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Week 4

Male Reproductive Tract Development & Function

Embryonic Development and Reproductive Tract Organogenesis

- Overview

- Development of Mullerian Duct vs. Duct Wolffian Duct Derivatives
- Mullerian Inhibiting Substance (MIS)

Male Urogenital Tract Organogenesis
- Prevention of Programmed Cell Death in the Wolffian Duct
- UGS/Prostate/Seminal Vesicle
1. Prostate Morphogenesis (ductal branching)
2. Cell-Cell Interactions and Paracrine Factors
3. Prostate Cancer
- Epididymis/Ductus Deferens
- Role of Androgens (T versus DHT)
1. Androgen Metabolism
2. 5 o Reductase Inhibitors
3. Organ Culture
- Endocrine Disruption

Required Reading
Moses MM and Behringer RR. (2019) Environ Epigenet. 25;5(3):dvz017.

Joseph and Vezina (2018) Male Reproductive Tract: Development Overview. in: Encyclopedia
of Reproduction 2nd Ed. Vol. 1, Pages 248-255.
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Abstract

Mammalian embryos initially develop progenitor tissues for both male and female reproductive tract organs, known as the
Wolffian ducts and the Miillerian ducts, respectively. Ultimately, each individual develops a single set of male or female re-
productive tract organs. Therefore, an essential step for sex differentiation is the regression of one duct and growth and dif-
ferentiation of the other duct. In males, this requires Miillerian duct regression and Wolffian duct growth and differentia-
tion. Millerian duct regression is induced by the expression of Amh, encoding anti-Miillerian hormone, from the fetal
testes. Subsequently, receptor-mediated signal transduction in mesenchymal cells surrounding the Miillerian duct epithe-
lium leads to duct elimination. The genes that induce Amh transcription and the downstream signaling that results from
Ambh activity form a pathway. However, the molecular details of this pathway are currently unknown. A set of essential
genes for AMH pathway function has been identified. More recently, transcriptome analysis of male and female Miillerian
duct mesenchyme at an initial stage of regression has identified new genes that may mediate elimination of the Miillerian
system. The evidence taken together can be used to generate an initial gene regulatory network describing the Amh path-
way for Miillerian duct regression. An Amh gene regulatory network will be a useful tool to study Miillerian duct regression,

sex differentiation, and its relationship to environmental influences.

Key words: sex differentiation; anti-Miillerian hormone; transcription

Introduction

Classic experiments by Alfred Jost in fetal rabbits identified a
Miillerian inhibitor associated with the testis that was required
for the regression of the Miillerian ducts [1, 2]. The Miillerian in-
hibitor was subsequently identified as anti-Mtllerian hormone
(AMH), also known as Miillerian inhibiting substance (MIS) or
factor (MIF) [3]. Molecular studies led to the cloning of the genes
encoding AMH and its type II receptor (AMHR2) [4-7]. Human

studies have identified mutations in the AMH and AMHR2
genes, leading to a condition known as persistent Miillerian
duct syndrome (PMDS), a rare recessive intersex condition [8].
Males with PMDS have a uterus and fallopian tubes and can
have testicular descent abnormalities. Mutations in these two
genes have been shown to result in PMDS in human, mouse,
and dog [9]. In addition, gene knockout studies in mice have led
to the identification of Amh, Amhr2, and other genes required
for Miillerian duct regression (Table 1). Together, there is now
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Table 1: genes that participate in AMH GRN for Miillerian duct regression

Gene Mutation Phenotype Reference

Acurl Conditional KO Normal MD regression Orvis et al. [36]

Amh Null PMDS Behringer [21]; Arango et al. [22]
Amhr2 Null PMDS Mishina et al. [30]; Jamin et al. [31]; Arango et al. [17]
Bmprla Conditional KO PMDS Jamin et al. [31]; Orvis et al. [36]
Ctnnb1 (beta-catenin) Conditional KO PMDS Kobayashi et al. [41]

Gata4 Binding site mutant or deletion Normal MD regression Bouchard et al. [26]

Mmp2 Null Normal MD regression Roberts et al. [44]

Smad1/5/8 Conditional KO PMDS Orvis et al. [36]

Sp7 (Osterix) Null Delayed MD regression Mullen et al. [42]

Wif1 Null Normal MD regression Park et al. [46]

Wnt7a Null PMDS Parr and McMahon [34]

Conditional KO, Miillerian duct mesenchyme-specific knockout; MD, Miillerian duct; null, full body knockout; PMDS, persistent Miillerian duct syndrome.

sufficient information to describe the first gene regulatory net-
work (GRN) for Miillerian duct regression. This GRN should pro-
vide a useful framework to understand the genetic interactions
that lead to Miillerian duct regression, sex differentiation, and
its relationship to environmental influences.

Miillerian Ducts Form in Both Male and Female
Embryos

During fetal development, the Wolffian and Miillerian ducts
form in both males and females. The Miillerian ducts can differ-
entiate into the oviduct, uterus, and a portion of the vaginal ca-
nal. The Wolffian ducts can differentiate into vasa deferentia,
epididymides, seminal vesicles, and the ejaculatory ducts. The
Miillerian duct is a mesoepithelial tissue that requires the
Wolffian duct for its development [10, 11]. Miillerian duct for-
mation begins shortly after the Wolffian duct forms, taking
place in three phases: initiation, invagination, and elongation
[11]. Initiation consists of the specification of mesonephric epi-
thelial cells to become Miillerian duct cells, characterized by
Lhx1 expression, at about E11.75 in mice. During the invagina-
tion phase, the Lhx1+ cells form an invagination that makes
contact with the Wolffian duct. The Miillerian duct then elon-
gates along the Wolffian duct [12]. During Miillerian duct elon-
gation, cell proliferation is observed throughout the duct with
more proliferating cells at the growing tip. The Miillerian duct
crosses the Wolffian duct at E12.5 to gain a medial position and
subsequently fuses with the urogenital sinus at E13.5 [13].
Wnt9b is expressed in the Wolffian duct [14]. Wnt9b knockout
mice form Wolffian ducts but do not elongate the Miillerian
ducts, suggesting a molecular mechanism for the requirement
of the Wolffian duct for Miillerian duct development [14].
Shortly after the Miillerian ducts form, sex differentiation pro-
ceeds. In females, the Miillerian system continues to develop
into the uterus, oviducts and a portion of the vagina. However,
in males the Miillerian ducts are actively eliminated.

