18 in the E18.5
UGS, including a majority of mesenchymal cells with a surprising
variety of adult cell fates, but also a less numerous but nonetheless
significant population of cells derived from the neural crest. The
comparison between expression driven by 7TbxI8:Cre and the
Tbx18:BAC-iCre transgene allow us to divide the Tbx18 TAD region
into rough functional domains, including enhancers within the bound-
aries of the BAC transgene or beyond its limits, either upstream or
downstream of the Tbx18 gene (Fig. 8). Thus, we can surmise that
elements functional in the population of UGS mesenchymal cells that
give rise to most prostate-associated adipose tissue and skeletal
muscle in the external rhabdosphincter, map outside the region
spanned by BAC RP23-35307. On the other hand, enhancers
required for expression of Tbx18 in stromal fibroblasts and SMC,
neuroendocrine cells within the prostate epithelial compartment, and
satellite glia within the pelvic ganglia appear to all be contained
within the 209 kb BAC region (Fig. 8).

Previously, we leveraged the fact that the 12Gso translocation
breaks just within the region spanned by BAC RP23-35307 to identify
the ECR1 enhancer, which is required to maintain expression of Tbx18
in later embryonic stages of ureter development (Bolt et al., 2014).
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Tbx18:BAC-iCre, ZsG/+

Dorso-lateral Prostate  Anterior Prostate

Ventral Prostate

Fig. 4. Adult lineages labeled by Tbhx18:Cre and Tbx18:BAC-iCre alleles in the prostate. Cre-expressing lineages are marked by ZsGreen (Green) and nuclei are counter-stained with
Hoechst (Blue). Panels marked by roman numeral ii (Aii-Fii) are high resolution images crops of areas marked by arrowheads in the corresponding roman numeral i panels (Ai-Fi).
Tbx18:Cre labels cells the prostatic stroma derived from mesenchymal cells in the Anterior lobe (A), and Dorso-lateral lobe (C) but not in the ventral lobe (E). The Tbx18:BAC-iCre
allele, in contrast, labels stromal cells in all three lobes (B, D,F). Immunohistochemistry of the stroma cells using antibodies that are markers verify the identity of the cell types (G-J).
Tbx18:Cre and Tbx18:BAC-iCre label the smooth muscle cells (G, I), marked by smooth muscle actin (SMA), and fibroblasts (H, J), stained with marker Vimentin (VIM). White arrows
point to overlap of lineage-traced cells with each marker (G-J). Scale bars correspond to 50 um.

Interestingly, the ECR1 sequence also includes the only ATAC peak we
found within the most distal 4C peak included in the BAC (Fig. 1B).
These data suggested that ECR1 is active in developing UGS as well as
in the ureter. The enhancer marked by the E18.5 UGS ATAC-seq peak
is at the centromeric end of ECR1, and thus located just beyond the
12Gso breakpoint site (Fig. 1B). Along with any other enhancers
downstream of the translocation breakpoint, separation of this ECR1-
encompassed enhancer from the Tbx18 promoter could thus play a
functional role in the prostate phenotype we detected in Thx18 mutant
mice (Bolt et al., 2016).

We showed previously that ECR1 drives expression in developing
ureteric mesenchyme by analyzing expression of a transgenic construct
containing this sequence element, cloned upstream of a LacZ-expres-
sing enhancer reporter (Bolt et al., 2014). To ask whether ECR1 is
expressed in developing prostate, we collected UGS from the same
transgenic line and stained the sectioned tissue with the colorimetric
reporter X-gal.
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The data confirmed that ECR1 indeed can drive reporter expression
in the E18.5 UGS. Enhancer activity is highest in the mesenchymal
cells clustered closely adjacent to and dorsal of the prostatic urethra, in
a pattern very similar to the Tbx18 expression pattern at E16.5
(Fig. 7C). Transverse sections collected from anterior to posterior
positions (rostrally-to-caudally) throughout the E18.5 UGS of ECR1
transgenic mice provided a three-dimensional view of the enhancer's
activity. Mesenchymal cells scattered around the UGS mesenchyme
and just beginning to condense around the distal tips some prostatic
buds were also labeled by the ECR1-driven reporter, although at much
less intense levels than the urethra-proximal cells at this developmental
stage (Fig. 7E). These LacZ-expressing mesenchymal cells represent a
subset of the expression pattern driven by the Thx18-BAC-iCre allele at
this same time point (Fig. 2B, refer to ZsG staining), consistent with the
fact that ECR1 sequence is contained within the region spanned by
BAC RP23-35307. In addition, a small number of cells were labeled in
the E18.5 pelvic ganglia; in this case, the cells labeled by ECR1
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Fig. 5. Tbx18:Cre and Tbx18:BAC-iCre expressing cells give rise to adult neurons and glia. Cre-expressing lineages are marked by ZsGreen (Green) and nuclei are counter-stained with

