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Abstract
The mouse prostate develops from a component of the lower urinary tract (LUT) known as the
urogenital sinus (UGS). This process requires androgens and signaling between mesenchyme and
epithelium. Little is known about DNA methylation during prostate development, including which
factors are expressed, whether their expression changes over time, and if DNA methylation
contributes to androgen signaling or influences signaling between mesenchyme and epithelium.
We used in situ hybridization to evaluate the spatial and temporal expression pattern of mRNAs
which encode proteins responsible for establishing, maintaining or remodeling DNA methylation.
These include DNA methyltrasferases, DNA deaminases, DNA glycosylases, base excision repair
and mismatch repair pathway members. The mRNA expression patterns were compared between
male and female LUT prior to prostatic bud formation (14.5 days post coitus (dpc)), during
prostatic bud formation (17.5 dpc) and during prostatic branching morphogenesis (postnatal day
(P) 5). We found dramatic changes in the patterns of these mRNAs over the course of prostate
development and identified examples of sexually dimorphic mRNA expression. Future
investigation into how DNA methylation patterns are established, maintained and remodeled
during the course of embryonic prostatic bud formation may provide insight into prostate
morphogenesis and disease.
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1. Introduction
The fetal mouse prostate develops from the definitive urogenital sinus (UGS), a sub-
compartment of the lower urinary tract (LUT) located between the bladder neck and caudal
urethra. Prostate buds arise from UGS epithelium and require active androgen signaling in
UGS mesenchyme (Cunha,1973, Hayashi et al., 1993, Lasnitzki and Mizuno,1980). In
C57Bl/6J mice, prostate buds emerge and elongate between 16–18 days post coitus (dpc)
(Lin et al., 2003, Vezina et al., 2008). The prostatic buds undergo branching morphogenesis
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which peaks around postnatal day (P) 5 (Sugimura et al., 1986). While many questions
remain about the mechanisms of prostate development, emerging evidence suggests that
DNA methylation may play a role (Anway et al., 2006, Dolinoy et al., 2007, 2006, Gupta,
2000, Ho et al., 2006, Sebag et al., 2011, Tang et al., 2012, Timms et al., 2005, Walker,
2011).

DNA methylation is an epigenetic event required for appropriate regulation of gene
expression during embryonic development and throughout life (Laird and Jaenisch,1996).
We are only beginning to understand how methylation marks are established and remodeled
during development and how these events contribute to morphogenesis. Evidence of a role
for DNA methylation in androgen-dependent prostate development has emerged from the
field of toxicology. The developing prostate is exquisitely sensitive to endocrine disrupting
chemicals. Embryonic exposure to the estrogenic endocrine disruptor bisphenol A (BPA)
changes DNA methylation patterns and permanently reprograms prostate gene expression
(Anway et al., 2006, Dolinoy et al., 2007, 2006, Gupta, 2000, Ho et al., 2006, Tang et al.,
2012, Walker, 2011). Further, embryonic exposure to BPA and other estrogenic chemicals
disturbs normal prostate budding morphogenesis and gene expression (Ho et al., 2006,
Timms et al., 2005).

The prostate’s requirement of active androgen signaling (Cunha,1973, Hayashi et al., 1993,
Lasnitzki and Mizuno,1980) and its sensitivity to endocrine disrupting chemicals capable of
altering DNA methylation raise the possibility that hormone action via DNA methylation
may play a role in prostate morphogenesis. There are several reports of DNA methylation
being affected by hormone action. Glucocorticoids influence DNA methylation patterns
during brain development (Crudo et al., 2013). Gender differences exist in patterns of mouse
left ventricle DNA methylation (Sebag et al 2011). These patterns are changed by
gonadectomy and are associated with changes in gene expression, structure and function
(Sebag et al 2011). In hormone responsive endometrium, DNA methyltransferase abundance
changes during the menstrual cycle in synchrony with systemic hormone abundance (van
Kaam et al., 2011, Vincent et al., 2011, Yamagata et al., 2009). Further, several genes
display altered promoter methylation and mRNA abundance during the menstrual cycle,
implantation and in endometriosis (Ding et al., 2012, Gao et al., 2012, Ghabreau et al., 2004,
Wang et al., 2012, Yamagata et al., 2009, Zelenko et al., 2012). Changes in DNA
methylation associated with polycystic ovary syndrome have been linked to androgens (Xu
et al., 2011) and the androgen receptor (AR) interacts with and regulates epigenetic
chromatin modifiers in adult prostate (Cai et al., 2011, Duan et al., 2012, Metzger et al.,
2005, Wissmann et al., 2007). Together, these results suggest that hormone signaling can
influence expression of DNA methylating proteins and model the DNA methylation
landscape, raising the possibility that this could be a means of androgen action in the
developing prostate. These results also raise the possibility that there are periods during
which appropriate DNA methylation and demethylation are critical for normal prostate
morphogenesis.