Miillerian Duct Regression Occurs in Male
Embryos

A major event in male sex differentiation is Miillerian duct re-
gression. Mesenchyme-epithelia interactions mediate this pro-
cess to ensure that oviducts and a uterus do not develop within
the male body [15]. The cells of the Miillerian duct have a mesoe-
pithelial character during regression [11]. Regression begins
shortly after the Miillerian duct connects to the urogenital sinus

at E13.5 in the mouse and is completed by birth. Early stages of
regression can be observed by tightly condensed mesenchymal
cells surrounding the Miillerian duct with intercellular spaces lo-
cated more radially [16, 17]. Millerian duct regression is proposed
to occur through at least three mechanisms: epithelial cell migra-
tion, epithelial to mesenchymal transformation, and apoptosis
[18-20]. Apoptosis is initially detected in the rostral region of the
Miillerian duct and subsequently in intermediate and caudal
regions [18]. Disruptions in the Miillerian duct basement mem-
brane are followed by epithelial cell entrance into the mesenchy-
mal compartment [18]. The regression of the Miillerian duct is
proposed to occur in a rostral to caudal manner [15].

Genes That Regulate Miillerian Duct
Regression

Anti-Miillerian Hormone (Amh)

The first gene knockout in the AMH signaling pathway was in
the Amh locus [21]. Males homozygous for the targeted Amh mu-
tation did not regress the Miillerian ducts, resulting in the de-
velopment of a uterus, oviducts, and vaginal tissue (Fig. 1).
These mutant males had correctly descended testes and
Wolffian duct derivatives, including seminal vesicles, vasa def-
erentia, and epididymides. Only ~10% of the mutant males
were fertile. However, sperm from the mutant epididymides
were competent to fertilize oocytes in vitro. These genetic find-
ings demonstrate that Amh produced by the fetal testes is es-
sential for Miillerian duct regression.

The cis-regulation of Amh transcription was studied in vitro
and in vivo [22, 23]. In vitro studies identified interactions of the
nuclear hormone receptor steroidogenic factor 1 (SF1) also
known as Ad4-binding protein (Ad4BP) or NRS5A1 with a 20-bp
sequence just upstream of the TATAA motif that is required for
Amh transcription [23]. About 50-bp upstream of the SF1-
binding site is a conserved binding site for the high-mobility
group transcription factor SOX9 for activation of Amh transcrip-
tion [24]. SF1- and SOX9-binding site mutations were introduced
into the endogenous Amh locus by gene targeting in embryonic
stem (ES) cells [22]. Surprisingly, males homozygous for the SF1-
binding site mutation had normal Miillerian duct regression.
Molecular studies showed that Amh transcript levels in fetal
and postnatal testes were 3-fold lower in comparison to wild
type. Thus, the SF1-binding site regulates Amh transcript levels.
In contrast, males homozygous for the SOX9-binding site muta-
tion were a phenocopy of the Amh-null male phenotypes, i.e.
PMDS. These findings suggest that SF1 regulates Amh transcript
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Figure 1: PDMS in the mouse. Dissected reproductive tract organs from control
(top) and Amh homozygous mutant (bottom) males. In the mutant, the uterine
horns (long arrow) and vas deferens (short arrow) parallel each other down to
the testes (t) because of a common connective tissue. In this dissection, the con-
nective tissue has been cut to reveal the dual nature of the reproductive tract.
Note that because of the physical constraints imposed by the vas deferens, the
uterine horns project caudally instead of rostrally. Images from Behringer [21]

levels and SOX9 is essential for the activation of Amh
transcription.

There are also multiple GATA-binding sites 5' of the Amh
transcriptional start site [25]. Recently, male mice homozygous
for a 2-bp mutation in one of the GATA-binding sites that abol-
ishes GATA binding (termed GATAmut) were generated, using
CRISPR genome editing [26]. GATAmut homozygotes were found
to have a 50% reduction in Amh transcripts in their testes [26].
In addition, a 40-bp deletion that included the GATA-binding
site and an adjacent SF1-binding site resulted in a 90% reduc-
tion in testicular Amh transcripts. Although there was a dra-
matic reduction in Amh transcripts, both types of adult mutant
males did not retain Millerian duct derivatives. Apparently,
there are still sufficient levels of AMH for Miillerian duct regres-
sion in these mouse mutants.

Anti-Miillerian Hormone Receptor 2 (Amhr2)

A 21-day-old rat Sertoli cell cDNA, encoding the type II receptor
for AMH, Amhr2, was first reported by Baarends et al. [5]. Their
conclusion was based on protein domain structure, indicating a
transmembrane serine/threonine kinase receptor and expres-
sion localized in the Miillerian duct of male and female fetuses.
Amhr2 transcripts were detected in the mesenchyme adjacent
to the Miillerian duct epithelium during embryogenesis, sug-
gesting that the target cell for AMH action is the Miillerian duct
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mesenchyme. Amhr2 is also expressed in the fetal and postnatal
gonads, specifically in Sertoli and granulosa cells [5, 22, 27-29].

A targeted mutation in the mouse Amhr2 gene was gener-
ated by gene targeting in ES cells [30]. Approximately 4.4kb of
Amhr2, including exons 1-6, was deleted, replacing these
sequences with a neomycin resistance gene expression cas-
sette. Homozygous mutant males were normal in size, had cor-
rectly descended testes, and differentiated derivatives of the
Wolffian ducts. All of the homozygous mutant males also devel-
oped a uterus, oviducts, and partial vagina in addition to their
male reproductive organ system. This was a phenocopy of Amh-
null male mice. Some of the homozygous mutant males were
fertile. In addition, two other Amhr2 loss-of-function alleles
have been generated, including Cre and lacZ knock-ins [17, 31].
Both alleles result in a persistence of Miillerian duct derivatives
in homozygous mutant males. These findings demonstrate that
Amhr2 is required for Miillerian duct regression.

The transcriptional regulation of Amhr2 has been explored
[32, 33]. Wt1 encodes a zinc finger transcription factor. A micro-
array analysis of ~E11.0 Wtl wild-type and null urogenital
ridges identified Amhr2 as a candidate gene regulated by Wtl.
Wt1 and Amhr2 were found to be co-expressed in the urogenital
ridge. Three WT1-binding sites are within 100-bp of the Amhr2
transcriptional start site. Biochemical and in vitro studies
showed that these sequences bind WT1 and act together to reg-
ulate Amhr2 transcription. More studies are required to deter-
mine if these sequences are required for Amhr2 transcription
in vivo for Miillerian duct regression.