Hoechst (Blue). Tbx18:Cre and Tbx18:BAC-iCre strongly label lineages in the pelvic ganglia (A-D) as well as neuroendocrine cells (E, F) in the prostate epithelial compartment. Panels
A-D include sub-panels marked with roman numerals that are the same section imaged with different wavelength channels. Thx18:Cre does not label mature neurons in the pelvic
ganglia, which are stained with the neuronal NeuN antibody (Aii), although these mature neurons are labeled by the Tbx18:BAC-iCre (Bii); white arrows. All cells marked in the pelvic
ganglia by the Tbx18:Cre are satellite glia cells that wrap around the neurons, detected with marker S100 (Ci-iii). Tbx18:BAC-iCre also labels the satellite glia (Di-iii); white arrowheads.
In addition, both Cre alleles mark neuroendocrine cells within the prostate epithelial compartment strongly (E-F), as confirmed by staining with an antibody to Serotonin (5-HT). Panels
(Eii, Fii) are high resolution images crops of their corresponding panels (Ei, Fi) with arrowheads pointing to neuroendocrine cells. Scale bars correspond to 50 pm.

corresponded to much smaller number than labeled by the BAC
transgene (Fig. 3D). These data indicate that promoter-contacting
sequences within this downstream 4C peak contain an enhancer
driving Tbx18 expression in urethral-proximal mesenchymal cells in
the E18.5 prostate and a subset of pelvic ganglion cells.

4. Discussion and conclusions

Previous studies have pointed to a large and complex regulatory
domain for the Tbx18 gene (Bolt et al., 2014), and the primary purpose
of this study was to define the reach, subdomain structure, and cell
type-specific regulatory activities within this domain in developing
prostate. The data confirm that in E18.5 UGS, the Tbx18 promoter is in
contact with chromatin elements spread over a large domain, corre-
sponding well in both size and position to the regional topologically
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associating domain determined by Hi-C experiments in human and
mouse (Dixon et al., 2012). Within the broad 4C peaks, ATAC-seq
peaks highlighted smaller regions of accessible chromatin, suggesting
more precisely the positions of potential active enhancer elements
active in the UGS at E18.5. Since most of these accessible elements in
the TbxI8 region are conserved and correspond to DNasel hyper-
sensitive sites in human cells, homologous sequences are likely to
correspond to enhancers driving ThxI8 expression during human
prostate development as well. To our knowledge, this is the first report
of accessible chromatin elements in the UGS at any developmental time
point or in any species, and these data thus provide a resource with
potential utility beyond the specific aims of this work.

Our original expectation was that TbxI8-expressing UGS cells
would correspond primarily to mesenchymal cells destined to develop
into stromal smooth muscle cells and fibroblasts of the anterior and
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Fig. 6. Tbx18:Cre and Tbx18:BAC-iCre differentially mark adult periprostatic adipose cells and skeletal muscle of the rhabdosphincter. Cre-expressing lineages are marked by ZsGreen
(Green) and nuclei are counter-stained with Hoechst (Blue). Periprostatic fat and rhabdosphincter are each marked strongly by Tbx18:Cre (A, C) but not by Tbx18:BAC-iCre (B, D)
respectively. E, G are high magnification crops of C, D showing striations in the muscle. The striated TbxI8:Cre-labeled rhabdosphincter cells stain very strongly with the Myosin heavy
chain antibody, a marker for striated muscle (F) but these cells are not labeled with Tbx18:BAC-iCre. Scale bars correspond to 100 um.

dorsolateral prostate lobes — which, we have shown, are grossly
abnormal in Thx18 mutant adults (Bolt et al., 2016). We therefore
expected the chromatin data we generated to represent that particular
class of mesenchymal precursor cells. Mesenchymal precursors do
indeed represent the primary Tbx18+ UGS cell type at this stage,
although lineage studies have revealed that these precursor cells adopt
a surprisingly wide variety of adult cellular fates. Most of the adult cell
types labeled strongly by Tbx18:Cre in adults - stromal smooth muscle
cells, fibroblasts, and periprostatic adipose — develop postnatally, and
their precursors remain undifferentiated at E18.5 (Georgas et al.,
2015). The Tbx18+ cells at this stage might therefore reasonably be
expected to present relatively consistent gene expression and chroma-
tin profiles.