We cannot begin to sort out the role of DNA methylation in normal prostate development
and in aberrant development in response to endocrine disrupting chemicals and other
teratogens until we know which players are involved and where they are expressed. The
purpose of this study is to characterize the mRNA expression pattern of genes involved in
DNA methylation and demethylation during murine prostate development. We use in situ
hybridization (ISH) to characterize these expression patterns in the male LUT prior to
prostate development (14.5 dpc), during prostate bud formation (17.5 dpc) and during
branching morphogenesis (P5) and in the female LUT which does not form appreciable
prostatic ducts in the absence of androgens (Allgeier et al., 2010). Our results reveal mRNA
pattern changes across developmental time and between males and females, revealing the
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importance of characterizing these genes and their function during development. In future
studies this characterization will enable us to test whether DNA methylation genes are
regulated by steroid hormones, whether they mediate the actions of steroid hormones or
whether they are needed for other reasons during prostate development.

2. Results
An ISH screen was conducted on 14.5 dpc, 17.5 dpc and P5 male and female 50-micron
sagittal LUT sections as described previously (Abler et al., 2011a,b). The anatomical focus
of this screen is the developing prostate and cranial aspect of the pelvic urethra from which
it derives. The reason for analyzing mRNA expression in both sexes in late embryogenesis
and early neonatal periods is because androgen signaling is more abundant in male than
female LUT at these stages (Cooke et al.,1991, Takeda et al., 1991, 1987). We therefore
seek to reveal mRNA patterns that possibly correspond with androgen signaling and prostate
development in males during these stages. Age- and gender-matched samples were
processed in the same tube and stained and imaged as a single experimental unit consisting
of at least three samples per group. Immunohistochemistry (IHC) was used to label
epithelium (anti-CDH1, red) and smooth muscle (anti-ACTA2, green) in each ISH-stained
sample. Labeled epithelium and smooth muscle define boundaries between cell populations
to facilitate high-resolution and consistent pattern mapping for each mRNA within the LUT
subcompartments illustrated in Figure 1 and described previously (Abler et al., 2011b). The
anatomical descriptors are based on Edinburgh Mouse Atlas Project and GUDMAP
ontologies (Burger et al., 2004, Little et al., 2007, www.gudmap.org). In the results that
follow, we only highlight noteworthy temporal, spatial or sex differences in mRNA
expression within the prostate and cranial aspect of the pelvic urethra. Expression patterns
for additional urethra-associated tissue compartments (bladder neck, Wolffian duct,
ejaculatory duct, seminal vesicle, caudal Müllerian duct, upper vagina and lower vagina) are
summarized in Supplemental Table 1 but are not discussed further.

2.1. DNA methyltransferase mRNAs are dynamic during embryonic and postnatal LUT
development

DNA methyltransferase (Dnmt) enzymes catalyze methylation of the 5’ carbon in cytosine.
Three mammalian DNMTs are catalytically active: Dnmt1, Dnmt3a and Dnmt3b (Li et al.,
1992, Okano et al.,1999). Although their patterns at each developmental stage are different,
Dnmt1, 3a and 3b mRNAs show some degree of overlap in how their urethral expression
pattern changes during the period spanning 14.5 dpc to P5 (Fig.2). The trend is that Dnmt
expression predominates in urethral mesenchyme during early development but gradually
shifts to urethral epithelium and eventually prostatic bud tips in P5 male neonates (Fig. 2).
The specific timing of this shift in expression is not the same for Dnmt family members.
Dnmt1 begins to localize to basal epithelium and prostatic buds by 17.5 dpc (Fig. 2B), while
Dnmt3a and Dnmt3b localize to prostatic buds by P5 (Fig. 2I, O). Sex differences in Dnmt1
staining are evident at P5 when Dnmt1 is detected in a spotty pattern in periurethral
mesenchyme (lamina propria and submucosa) of male but not female LUT sections (Fig. 2C,
F). Sex differences for Dnmt3a and Dnmt3b are not apparent at the stages examined.