Wnt7a in the Millerian Duct Epithelium Induces Amhr2
Expression in Adjacent Mesenchyme

Wnt7a was identified as a gene required for Miillerian duct re-
gression [34]. Wnt7a is expressed in the Miillerian duct epithe-
lium in both male and female mice from E12.5 to E14.5 [34].
Expression continues in the Miillerian ducts of females as they
differentiate into the oviducts and uterus. Wnt7a-null males are
born with Miillerian duct derivatives [34]. In-situ hybridization
analysis of the mutant males showed that Amhr2 expression
was detected in testes but absent in the Miillerian duct mesen-
chyme [34]. This suggests that the essential function of Wnt7a
in the Amh pathway is to activate Amhr2 transcription in the
Miillerian duct mesenchyme [34]. Thus, Wnt7a expressed in the
Miillerian duct epithelium signals to the adjacent mesenchyme
that induces Amhr2 transcription making the Miillerian ducts
competent to respond to AMH for regression [34].

Bmprla and Acurl Encode Type I Receptors That Mediate
AMH Signaling

The transforming growth factor (TGF)-beta superfamily consists
of >30 cytokines [35]. However, only seven type I receptors have
been identified. Thus, TGF-beta family members must share
type I receptors to mediate their signal transduction. Two TGF-
beta type 1 superfamily receptor genes, Acurl and Bmprla, have
been identified as AMH receptors for Millerian duct regression
[36]. Acurl- and Bmprla-null mice are embryonic lethal before
the Miillerian ducts form [37, 38]. Thus, tissue-specific knock-
outs were generated. When Bmprla was knocked out in the
Miillerian duct mesenchyme of male mice, Miillerian duct re-
tention was observed in ~50% of the mutants [31, 36]. This
Miillerian duct retention phenotype was identical to the pheno-
type observed for Amh and Amhr2 knockout males. All males
with a conditional knockout of Acurl in the Miullerian duct
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mesenchyme had Millerian duct regression [36]. However,
when both Acurl and Bmprla were both knocked out in the
Miillerian duct mesenchyme, 100% of the male mutants
retained the Miillerian ducts, forming the uterus and oviducts
[36]. These results suggest that Acurl and Bmprla act redun-
dantly in the Amh-induced Miillerian duct regression pathway.

Smad1, Smad 5, and Smad8 Act Redundantly to Mediate
AMH Signaling

Smad activity has been shown to contribute to Miillerian duct
regression within the Amh pathway. Smadl, Smad5, and Smad8
(also known as Smad9) are all expressed in the Miillerian duct
mesenchyme [39, 40]. A conditional knockout of Smadl in the
Millerian duct mesenchyme resulted in proper Miillerian duct
regression, as did a conditional Smad1/Smad8 knockout [36].
Conditional knockouts of Smadl or Smad8 combined with a
Smad5 conditional knockout resulted in partial Miillerian duct
retention [36]. This consisted of only part of the Miillerian duct
being retained: caudally, rostrally, and/or on one side. The triple
conditional knockout of Smad1/Smad5/Smad8, however, resulted
in fully retained Millerian duct derivatives [36]. Therefore, the
three Smad genes function redundantly within the pathway,
likely downstream of Acurl and Bmprla.

Beta-Catenin Is Required for MD Regression

Multiple Wnt genes are expressed in the mesonephros, including
Wnt4, Wnt5a, Wnt7a, and Wnt9b (gudmap.org). To determine if the
canonical WNT pathway was required for Miillerian duct regres-
sion, a Miillerian duct mesenchyme-specific knockout of p-cate-
nin was performed [41]. Loss of beta-catenin in the Miillerian duct
mesenchyme resulted in the persistent Miillerian duct phenotype
in all male mutants. Additionally, AMH was found to be
expressed in the Sertoli cells of the mutant testes, implying that
loss of B-catenin disrupts the pathway downstream of AMH ex-
pression [41]. These results suggest that p-catenin functions spe-
cifically in the Miillerian duct mesenchyme to mediate Miillerian
duct regression downstream of AMH signaling [41].

Osterix Is an AMH-Induced Regulator of Miillerian Duct
Regression

A transcriptome analysis of RNA-seq data generated from puri-
fied E14.5 male and female Miillerian duct mesenchyme identi-
fied Osterix (Osx), also known as Sp7, as a male-enriched gene
[42]. Osx was originally identified as a gene required for osteo-
blast differentiation [43]. Osx is expressed in a sexually dimor-
phic manner in the Miillerian duct mesenchyme. At E14.5, Osx
expression is detected in the Miillerian ducts of male fetuses,
whereas no expression was detected in the Millerian ducts of
female fetuses [42]. This male-specific expression continues
throughout the remaining regression process [42]. In addition,
Osx expression is lost in male mice lacking Amhr2 [42]. In con-
trast, overexpression of human AMH in females, using an MT-
hAMH transgene stimulates Osx transcription [42]. This Amh-
and Amhr2-dependent, sex-specific expression implies a role for
Osx in the Amh signaling pathway. Additionally, loss of [3-catenin
expression leads to a reduction in Osx transcripts, implying that
Osx is downstream of f8-catenin in the regression pathway [42].
Osx knockout males have a 24-h delay in Miillerian duct regres-
sion [42]. When compared to wild-type males, Osx knockout
males showed longer and thicker segments of the Miillerian
duct at E15.5, E16.5, and E17.5 but complete regression by E18.5

[42]. Taken together, the data suggest that Osx is an AMH-
induced gene that contributes to Miillerian duct regression.

Other Genes That May Be Involved in Miillerian Duct
Regression

Mmp2 (matrix metallopeptidase 2) transcripts are detected in
the male Millerian duct mesenchyme [44]. Mmp2 expression in
the Miillerian duct mesenchyme is lost in Amh™~ male mouse
fetuses at E13 and E14 [44]. Pharmacological inhibition of Mmp2
in vitro blocks Miillerian duct regression in male urogenital or-
gan culture [44]. Knockdown of Mmp2 using morpholino oligo-
nucleotides also resulted in Miillerian duct regression defects in
male urogenital organ culture. In contrast, activation of MMPs
resulted in Miillerian duct regression in female urogenital organ
culture. However, male Mmp2 mutant mice have normal
Miillerian duct regression [44], suggesting that Mmp2 is not es-
sential for Miillerian duct regression in vivo or may act redun-
dantly perhaps with other Mmp genes.