Nevertheless, several lines of evidence suggest that the Tbx18+ UGS
mesenchymal precursors are not identical, even at this early stage. For
example, as illustrated by ECR1, specific enhancers may be active only in
spatially restricted subsets of these cells. Even more strikingly, mesench-
ymal cells forming the ventral and posterior ring around the urethral
have already begun to express the myosin heavy chain protein by E18.5
and to display signs of striation, indicating that these cells are already
committed to the skeletal muscle fate. These rhabdosphincter precursors
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are relatively numerous, and are thus likely to contribute unique
chromatin and gene expression patterns to the composite tissue signals.

The very strong labeling of rhabdosphincter cells was a major
surprise to arise from our lineage tracing studies, because Tbx18 has
not been reported to be expressed in skeletal muscle precursors in the
past. However, compared to other skeletal muscle types, rhabdo-
sphincter cells have an unusual origin and differentiation history.
Specifically, these cells are derived from splanchnic rather than from
somatic mesenchyme, reportedly sharing a common embryonic pre-
cursor with smooth muscle cells of the lissopshincter (Sebe et al.,
2005). Rhabdosphincter skeletal muscle cells have been reported to
transdifferentiate from smooth muscle, a highly unusual origin for
skeletal muscle cells (Borirakchanyavat et al., 1997). Rhabdosphincter
is central to stress urinary continence and thus of significant medical
importance (Koraitim, 2008), and the developmental trajectory of
these cells remains uncertain (Georgas et al., 2015). The identification
of Tbx18 as a transcription factor that is active in the precursors of
rhabdosphincter cells may thus provide a useful tool for future studies
as well as be used as a good lineage marker for this muscle.

Even more surprisingly, we identified Tbx18+ cells that are of
embryonic lineages not previously associated with TbxI18. These
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Fig. 7. ECR1 expression in the E18.5 UGS. Using the Ecrl-Lacz transgenic animals we examined expression of the enhancer in thet E18.5 UGS using pgal staining. Whole-mount
sections showed strong expression in the UGS (A, B). To identify cell types and regions expressing LacZ, Bgal staining was done on 10 pm sections (C-G). ECR1 expression is highest in
the mesenchyme located just dorsal to the prostatic urethra (C, D, E). Mesenchymal expression is also detected around the prostatic buds (E, F; black arrow in E points to a dorso-lateral
bud). ECR1 expression is further seen in a small number of cells the pelvic ganglia (G). Scale bars are 100 um.

include a limited number of cells of endodermal origin, which form the
inner epithelial lining of the embryonic prostatic urethra; we detected
no labeling of urethral epithelium or known derivative cells in adults,
suggesting either that this Tbx18+ population is transient, or that they
adopt adult fates that are currently undocumented. A second, more
numerous group of cells expressing Tbx18 at E18.5 are known to be
derived from the neural crest; these include particularly the precursors
of satellite glia in the pelvic ganglia but also the neuroendocrine cells
that are sparsely distributed throughout the adult epithelial compart-
ment. The cells giving rise to satellite glia are weakly labeled by the
Tbx18:Cre at E16.5 (data not shown), but are very strongly labeled by
E18.5, indicating active Tbx18 expression at or just before this later
developmental stage. The origins of neuroendocrine cells and when
Tbx18 might be expressed in those cells was not captured in this study.
This is the first report of Tbx18 expression in neural crest-derived cells
in any tissue, and suggest further investigation of the T-Box protein's
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role in their differentiation and function. Glial progenitor cells are
particularly interesting in the context of this study, since they are
present in sufficient numbers to contribute to significant signals in both
chromatin and expression data discussed here.

With two Tbx18 Cre alleles used for lineage-tracing studies, we were
also able to partition the Tbx18 TAD into regional subdomains housing
regulatory elements expressed in specific subpopulations of cells. In
particular, expression of Cre from the endogenous Tbx18 allele marks
the full range of cell types summarized above. Cre driven by the
Tbx18:BAC-iCre transgene, representing genomic material that sur-
rounds Thx18 by 209 kb, also labels many of these cell types suggesting
that active enhancers required for Thx18 expression in these cells are
present within the BAC. However, rhabdosphincter precursors or most
cells giving rise to periprostatic fat are not labeled by the Tbx18:BAC-Cre
transgene, suggesting that enhancers required for Tbx18 expression in
precursors to those cell types lie outside the 209 kb BAC region (Fig. 8).
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by the BAC marked with the red dot.