2.2. DNA demethylation pathway members are present in developing LUT before, during
and after prostatic bud formation

DNA demethylation is less well understood than DNA methylation. It can occur passively
by inhibition of Dnmt1, such that with each successive DNA synthesis event the level of
methylation is reduced. DNA demethylation can also occur by an active process and several
genes are capable of modifying and removing methyl groups from DNA. Active DNA
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demethylation is thought to occur through events ranging from base modifications to base
excision repair pathways.

Hydroxymethylation is a base modification known to occur throughout the genome and
functions as a stable epigenetic mark and as an intermediate in the demethylation process
(Guo et al., 2011, Ito et al., 2010, Tahiliani et al., 2009, Tan et al., 2012).
Hydroxymethylation is catalyzed in part by members of the Ten-eleven translocation (Tet)
family (Tet1, Tet2 and Tet3) which convert 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) (Tahiliani et al., 2009).

The Tets are unlike the Dnmts in that there is no apparent trend within this family in how
mRNA expression patterns change during LUT development from 14.5 dpc to P5. Tet1 and
Tet2 predominate in urethral mesenchyme at 14.5 dpc and staining intensity therein
increases from 14.5 dpc to 17.5 dpc (Fig. 3A – L). Tet3 predominates in urethral epithelium
at 14.5 dpc and staining intensity decreases therein from 14.5 dpc to P5 (Fig. 3M – O). The
three Tet genes also differ in the stage and pattern in which they are first detected in urethral
epithelium. Tet1 staining is first visible in male urethral epithelium at P5 when it localizes to
prostatic buds (Fig. 3C, solid arrowheads). Tet2 staining is detectable in urethral epithelium
at 14.5 dpc and thereafter is restricted to intermediate and superficial urethral epithelium and
is not apparent in prostatic buds (Fig. 3H; inset, solid arrowheads). Tet3 staining is present
in urethral and prostatic bud epithelium at 14.5 dpc, 17.5 dpc and P5 (Fig. 3M–O, solid
arrowheads).

There are some noteworthy sex differences in Tet staining patterns within the LUT. At 17.5
dpc Tet1 is not detected in male epithelium but is present in a spotted pattern in female
urethral epithelium (Fig. 3B, E; insets). At 17.5 dpc Tet2 staining is weaker throughout
urethral epithelium in male compared to female LUT (Fig. 3 H, K; insets). A sex difference
for Tet3 staining is observed at 17.5 dpc when light staining exists in male but not female
urethral smooth muscle mesenchyme (Fig. 3N, Q).

Another proposed mechanism of DNA demethylation is through cytidine deamination,
which converts 5mC to thymine to create a T:G mismatch which activates DNA repair
pathways (Bhutani et al., 2010, Muramatsu et al., 2000, Morgan et al., 2004, Popp et al.,
2010, Rai et al., 2008). Cytidine deamination is mediated by activation induced cytidine
deaminase (Aicda, or Aid) and apolipoprotein B mRNA editing enzyme, catalytic
polypeptide 1–3 (Apobec1, 2 and 3), which are collectively referred to as AID/APOBEC
family members.

AID/APOBEC family members exhibit unique spatiotemporal mRNA expression patterns in
the mouse LUT. Aicda mRNA staining is detected in 14.5 dpc fetal urethral mesenchyme
and epithelium where it gradually decreases until at least P5 (Fig. 4A – C). Apobec1 mRNA
staining was absent from urethral mesenchyme and epithelium of the male at the time points
examined (Fig. 4G – I). Apobec2 staining in urethral and prostatic bud epithelium persists
from 14.5 dpc to P5 while staining in urethral mesenchyme is restricted to smooth muscle by
17.5 dpc (Fig. 4M – O). Weak Apobec3 staining is present in urethral mesenchyme and
epithelium at 14.5 dpc which gradually increases until at least 17.5 dpc before staining is
again reduced and no longer detected in urethral mesenchyme by P5 (Fig. 4S – U). There are
no noteworthy sex differences in AID/APOBEC staining within the LUT at 14.5 dpc, 17.5
dpc or P5.