Wifl (WNT inhibitory factor 1) is a secreted frizzled-related
protein that inhibits WNT signaling by binding WNT, blocking
binding to receptors [45]. Wifl expression is detected in the
male Miillerian duct but not the female at E13.5 and E14.5 [46].
Wif1 transcripts are not detected in Amhr2~/~ male fetuses at
E13.5 [46]. Exogenous AMH can induce Wifl expression in the
Miillerian duct mesenchyme in female urogenital organ culture.
Knockdown of Wifl expression by siRNA in vitro inhibits
Miillerian duct regression [46]. However, newborn and 4-week-
old Wifl knockout male mice did not have residual Miillerian
tissues, suggesting that Wifl is not essential for Miillerian duct
regression in vivo or there is gene redundancy.

GRNss Describe Pathways That Regulate Biological
Processes

GRNs can be described as control systems, at the genetic level,
for living creatures. They can include, but are not limited to,
DNA sequence-specific transcription factors and downstream
genes. The network consists of the processes by which gene
products and sequences function collectively to fulfill a biologi-
cal task. The gene sequences in this case are targets of tran-
scription factors, including enhancers, insulators, and silencers
[47]. GRNs are particularly paramount in development. GRNSs,
for example, specify morphological structures in organisms by
dictating the timing and development of cells and tissues that
make up a structure [48]. GRNs, therefore, can be uncovered and
visualized to illuminate the proper development and function
of an organism. When mapped, a GRN can display nodes, feed-
back loops, enhancement, inhibition, and much more to repre-
sent genetic regulation. Regulatory information placed into
GRNs is first uncovered and supported through experimenta-
tion. Nodes are often defined from knockout or knockdown
experiments, which show that a gene is required for function of
the network. Further experimentation then specifies genes that
encode regulators of those required genes or regulatory sequen-
ces within the genome. Once a GRN has begun to be mapped, it
can be used to generate hypotheses for the GRN or biological
process affected by the GRN. A GRN from one species can be
compared to other GRNs across species for evolutionary study,
as GRNs hold the modifications that differentiate one species
from another [48]. Medically, GRNs dictate normal bodily func-
tion and are, therefore, effective aids in finding causes and solu-
tions for disease. Considering sexual development particularly,
GRNs provide information needed to understand how
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Figure 2: a GRN for AMH-induced Millerian duct regression. The GRN is divided
into domains, representing specific fetal cell types. The interactions contained
within a domain occur within that cell type. Each gene in the GRN is depicted as
a short horizontal line from which extends a bent arrow indicating transcrip-
tion. The name of each gene is below the horizontal line. Arrows extending from
the transcription arrow of one gene to the horizontal line of another gene indi-
cate transcription factor binding to cis-regulatory elements to enhance tran-
scription. Double arrows between cell-type domains indicate intercellular
signaling of a protein. Circles in the GRN indicate intracellular protein activity.
White circles indicate multiprotein complexes. Black circles indicate phosphory-
lation of a protein. Arrows formed by dotted lines indicate interactions that
have been observed in vitro but not yet confirmed in vivo. Boxes containing ques-
tion marks indicate a predicted site of regulation that has not yet been
determined

organisms become sexually differentiated. In the case of this re-
view, we will define our GRN using the studies by Eric Davidson
as a guide [49].

A GRN for Miillerian Duct Regression

Based on the genetic and molecular evidence presented above,
we present the first GRN for AMH-induced Miillerian duct re-
gression (Fig. 2). Sertoli cells of the fetal testes express Sfl/
Nr5al, Gata4, and Sox9, encoding transcription factors that di-
rectly bind the 5 region of the Amh locus. These are among the
very few direct interactions between transcription factors and
cis-regulatory elements for genes in the GRN. Miillerian duct ep-
ithelial cells express and secrete WNT7A that interacts with the
adjacent mesenchyme cells to induce the expression of Amhr2,
making the mesenchyme competent to respond to AMH. AMH
secreted by fetal Sertoli cells interacts with AMHR2/BMPR1A/
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ACVR], resulting in phosphorylation of SMAD1/5/8. The tran-
scriptional targets of these SMADs are currently unknown. The
requirement of beta-catenin in mesenchyme for Miillerian duct
regression suggests that canonical WNT signaling may be re-
quired. Beta-catenin regulates Osx transcript levels but there
are other inputs for Osx transcription. Transcriptome compari-
sons between male and female Miillerian duct mesenchyme
have identified numerous genes that are upregulated in males
relative to females [42, 46]. These provide candidate genes to be
investigated for their roles in Miillerian duct regression. The
GRN indicates that environmental influences that alter Amh
transcriptional regulators (SOX9, NR5A1, and GATA4) could alter
Millerian duct regression. However, more studies are required
to investigate how environmental factors might alter transcrip-
tional outputs within the Miillerian duct mesenchyme. In con-
clusion, this Amh-regulated GRN provides a tool to investigate
Miillerian duct regression, male sex differentiation, and how it
may relate to environmental influences.
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Introduction
Human male reproductive tract development is described in this chapter. The male reproductive tract consists of organs involved
in the storage, maintenance and transportation of male reproductive cells. The major structures of the male reproductive tract
originate from the endoderm-derived cloaca and the mesoderm-derived Wolffian duct. Male reproductive tract and urinary system
development are closely linked and together their structures comprise the urogenital system. All human developmental ages
mentioned in this chapter are counted from the day of fertilization.