Another distinction between the Tbx18:Cre and Tbx18:BAC-iCre
alleles concerns the fates assumed by labeled cells in the pelvic ganglia
in adult. In particular, the Tbx18:BAC-iCre allele appears to strongly
label differentiated neurons, while the endogenous Tbx18:Cre does
not. While other explanations are possible, we hypothesize that this
difference may suggest the presence of a repressor element located
outside the region spanned by the BAC, which serves to silence Tbx18
expression in common neuron-glia precursors after their commitment
to the neuronal fate. The other explanation of this difference could be
that the Tbx18:BAC-iCre is turned on earlier in the neuron-glia
precursor lineage due to the absence of a repressive element outside
the BAC region than the native Tbx18:Cre allele, and so marks both the
neurons and glial cells. Future experiments will aim to test these
hypotheses.

In addition to lending information regarding regulatory domain
structure, lineage tracing studies reveal novel information that further
inform the role of Tbx18 in urogenital development and health. In
particular, we had interpreted the prostate phenotype in TbxI8
mutants as resulting from a failure of the Thx18+ precursors of stromal
smooth muscle cells and fibroblasts to differentiate appropriately
(Bolt et al., 2016). These stromal cells are clearly malformed in the
mutant mice, and their developmental failure could explain epithelial
abnormalities through the disruption of essential mesenchymal:epithe-
lial signaling (reviewed by Cunha (2008)) and through inflammatory
signals generated by the myofibroblasts that appear instead of differ-
entiated smooth muscle cells (Tuxhorn et al., 2002).

However, Tbx18+ precursors give rise to a much wider range of cell
types, including several known to strongly impact prostate epithelial
development, growth and maintenance in adults, and these must now
be taken into account. For example, TbxI18+ cells of mesenchymal
origin directed to blood vessels and periprostatic fat depots could each
contribute significantly to prostate epithelial health (Hayakawa and
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Wang, 2017; Laurent et al., 2016; Zahalka et al., 2017). Furthermore,
satellite glia are essential to the survival and function of pelvic ganglion
neurons (reviewed by Armati and Mathey (2013), ) and dysfunction of
these neurons has in turn been associated with prostate disorders
(Hayakawa and Wang, 2017; McVary et al., 1994; Thiyagarajan, 2002;
Wang et al., 1991; Zahalka et al., 2017). Neuroendocrine cells are also
essential to the health of the prostate epithelium, providing neuropep-
tide hormones with profound effects on epithelial function and growth
(Abrahamsson and di Sant'Agnese, 1993; Gkonos et al., 1995). These
data suggest many paths through which TbxI18 dysfunction might
directly affect the development growth or maintenance of prostate
epithelia throughout the lifespan. Fortunately, these paths can be
examined individually through conditional knockouts and appropriate
Cre alleles.

Lineage tracing studies also revealed potential roles for TbxI8 that
may be highly relevant to urogenital health. Specifically, the very high
and uniform expression of Tbx18 in mesenchymal cells giving rise to
the rhabdosphincter, a tissue that is independently critical to urogenital
health, suggest that Tbx18 could be involved in development of other
types of important lower urogenital tract disorders.

Finally, we show that an enhancer driving TbxI8 expression in the
developing ureter (Bolt et al., 2014) is also active during early stages of
prostate development. ECR1 is active in a subset of the dorsal
mesenchymal cells that are labeled with the Tbx18:BAC-iCre, consist-
ing primarily of a tight band of cells cluster just dorsal and adjacent to
the prostatic urethra. This expression subset makes sense, since ECR1
is wholly contained within the boundaries of the BAC transgene
(Bolt et al., 2014). In fact, the ECR1 expression pattern resembles
the earliest pattern of expression we detected with a TBX18 antibody,
which is also tightly clustered in this dorsal position at E16.5. We thus
conjecture that ECR1 may be expressed in this domain before the
E18.5 timepoint, remaining active in this location through later stages
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when the Tbx18 expression domain increases to include a wider swath
of UGS mesenchymal cells. Previously we had shown a conserved Lef1
binding site in ECR1 (Bolt et al., 2014) and other studies in the ureter
have suggested a role of canonical WNT signaling in maintaining
expression of Tbx18 in the condensing mesenchyme around ureteric
buds (Airik et al., 2006; Trowe et al., 2012). This data along with our
observation of ECR1 expression at E18.5 resembling the early pattern
of expression of TbxI8 (detected with antibody staining at E16.5),
suggests that WNT signaling maintains TbxI8 expression at E18.5
around the condensing prostatic buds through activation of ECR1.

The ATAC-seq peaks underlying the major 4C contact points
suggest locations of additional enhancers that interact with the
Tbx18 promoter and drive expression in additional mesenchymal and
neural crest-derived domains. Future studies will be focused on
exploiting this resource for a deeper look at the surprising range of
developmental functions involving Tbx18.
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