As part of DNA damage repair, DNA glycosylases remove damaged DNA bases which are
then repaired through the base excision repair pathway (Jost et al., 1995, Jost, 1993). There
are several DNA glycosylases including: thymine DNA glycosylase (Tdg), uracil DNA
glycosylase (Ung), single-strand selective monofunctional uracil DNA glycosylase (Smug1)
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and methyl-CpG binding domain protein 4 (Mbd4) that have been identified to play specific
roles in DNA demethylation. Tdg glycosylase activity is necessary for murine development
and establishing proper DNA methylation patterns (Cortellino et al., 2011). While there is
evidence that Tdg and Mbd4 can recognize and bind 5mC:G in vitro (Zhu, 2009, Zhu et al.,
2000a, b), all of the DNA glycosylases are capable of participating in DNA demethylation
by recognizing and removing T:G or U:G mismatches generated from the AID/APOBEC
family or from deamination of a Tet mediated 5hmC (Cortellino et al., 2011, Guo et al.,
2011a, b).

The DNA glycosylases predominate in epithelium at 14.5 dpc and 17.5 dpc but their
expression subsequently dissipates by P5 (Fig. 5, Fig. 6A – F). Surprisingly, these mRNAs
also differ in their location within the epithelium prior to P5. Tdg is found in all urethral
epithelium layers including prostatic buds (Fig. 5A–C, solid arrowheads), Ung epithelial
staining becomes restricted to prostatic bud epithelium by 17.5 dpc (Fig. 5G – I), Smug1
epithelial staining is localized to intermediate and superficial epithelium (Fig. 5M–O; insets)
and Mbd4 staining is found in all epithelium including prostatic buds until at least 17.5 dpc
(Fig. 6A – C). A few DNA glycosylases also display light mesenchymal staining which also
dissipates by P5 (Fig. 5, Fig. 6A – F). Tdg and Smug1 staining is detected in urethral smooth
muscle mesenchyme at 17.5 dpc while Mbd4 staining in urethral mesenchyme is uniquely
increased until at least 17.5 dpc before it is no longer detected at P5 (Fig. 6A – C).
Differences between sexes are observed for Tdg at 17.5 dpc and for Ung and Mbd4 at P5. At
17.5 dpc Tdg staining is present in male but absent in female urethral mesenchyme (Fig. 5B,
E). At P5 Ung staining is absent from the male but present in female urethral epithelium
(Fig. 5I, L). Also at P5, Mbd4 staining is present in male but not female urethral epithelium
(Fig. 6C, F).

Mbd4 is the only MBD family member with glycosylase activity but Mbd2 may also
contribute to DNA demethylation. Mbd2 is reported to have demethylase activity, though
this is controversial and doesn’t exclude the possibility that Mbd2 acts in concert with other
factors in the demethylation process (Bhattacharya et al., 1999, Hamm et al., 2008,
McGowan et al., 1997, Ng et al., 1999). Unlike Mbd4, Mbd2 predominates in epithelium
especially within intermediate and superficial urethral epithelial layers (Fig. 6H; insets). By
P5 Mbd2 staining in urethral epithelium is diminished and only detected in tips of prostatic
buds (Fig. 6I, solid arrowheads) and a small portion of the pelvic urethra. A similar
dissipation of Mbd2 staining during the 14.5 dpc to P5 period is observed for female urethral
epithelium (Fig. 6J – L) and there are no apparent sex differences at the time points
examined.

Mismatches generated by AID/APOBEC family members are also recognized by the DNA
mismatch repair pathway. The DNA mismatch repair proteins excise and replace an entire
region surrounding a mismatch; therefore one CpG mismatch site could lead to
demethylation of surrounding sites (Franchini et al., 2012, Modrich, 2006). MutS homolog 2
(Msh2), is the common subunit of the MutS alpha and MutS beta heterodimer which
recognizes and binds mismatches in DNA (Acharya et al., 1996, Iaccarino et al., 1998,
Gradia et al., 1999, Su et al., 1986, de Wind et al., 2005, Varlet et al., 1994, Prolla et al
1994, Reenan et al., 1992, Modrich et al 1991). Binding of the MSH2 complex to DNA
mismatches initiates the repair process by recruiting the MutL alpha complex consisting of
MutL homolog 1 (Mlh1) and postmeiotic segregation increased 2 (Pms2) which possess
endonuclease activity (Kadyrov et al., 2006, Prolla et al 1994). Msh2, Mlh1 and Pms2 are
also often decreased in prostate cancer (Barrow et al., 2013, Chen et al., 2003, Soni et al.,
2011, Wagner et al., 2010).
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The mismatch repair pathway members Msh2, Mlh1 and Pms2 predominate in epithelium at
14.5 dpc, 17.5 dpc and P5 but their expression patterns in urethral mesenchyme vary (Fig.
7A – R). While Msh2 is not detected in urethral mesenchyme at the time points examined
(Fig. 7A – F), Mlh1 is detected in urethral mesenchyme (Fig. 7G – L). Mlh1 staining in peri-
prostatic mesenchyme diminishes from 17.5 dpc to P5 (Fig. 7G – L). Pms2 staining is
present in urethral mesenchyme at 14.5 dpc but dissipates by P5 (Fig. 7M – R). No apparent
sex differences are observed at the time points examined.