Developmental Origins of the Male Reproductive Tract

Gastrulation gives rise to three germ layers: the endoderm, ectoderm and mesoderm. Male reproductive tract development begins
early in gestation and involves cells from all three germ layers (Fig. 1). The cloaca is a transient pouch-like structure at the terminal

Week 5

Cloacal ’
Membrane

Organ Origin Male derivatives (@) Week 10
UGS: Urogenital sinus | Endoderm Urethra, Prostate
UR: Urethra Endoderm Bladder
PR: Prostate Endoderm
WD: Wolffian duct Mesoderm | Vas deferens, Seminal
Vesicle, Ejaculatory duct
VD: Vas deferens Mesoderm
SV: Seminal Vesicle Mesoderm
ED: Ejaculatory duct Mesoderm
UB: Ureteric Bud Mesoderm Ureters, Kidney
MD: Mullerian duct Mesoderm | Prostatic utricle, Appendix
testis

Fig. 1 Germ cell layer of origin of male reproductive tract structures. (A) Cross sectional view of a gastrulated embryo showing the three germ
layers: endoderm (white), mesoderm (light gray) and ectoderm (dark gray). (B) Sagittal view of the male reproductive tract in a week 5 embryo during
the bi-potential stage. (C) Sagittal view of the male reproductive tract in a week 10 embryo after the onset of sexual differentiation. Structures of the
reproductive tract are colored according to germ layer of origin.
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portion of the endoderm-derived hindgut in the early embryo. The cloaca (Latin for “sewer”) differentiates into the urogenital sinus,
bladder, urethra and prostate in males. Paired epithelial Wolffian ducts derive from the mesoderm and insert into the cloaca.
Testicular factors including testosterone masculinize male reproductive structures and drive cellular differentiation within them.
The Wolffian duct gives rise to the epididymis, vas deferens, seminal vesicle and ejaculatory duct. In the mature adult, sperm
from the testes are transported through the epididymis, vas deferens and ejaculatory duct to the urethra. At the urethra, the seminal
vesicle and prostate contribute secretions to the ejaculate that promote sperm health. The urethra is the conduit for deposition of
sperm during reproduction (Moore and Persaud, 2003).

Urogenital Sinus, Urethra, and Prostate

Growth and re-positioning of mesenchymal tissue divides the cloaca into the urogenital sinus ventrally and the anorectal sinus
dorsally by week 7 of gestation.

Urogenital sinus

The ventral portion of the cloaca gives rise to the urogenital sinus (UGS). The UGS is a transient structure comprised of a simple
epithelial tube featuring a balloon-shaped central cavity (Fig. 1). Paired Wolffian ducts insert into the UGS around week 4 of
gestation. The UGS is divided into three parts:

® The cranial or upper part of the UGS differentiates into the urinary bladder.
® The middle or pelvic portion develops into the pelvic urethra and prostate.
® The caudal or lower part develops into the phallic urethra.

Urethra

The urethra develops from the middle and caudal regions of the UGS. The pelvic urethra extends from the bladder to the body wall.
The phallic urethra extends from the body wall to the tip of the external genitalia. Urethral glands (Littre’s glands) and bulbourethral
glands (Cowper’s glands) emerge as urethral outgrowths around week 12 of gestation.

Lineage tracing studies following the fate of endodermal cells within the developing urogenital tract show that the entire urethral
epithelium derives from endoderm (Seifert et al., 2008). The developing urethra forms a stratified epithelium comprised of basal,
intermediate, and superficial layers. Epithelial-mesenchymal interactions are crucial for urethral morphogenesis. Sonic hedgehog
(SHH) peptide is secreted from epithelium and activates GLI transcription factors in nearby mesenchyme. GLI transcription factors
drive bone morphogenetic protein 4 (BMP4) transcription and mesenchymal differentiation. Molecular mapping studies in the
mouse embryo reveal a multilayered pelvic urethral mesenchyme consisting of lamina propria, muscularis mucosa, submucosa,
and muscularis propria (Abler et al., 2011). Male urethra morphogenesis is guided by androgens, principally by androgen-
induced signals from the male urethral mesenchyme that drive urethral epithelium differentiation and remodeling.

Prostate

The prostate is a male accessory sex gland positioned at the base of the bladder and surrounding the pelvic urethra. Prostate
secretions contribute to the ejaculate and promote sperm health. Prostate ductal development initiates in utero as solid epithelial
buds deriving from UGS epithelium. The epithelial buds elongate, branch, and canalize to form a complex ductal system draining
into the urethral lumen. Most studies on early prostate development have been carried out in rodents. The early development
program of prostate budding is remarkably conserved between rodents and humans, even though their prostates differ anatomically
at sexual maturity.

In the human fetus, prostate development occurs in response to testosterone production by testicular Leydig cells around week 7
of gestation. Testosterone acts on androgen receptor (AR)-expressing UGS mesenchymal cells. AR activation increases the
abundance of UGS mesenchymal steroid 5 alpha reductase type 2 (SRD5A2). SRD5A2 converts testosterone to the more potent
dihydrotestosterone (DHT). DHT binding to AR amplifies androgen signaling in the UGS mesenchyme, which evokes
paracrine signaling mechanisms that instruct UGS epithelium to form prostatic buds. Prostate bud outgrowth begins around
week 10 of gestation and continues until week 24.

Studies in mice have shown that prostatic bud number and location are precisely controlled. The Nk-3 transcription factor
locus-1 (NKX3-1) is the earliest marker of prostate specified UGS epithelial cells. Although prostatic bud formation cannot occur
in the absence testosterone, several other factors including SHH, SOX9, HOXB13, and WNT5A are also required for prostatic bud
formation and subsequent prostate ductal development.

Prostate formation is dependent on complex epithelial-mesenchymal interactions. Tissue recombination experiments have
shown that androgen signaling deriving from UGS mesenchyme not UGS epithelium directs prostate bud formation. However,
epithelial AR is required for prostate epithelial cell differentiation and secretory protein production. UGS mesenchyme is organized
into distinct zones, and some zones serve as signaling centers to guide prostate morphogenesis. UGS mesenchymal condensations
(mesenchymal pads) lie on the UGS periphery, are characterized by FGF10 mRNA expression, and guide directional outgrowth of
prostatic buds (Thomson and Cunha, 1999). Epigenetic mechanisms including DNA methylation and histone acetylation regulate
expression of key genes involved in prostate development. DNA methylation controls E-cadherin (CDH1) and AR abundance,
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which in turn control prostate bud elongation and timing of bud formation respectively (Keil et al., 2014a,b). Histone acetylation
controls BMP2 expression to regulate prostatic ductal branching (Keil et al.,, 2015).

In later stages, the prostate undergoes branching, canalization and differentiation to form a pseudo-stratified epithelium
consisting of basal cells, secretory luminal cells and rare neuroendocrine cells. The prostate increases in size following an upsurge
in testosterone production during puberty. The study of early prostate development is receiving renewed interest as the
reawakening of embryonic processes has been implicated in the pathogenesis of prostate cancer and benign prostatic hyperplasia.

Rete Testis, Epididymis, Vas Deferens, Seminal Vesicle

The intermediate mesoderm lies between paraxial and lateral plate mesoderm of the fetus and gives rise to ductal structures of
the urogenital system. Crests of intermediate mesoderm called urogenital ridges form near the midline and along the cranio-
caudal body axis. Early in week 4 of gestation, a non-functional, transient excretory organ called the pronephros develops
within the urogenital ridge at the position of the thorax. The rudimentary tubular structures of the pronephros feed into the
pronephric duct, which joins the cloaca at approximately week 4 of gestation. The pronephric duct is formed by mesenchymal
to epithelial transition of intermediate mesoderm. The pronephros undergoes degeneration through an apoptotic program. The
mesonephros forms caudal to the degenerating pronephros late in week 4 of gestation. The mesonephros contains glomeruli and
mesonephric tubules that function as temporary kidneys until week 10 of gestation, when the metanephros permanently assumes
kidney function. The mesonephric tubules open into mesonephric ducts (also known as Wolffian ducts) which drain into the
cloaca. The mesonephros degenerates in the cranial to caudal direction around week 8, leaving a few residual tubules that
will give rise to efferent ductules of the testes (Rao and Burnett, 2013).

The Wolffian ducts are precursors for ductal structures of the male reproductive and urinary tracts. The ureteric bud emerges as
a Wolffian duct outgrowth near its insertion into the cloaca (Fig. 1). The ureteric bud undergoes branching and differentiation
within a specialized mesenchyme called the metanephric blastema to form the metanephros or permanent kidneys. The ureteric
bud is also the precursor for the ureters, which connect the kidneys to the bladder. The caudal portion of the Wolffian duct between
the ureteric bud and the insertion site into the UGS is called the common nephric duct. Common nephric duct apoptosis positions
the ureters at their final insertion site within the bladder, spatially separating the ureteral and Wolffian duct openings to the lower
urinary tract. Ureter separation from the Wolffian duct is completed by week 7 of gestation. Paired box 2 (PAX2) expression marks
the intermediate mesoderm early after gastrulation. Lineage tracing studies show that the PAX2 expressing intermediate mesoderm
gives rise to Wolffian ducts, the ureteric bud and the metanephric blastema (Bouchard et al., 2002).

During the ambisexual stage, two sets of paired genital ducts are present in male and female embryos. The paramesonephric or
Miillerian ducts extend in the craniocaudal direction and lie lateral to the Wolffian ducts. Miillerian duct formation occurs between
week 6 and 7 of gestation. Lineage tracing studies in chick and mouse models demonstrate that Millerian ducts develop from
the coelomic epithelial layer, which derives from lateral plate mesoderm. Although Wolffian ducts lie in close apposition to and
stimulate Miillerian duct formation, the Wolffian ducts do not contribute epithelial cells to the Miillerian ducts (Guioli et al.,
2007; Orvis and Behringer, 2007).

Sexual differentiation of the male reproductive tract begins around week 7 of gestation. Miillerian inhibiting substance (MIS)
produced by Sertoli cells and testosterone produced by the interstitial Leydig cells of the fetal testis act on the reproductive tract to
induce male differentiation. MIS is a glycoprotein of the TGF-B family of growth factors which causes irreversible regression of the
Miillerian ducts in males. Testicular MIS production commences by week 8 of gestation and Miillerian duct regression occurs
between weeks 8 and 10. The prostatic utricle near the UGS and the appendix testis near the male gonads are Miillerian duct
remnants in males. Female reproductive structures including the uterus, vagina and oviducts form in the absence of MIS.
Testosterone-mediated AR activation supports Wolffian duct survival in males. Reproductive tract structures derived from the
Wolffian ducts are formed between week 9 and 13 of gestation. Regional expression of homeobox (HOX) genes drives segmental
differentiation of the Wolffian duct into the epididymis, vas deferens and seminal vesicle. The Wolffian ducts regress in females
due to insufficient testosterone to support cell survival (Rao and Burnett, 2013).

Rete testis

After the mesonephros undergoes regression, the remaining mesonephric tubules form the efferent ductules. The seminiferous
tubules, which contain sperm cells, are connected to the efferent ductules by a maze-like network of interconnecting tubes called
the rete testis. The ciliated cells lining the rete testis guide sperm into the efferent ductules.

Epididymis
The efferent ductules, which receive sperm from the testis, drain into the epididymis. The epididymis is a convoluted series of
tubules that derives from the portion of the Wolffian duct adjacent to the testis. The epididymis stores and transports sperm.

Vas deferens

The medial Wolffian duct segment forms the vas deferens. Androgens drive Wolffian duct differentiation into the vas deferens
around week 12 of gestation. Smooth muscle surrounding the vas deferens contracts during ejaculation to propel sperm from
the epididymis to the urethra.
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Seminal vesicle

The seminal vesicles develop as lateral outgrowths from the caudal Wolffian duct segment. The seminal vesicles form around week
10 of gestation, after the onset of testosterone synthesis by the fetal testis. Seminal vesicles contribute secretions to the ejaculate. The
most caudal Wolffian duct portion, positioned between the seminal vesicle and the urethra, is called the ejaculatory duct. Ejacula-
tory ducts drain the contents of the seminal vesicle and vas deferens into the urethra.

External Genitalia

Internal fertilization requires specialized male and female external reproductive organs. Lateral plate mesoderm, endoderm, and
surface ectoderm cells contribute to the external genitalia. The initial phase of external genitalia development is essentially the
same in males and females. In the later phase, androgens drive masculinization of the external genitalia in males (Blaschko
et al,, 2012; Yamada et al., 2003).

Early phase: Formation of ambisexual external genitalia
The early phase of external genitalia development, which occurs between 4 and 7 weeks of gestation, is essentially the same in males
and females. This phase occurs independently of androgen action as it happens before the onset of testicular testosterone
production. The cloacal membrane, formed by direct contact of the endoderm and surface ectoderm, is intact at 4 weeks of
gestation. Proliferating lateral plate mesenchymal cells form paired lateral swellings above the cloacal membrane. These swellings
fuse at the midline to form the genital tubercle. The genital tubercle is a bi-potential structure which is the precursor of the penis in
males and clitoris in females. Paired mesenchymal swellings called urogenital folds and labio-scrotal swellings form on either side
of the cloacal membrane. After cloacal septation around week 7, the cloacal membrane becomes the urogenital membrane ventrally
and the anal membrane dorsally. The cloacal membrane ruptures at two sites to form the urethral orifice and the anal opening. The
urogenital membrane is bounded by urogenital folds and lies within a temporary indentation on the ventral genital tubercle surface
called the urethral groove. The urethral groove is lined by a solid cord of endodermal cells comprising the urethral plate epithelium.
The urethral plate epithelium is the region of the phallic urethra distal to the UGS.