Chromatin modifiers also participate in the DNA damage response. Chromodomain helicase
DNA binding protein 2 (Chd2), a chromatin remodeling gene, is required for repair of
damaged DNA (Nagarajan et al., 2009, Rajagopalan et al., 2012) and is necessary for normal
kidney development and function (Marfella et al., 2008, 2006). Chd2 staining is detected in
mesenchyme and epithelium at 14.5 dpc (Fig. 7S). Mesenchymal staining is reduced after
14.5 dpc and epithelial staining is strongest in intermediate urethral epithelium (Fig. 7T;
inset). A sex difference for Chd2 staining exists at 17.5 dpc where basal urethral epithelial
staining is less apparent in male compared to female urethra (Fig. 7T, W; insets).

3. Discussion
The focus of this study was to identify spatial and temporal changes in the mRNA staining
patterns of genes implicated in adding, maintaining or removing DNA methylation marks
and to determine whether their expression patterns are different in male and female LUT.
Whether corresponding proteins are present, active or lead to biologically significant
changes in DNA methylation was not determined and is beyond the scope of this study.
Though ISH has some limitations, including the inability to quantify transcript level, ISH is
uniquely suited for determining when and where genes involved in DNA methylation are
expressed in the developing prostate. We have discussed previously measures taken to
ensure the sensitivity and specificity of our ISH method in terms of riboprobe design,
sample processing and validation (Abler et al., 2011a,b, Keil et al., 2012, Mehta et al.,
2011). Additionally, all gender-and age-matched samples were run in the same tube during
ISH and color development.

We describe for the first time a comprehensive mRNA expression atlas for genes involved
or suspected to be involved in DNA methylation and demethylation over the course of early
mouse prostate development. These gene products are hypothesized to be involved in
remodeling the epigenome by establishing, erasing or maintaining methylation so the proper
DNA methylation patterns exist for normal development, cellular plasticity and
differentiation. One of the interesting findings was that the LUT cell populations expressing
these mRNAs changed during the course of early prostate development in males. While the
focus of this study was DNA methylation, the temporal shift in mRNA expression we
observed in several genes is consistent with what others have observed for epigenetic
chromatin modifiers. Enhancer of zeste homolog 2 (Ezh2), a subunit of the polycomb
repressor complex 2 involved in chromatin remodeling (H3K27 methylation), changes
temporally during mouse UGS development, with embryonic epithelial and mesenchymal
expression that becomes restricted to luminal epithelium by P10 (Duan et al., 2012). How
these changes in DNA methylation and chromatin remodeling gene expression patterns
relate to prostate morphogenesis and prostate cell differentiation remains to be determined.
Our results provide information which will enable future studies to specifically target these
genes for deletion or assess their activity in the appropriate tissue and during the appropriate
time to see whether they participate in prostate development.

A change in mRNA staining pattern commonly observed over the course of prostate
development is urethral mesenchymal expression as early as 14.5 dpc which becomes less
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predominant or shifts to epithelium by P5. The significance of this change in staining pattern
is that it occurs during the critical window when androgens are eliciting their actions in
urethral mesenchyme to direct prostate development (14.5–17.5 dpc) (Lasnitzki and Mizuno
1977). Future studies will be necessary to determine if these genes play a role in the
instructive potential of urethral mesenchyme (Cunha, 2008, Cunha et al., 1983). These
temporal changes may also be significant in understanding how developmental pathways are
inappropriately reawakened during disease. A recent study of the chromatin remodeling
gene high mobility group AT-hook 2 (Hmga2) found that it is also more abundant in
embryonic urethral mesenchyme compared to adult stroma (Zong et al., 2012). When
Hmga2 is overexpressed in immortalized prostate mesenchymal cells and these cells are
combined with non-tumorigenic adult mouse prostate epithelium and grafted into a host
mouse, the resultant graft forms high-grade prostate intraepithelial neoplasia (Zong et al.,
2012), a hypothesized precursor lesion to prostate cancer (Bostwick and Qian 2004, Lee et
al. 2010). This result is evidence that inappropriate epigenetic alterations in prostate stroma
can change the behavior of prostate cells associated with it (Zong et al., 2012). Together
these results highlight the need for additional studies into how DNA methylation patterns are
established, maintained and remodeled during the course of embryonic prostatic bud
formation and specifically if and how the actions of other DNA methylation modifiers in
prostate stroma influence prostate epithelial morphogenesis, differentiation and
proliferation.