Studies in mice have shown that early patterning of the genital tubercle does not depend on androgens but does require Sonic
hedgehog (SHH) signaling. Mice harboring inactivating mutations in the SHH gene fail to form external genitalia. SHH signaling
from the urethral plate epithelium coordinates cell movements during external genitalia development (Perriton et al., 2002).

Later phase: Sexual differentiation of the external genitalia

Male testicular androgens induce genital tubercle differentiation into the penis. In females, the genital tubercle fails to elongate and
forms the clitoris in the absence of androgens. Testosterone synthesis begins by week 7 and maximal concentrations in the fetus are
achieved between weeks 10 and 15 of gestation. Early signs of sexual differentiation in the external genitalia can be detected by week
9 and complete differentiation is achieved by weeks 12-13.

The steroid hormone dihydrotestosterone (DHT) masculinizes the external genitalia. Testosterone is converted to DHT by the
action of steroid metabolizing enzymes like SRD5A2 which are expressed in genital tubercle mesenchymal cells. DHT initiates
androgen signaling in androgen receptor expressing mesenchymal cells. Interactions between androgen activated mesenchyme
and urethral plate epithelium initiate male external genitalia differentiation.

Androgen exposure elongates the genital tubercle into the penis. Early in sexual differentiation, the proximal phallic urethra is
a closed hollow tube but the distal portion comprising the urethral plate epithelium remains a solid mass of cells. The urogenital folds
lining the penile ventral surface guide midline fusion of the urethral plate, forming a hollow urethral tube that extends the whole
length of the penis. The fusion of urogenital folds occurs in a proximal to distal direction, positioning the urethral orifice at the tip
of the penis. Hypospadias, a common birth defect, occur from defective fusion of urogenital folds. Specialized mesenchyme induces
the differentiation of the distal urethral into a stratified squamous epithelium. The labio-scrotal swellings fuse in the midline to form
the scrotum. The skin covering the developing penis is derived from surface ectoderm. Specialized structures of the penis, the corpus
cavernosa and the corpus spongiosum, derive from the proliferation and differentiation of mesoderm derived cells.

The Genitourinary Development Molecular Anatomy Project (GUDMAP) website provides curated information on reproductive
tract anatomy, histology, mRNA and protein expression over developmental time (www.gudmap.org).

Signaling Pathways in Male Reproductive Tract Development

Studies in rodents have greatly advanced our knowledge of signaling pathways involved in male reproductive tract development.
Table 1 provides a parallel chronology of the major events in male reproductive tract development in human and mouse.

Sonic Hedgehog Signaling

Sonic hedgehog (SHH) peptide is a developmental morphogen secreted by epithelial cells. The secreted SHH peptide relieves
the repression of smoothened (SMO) by binding to its inhibitor patched (PTC1). SMO activation initiates transcription of
GLI transcription factors which are involved in several developmental and morphogenetic processes. SHH is expressed in
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Table 1 Chronology of male reproductive tract development in human and mouse

Human Internal reproductive tract External genitalia Mouse
Week 3 Gastrulation; cloacal membrane E6-E6.5
forms
Week 4 Nephrogenic cord forms pronephros Genital tubercle forms E8.5
forms cloaca develops from hindgut E9
mesonephros forms Wolffian duct fuses E9.5
with cloaca (day 26) E9.5-E11.5
E9.5
E11-E11.5
Week 5 Ureteric bud forms (day 28) E10.5-E11.5
Cloacal septation begins E10.5
Common nephric duct apoptosis E11-E12
Week 6 Miillerian duct forms E12-E13
Urogenital and labio-scrotal E14
folds form
Week 7 Cloacal septation complete Cloacal membrane rupture E13-E13.5
Ureters join bladder E13-E14
Onset of testosterone synthesis E13-E13.5
Week 8 Miillerian ducts reach UGS E13.5
Onset of sexual dimorphism
Week 9 Millerian duct degeneration E16.5
Wolffian duct differentiation E16.5-P1
Week 10 Miillerian duct degeneration complete E16.5
Seminal vesicle forms E16.5
Prostate forms E16.5-E18.5
Wolffian duct differentiation E16.5-P1
Week 11 Wolffian duct differentiation E16.5-P1
Week 12 Wolffian duct differentiation E16.5-P1
Week 13 Urethral tube closure E16.5
2nd Trimester Growth of external genitalia E15.5-P1
Inguinal descent (week 23) E15.5-E17.5
3rd Trimester Growth of external genitalia E15.5-P1
Scrotal descent (weeks 24-34) E17.5-P20

Provides a parallel chronology of male internal reproductive tract and external genitalia development in the human and mouse. Developmental age in humans is depicted here in
weeks from the time of fertilization. Developmental age in the mouse embryo is depicted as days (E) from the time of fertilization.

hindgut-derived structures including the cloacal epithelium, where it patterns the surrounding mesenchyme. SHH induces
mesenchymal GLI2, which regulates epithelial and mesenchymal proliferation and apoptosis during cloacal development.
SHH regulates cloacal septation by promoting proliferation of mesenchymal cells in the urorectal septum (Seifert et al.,
2009). SHH signaling is required for prostate formation and external genitalia development. Treatment with SHH inhibitors
impairs prostate ductal growth and morphogenesis (Podlasek et al., 1999). SHH knockout mice show a complete absence of
external genitalia (Haraguchi et al., 2001).

WNT-Beta Catenin Signaling

WNT ligand binding to cell surface Frizzled receptors stabilizes and activates the transcription factor beta-catenin. WNT signaling is
involved in several aspects of urogenital development including the septation of the cloaca into the urogenital and anorectal
sinuses. Disruption of WNT signaling results in rectourethral fistulas (abnormal connection between the urethra and rectum).
Epithelial beta-catenin is also required for prostate development and growth (Mehta et al., 2013). The WNT-beta catenin pathway
acts downstream of SHH signaling to regulate external genitalia development (Miyagawa et al., 2009).