The androgen receptor is capable of interacting with or regulating the epigenome via
chromatin modifiers including lysine specific demethylase 1 (Lsd1 or Kdm1a), enhancer of
zeste homolog 2 (Ezh2) and mixed lineage leukemia 1 (MII1) (Cai et al., 2011, Duan et al.,
2012, Metzger et al., 2005, Wissmann et al., 2007). Whether the AR is involved with other
epigenetic modifications such as DNA methylation and whether this occurs during prostate
development has never been determined. Dnmt expression changes during the human female
menstrual cycle and Dnmt3a and 3b are regulated by female sex hormones in vitro (van
Kaam et al., 2011, Yamagata et al., 2009). Though we identified a few mRNAs which were
noticeably different in pattern or abundance between male and female LUT, none of these
displayed a pattern similar to the known androgen responsive genes steroid 5 alpha
reductase 2 (Srd5a2) and WNT inhibitory factor 1 (Wif1) (Abler et al., 2011b, Keil et al.,
2012, Matsui et al., 2002). While we did not look into the regulation of these genes by sex
hormones, these observations suggest that these genes are likely not regulated by androgens
in the male LUT, at least not directly or in the same manner as the androgen responsive
genes mentioned above. This does not preclude the possibility that some DNA methylation
modifying genes are post-transcriptionally modified or involved with AR signaling in some
other capacity. Whether these genes act upstream, in concert with or independently of
androgen signaling remains to be determined. Future investigation into the mechanism
controlling these genes during prostate development and how their downstream actions
direct prostatic bud formation will be useful tools in prostate research.

4. Experimental Procedures
4.1. Animals

Wild type C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were maintained on a 12
hr light and dark cycle at 25±5°C and 20–50% humidity. Feed (Diet 2019 for males and
7002 for females, Harlan Teklad, Madison, WI) and water were available ad libitum. All
procedures were approved by the University of Wisconsin Animal Care and Use Committee
and conducted in accordance with the NIH Guide for Care and Use of Laboratory Animals.
To obtain timed pregnant dams, female mice were paired overnight with males and the next
morning was considered 0.5 dpc. Dams were euthanized by CO2 asphyxiation and fetuses
were maintained in phosphate-buffered saline prior to dissection.
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4.2. In Situ Hybridization (ISH)
Tissue collection, storage, sectioning and ISH were conducted as described previously
(Abler et al., 2011a,b). Primer sequences used to generate probe templates are provided in
Table 1. We used the Primer Blast Program (Ye et al., 2012) to ensure specificity of PCR
primers for the target sequence. We selected primer sequences that uniquely matched the
target sequence and no other sequence in the mouse reference genome. We used the
MegaBLAST program (Zhang et al., 2000) to ensure specificity of the riboprobe sequence.
The riboprobe sequence was considered specific for its target when, using an EXPECT
threshold of 0.01 and a word size of 128, it did not align with other members of the mouse
RefSeq RNA database. A positive control gene (uroplakin 1b) as well as a no probe negative
control was used to ensure run quality. The run was considered high quality when: 1)
uroplakin 1b staining emerged within the expected window of staining development time
(1–3 hours) and was uniquely localized to intermediate and superficial urothelium and 2)
when no staining was detected in no probe control tissues with up to 100 hours of
development time. The staining pattern for each riboprobe was assessed in at least two LUT
sections/mouse and at least three litter-independent LUTs. Age- and gender-matched
samples were processed together in a single tube for ISH and color development to allow for
qualitative comparisons among biological replicates and between male and female for each
stage examined. All stage- and gender-differences in staining patterns reported in this
manuscript were observed across all three litter independent samples per group. Additional
images of some ISH-stained LUT sections are available at www.gudmap.org.

4.3. Immunohistochemistry (IHC)
IHC was conducted on ISH-stained sections as described previously (Abler et al., 2011b).
Primary antibodies used were: rabbit anti-CDH1 (1:300, Cell Signaling Technologies,
Beverly, MA) and mouse anti-ACTA2 (1:300, Leica Microsystems, Bannockburn, IL).
Secondary antibodies used were: Dylight 488-conjugated goat anti-mouse IgG (1:500) and
Dylight 546-conjucated goat anti-rabbit IgG (1:500) (Jackson Immunoresearch, West Grove,
PA). Sections were mounted in anti-fade media (phosphate-buffered saline containing 80%
glycerol and 0.2% n-propyl gallate). Sections were imaged on an Eclipse E600 compound
microscope (Nikon Instruments Inc., Melville, NY). Brightfield (ISH, purple) and
fluorescent (red, green) images were merged using NIS elements imaging software (Nikon
Instruments Inc). No modifications were made to brightfield ISH images. Fluorescent
channels were adjusted to optimize brightness and contrast.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

LUT lower urinary tract

UGS urogenital sinus

dpc days post coitus

P postnatal day
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AR androgen receptor

ISH in situ hybridization

IHC immunohistochemistry
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Highlights

• DNA methyltransferase mRNAs are present in mouse lower urinary tract and
prostate

• DNA demethylation mRNAs are present in mouse lower urinary tract and
prostate

• Spatio-temporal expression of these mRNAs changes during prostate
development

• Differences in expression are seen between male and female in some of these
mRNAs
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Fig. 1.
Schematic representation of near mid-sagittal 14.5 dpc, 17.5 dpc and P5 male and female
mouse LUT. Smooth muscle (muscularis propria) is indicated in green and epithelium in
pink. These same tissue compartments were fluorescently labeled to serve as anatomical
landmarks in the mapping of mRNA expression patterns in subsequent figures. The inset
consists of a schematic representation as well as a 20x hematoxolin and eosin stained 5µm
mid-sagittal section of the layers present in the dorsal and ventral pelvic urethra. Three
epithelial and four mesenchymal urethral sub-compartments are present at 17.5 dpc as
indicated in the inset with the following abbreviations; se, superficial epithelium; ie,
intermediate epithelium; be, basal epithelium; lp, lamina propria; mm, muscularis mucosa; s,
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submucosa; mp, muscularis propria. Other abbreviations bl, bladder; wd, Wolffian duct; md,
Mullerian duct; sv, seminal vesicle; ed, ejaculatory duct; lv, lower vagina; uv, upper vagina.
Closed arrowheads indicate prostatic buds.
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Fig 2.
Dnmt1, Dnmt3a and Dnmt3b mRNA expression in developing male and female mouse
LUT. ISH was used to visualize mRNA expression (purple) of (A–F) Dnmt1, (G–L)
Dnmt3a, and (M–R) Dnmt3b in near midsagittal sections (50µm) of 14.5 dpc, 17.5 dpc and
P5 male and female LUTs. Sections were then immunofluorescently stained with antibodies
against CDH1 (red) to label all epithelium and ACTA2 (green) to label smooth muscle
present in mesenchyme. Results are representative of three litter-independent samples per
gender and age. bl, bladder; ed, ejaculatory duct; lv, lower vagina; md, Müllerian duct; sv,
seminal vesicle; uv, upper vagina; v, vagina; wd, Wolffian duct. Closed arrowheads indicate
prostatic buds; open arrowheads indicate urethral gland buds. A black line separates
mesenchyme from epithelium within the pelvic urethra, prostatic buds and urethral gland
buds.
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Fig 3.
Tet1, Tet2 and Tet3 mRNA expression in developing male and female mouse LUT. ISH was
used to visualize mRNA expression (purple) of (A–F) Tet1, (G–L) Tet2, and (M–R) Tet3 in
near midsagittal sections (50µm) of 14.5 dpc, 17.5 dpc and P5 male and female LUTs.
Sections were then immunofluorescently stained with antibodies against CDH1 (red) to label
all epithelium and ACTA2 (green) to label smooth muscle present in mesenchyme. Results
are representative of three litter-independent samples per gender and age. be, basal
epithelium; bl, bladder; ed, ejaculatory duct; ie, intermediate epithelium; lv, lower vagina;
md, Müllerian duct; se, superficial epithelium; sv, seminal vesicle; uv, upper vagina; v,
vagina; wd, Wolffian duct. Closed arrowheads indicate prostatic buds; open arrowheads
indicate urethral gland buds. A black line separates mesenchyme from epithelium within the
pelvic urethra, prostatic buds and urethral gland buds. Insets are enlarged from the same
image in the region indicated by the black box.
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Fig 4.
Aicda, Apobec1, Apobec 2 and Apobec3 mRNA expression in developing male and female
mouse LUT. ISH was used to visualize mRNA expression (purple) of (A–F) Aicda, (G–L)
Apobec1, (M–R) Apobec2 and (S–X) Apobec3 in near midsagittal sections (50µm) of 14.5
dpc, 17.5 dpc and P5 male and female LUTs. Sections were then immunofluorescently
stained with antibodies against CDH1 (red) to label all epithelium and ACTA2 (green) to
label smooth muscle present in mesenchyme. Results are representative of three litter-
independent samples per gender and age. bl, bladder; ed, ejaculatory duct; lv, lower vagina;
md, Müllerian duct; sv, seminal vesicle; uv, upper vagina; v, vagina; wd, Wolffian duct.
Closed arrowheads indicate prostatic buds; open arrowheads indicate urethral gland buds. A
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black line separates mesenchyme from epithelium within the pelvic urethra, prostatic buds
and urethral gland buds.
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Fig 5.
Tdg, Ung, and Smug1 mRNA expression in developing male and female mouse LUT. ISH
was used to visualize mRNA expression (purple) of (A–F) Tdg, (G–L) Ung, and (M–R)
Smug1 in near midsagittal sections (50µm) of 14.5 dpc, 17.5 dpc and P5 male and female
LUTs. Sections were then immunofluorescently stained with antibodies against CDH1 (red)
to label all epithelium and ACTA2 (green) to label smooth muscle present in mesenchyme.
Results are representative of three litter-independent samples per gender and age. be, basal
epithelium; bl, bladder; ed, ejaculatory duct; ie, intermediate epithelium; lv, lower vagina;
md, Müllerian duct; se, superficial epithelium; sv, seminal vesicle; uv, upper vagina; v,
vagina; wd, Wolffian duct. Closed arrowheads indicate prostatic buds; open arrowheads
indicate urethral gland buds. A black line separates mesenchyme from epithelium within the
pelvic urethra, prostatic buds and urethral gland buds. Insets are enlarged from the same
image in the region indicated by the black box.
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Fig 6.
Mbd4 and Mbd2 mRNA expression in developing male and female mouse LUT. ISH was
used to visualize mRNA expression (purple) of (A–F) Mbd4, and (G–L) Mbd2 in near
midsagittal sections (50µm) of 14.5 dpc, 17.5 dpc and P5 male and female LUTs. Sections
were then immunofluorescently stained with antibodies against CDH1 (red) to label all
epithelium and ACTA2 (green) to label smooth muscle present in mesenchyme. Results are
representative of three litter-independent samples per gender and age. be, basal epithelium;
bl, bladder; ed, ejaculatory duct; ie, intermediate epithelium; lv, lower vagina; md, Müllerian
duct; se, superficial epithelium; sv, seminal vesicle; uv, upper vagina; v, vagina; wd,
Wolffian duct. Closed arrowheads indicate prostatic buds; open arrowheads indicate urethral
gland buds. A black line separates mesenchyme from epithelium within the pelvic urethra,
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prostatic buds and urethral gland buds. Insets are enlarged from the same image in the
region indicated by the black box.
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Fig 7.
Msh2, Mlh1, Pms2 and Chd2 mRNA expression in developing male and female mouse
LUT. ISH was used to visualize mRNA expression (purple) of (A–F) Msh2, (G–L) Mlh1,
(M–R) Pms2 and (S–X) Chd2 in near midsagittal sections (50µm) of 14.5 dpc, 17.5 dpc and
P5 male and female LUTs. Sections were then immunofluorescently stained with antibodies
against CDH1 (red) to label all epithelium and ACTA2 (green) to label smooth muscle
present in mesenchyme. Results are representative of three litter-independent samples per
gender and age. be, basal epithelium; bl, bladder; ed, ejaculatory duct; ie, intermediate
epithelium; lv, lower vagina; md, Müllerian duct; se, superficial epithelium; sv, seminal
vesicle; uv, upper vagina; v, vagina; wd, Wolffian duct. Closed arrowheads indicate
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prostatic buds; open arrowheads indicate urethral gland buds. A black line separates
mesenchyme from epithelium within the pelvic urethra, prostatic buds and urethral gland
buds. Insets are enlarged from the same image in the region indicated by the black box.
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