Bone Morphogenetic Proteins

Bone morphogenetic proteins (BMPs) are growth factors belonging to the TGF-beta superfamily. BMPs bind to serine threonine
kinase receptors and initiate intracellular signaling through SMAD proteins. BMP7 expression in the urorectal septum is required
for cloacal septation. In addition, BMP7 expression maintains proliferation and cell survival in the cloacal epithelium (Xu et al.,
2012). Expression of BMP7 in the UGS mesenchyme restricts prostate ductal budding and prevents excessive branching of
elongating ducts (Grishina et al., 2005).
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Fibroblast Growth Factors

Fibroblast growth factors are a family of secreted growth factors that signal through tyrosine kinase fibroblast growth factor receptors
to regulate proliferation, differentiation and morphogenesis during embryonic development. FGF signaling is required for cell
survival during the early stages of genital tubercle outgrowth. FGF signaling in the ectoderm is required for urethral tube formation.
Deletion of FGF10 or its receptor FGFR2 results in severe hypospadias (IHarada et al., 2015). FGFR2, a critical regulator of prostate
development, is required for branching and growth of prostate buds. FGF10 is a paracrine mediator of epithelial to mesenchymal
signaling during prostate bud formation. FGF10 knockout mice fail to form prostate, seminal vesicle, bulbourethral glands and
caudal vas deferens (Thomson and Cunha, 1999).

PAX Genes

Paired box (PAX) genes are tissue specific transcriptions factors that determine lineage specification in the early embryo. PAX2
and PAX8 are required for Wolffian duct formation from the intermediate mesoderm. In PAX2 and PAX8 double mutant
mice, the intermediate mesoderm fails to undergo the mesenchymal to epithelial transition required for Wolffian duct formation
(Bouchard et al., 2002). GATA3, a downstream effector of PAX2, regulates Wolffian duct growth and caudal extension which is
required for fusion with the cloaca and formation of definitive kidneys (Grote et al., 2006).

EPH Receptors/Ephrins

EPH receptors are a family of receptor tyrosine kinases with plasma membrane bound ligands called ephrins. EPH receptor/
ephrins are involved in the maintenance of cell-cell adhesion and communication between similar or different cell types
during developmental processes. The ephrin receptors EPHA4 and EPHA7 are expressed in the mesenchyme surrounding
the cloaca and Wolffian duct where they mediate Wolffian duct fusion with the cloaca (Weiss et al., 2014). Signaling from
EPHA4 and EPHB2 is required for apoptosis of the common nephric duct for proper separation of ureters from Wolffian ducts
(Peuckert et al., 2016). EphrinB1 expressed by prostatic mesenchyme regulates prostate growth and branching (Ashley et al.,
2010).

Vitamin A/Retinoic Acid Signaling

Retinoic acid, a derivative of vitamin A (retinol), binds to nuclear retinoic acid receptors to activate transcriptional programs for
differentiation and organogenesis. The spatial expression of retinaldehyde dehydrogenases, which convert retinaldehyde to
retinol, is tightly regulated in a tissue specific manner. Apoptosis induced by retinoic acid signaling is required for ureter
separation from the Wolffian duct and proper positioning in the bladder (Batourina et al., 2005). Retinoic acid is a powerful
inducer of prostate budding (Vezina et al., 2008a). Retinoic acid signaling regulates external genitalia formation by maintaining
SHH and BMP4 expression in the genital tubercle (Liu et al., 2012).

Miillerian Inhibiting Substance

Mullerian inhibiting substance (MIS) or anti-Miillerian hormone (AMH) is a gonadal hormone secreted by Sertoli cells of the
developing testis. The secreted glycoprotein MIS belongs to the TGF-beta family of transcription factors. MIS acts through AMH
Type Il receptors expressed by Miillerian duct mesenchyme to initiate apoptosis and degeneration of the Miillerian duct (Behringer,
1995; Abler et al., 2011).

Androgens, INSL3

Testosterone synthesis initiates from fetal Leydig cells during week 7 of gestation. Testosterone is converted to the more potent
dihydrotestosterone (DHT) by the enzyme SRD5A2. DHT acts on AR expressing cells to initiate androgen-dependent transcriptional
programs. DHT regulates prostate and seminal vesicle formation, external genitalia masculinization and formation of the vas
deferens and epididymis. The Leydig cell specific insulin-like peptide INSL3 binds to relaxin/insulin like family peptide receptor
2 (RXFP2) to promote testicular descent into the scrotum (Barsoum and Yao, 2006).

Endocrine Disruptors

Environmental toxins with the capability of interfering with endocrine signaling are known as endocrine disruptors (Prusinski
et al.,, 2016). In utero exposure to endocrine disruptors adversely affects hormone-dependent development and increases risk
of adulthood disease. Maternal exposure to low doses of Bisphenol A, an estrogenic compound found in plastics, has been shown
to increase prostate size in rodent models (Gupta, 2000; Dolinoy et al., 2007). Early exposure to Bisphenol A can also increase
the risk of prostate cancer in rodent models of estrogen-induced carcinogenesis by inducing long-term changes to the DNA
methylome (Cheong et al., 2016). The anti-androgenic endocrine disruptor vinclozolin found in fungicides, can induce
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hypospadias in mice (Buckley et al., 2006). In utero exposure to persistent environmental pollutants called 2,3,7,8 tetrachloro-
dibenzo-p-dioxin impairs reproductive function of male and female rodents (Gray and Ostby, 1995; Bjerke and Peterson, 1994).
In utero dioxin exposure disrupts mouse prostate formation (Vezina et al.,, 2008b) and sensitizes mice to hormone-mediated
urinary dysfunction (Ricke et al., 2016).

Congenital Anomalies of the Male Reproductive Tract

Congenital anomalies of the male reproductive tract can reduce fertility. Hypospadias are the most common congenital anomaly
of the male reproductive tract, with an occurrence of 1 in 250 live male births. Hypospadias occur when the urethral opening is not
at the tip of the penis, but instead on the ventral surface or scrotal region. Defects in urethral tube closure result in hypospadias
(Baskin and Ebbers, 2006). Genetic, endocrine and environmental factors have been implicated in the occurrence of hypospadias.
Epispadias, which occur when the urethral opening is on the dorsal surface of the penis, is a much rarer condition (affecting 1
in 117,000 males) (Gearhart and Jeffs, 1992). Unlike hypospadias, epispadias result from defects in the cloacal membrane
(Suzuki et al., 2017). Another congenital anomaly called chordee is associated with increased curvature of the penis. A congenital
condition called posterior urethral valves is associated with the occurrence of flaps of urethral tissue that obstruct urine flow and
impair reproductive function (Agarwal, 1999).

Persistent Miillerian duct syndrome is a rare anomaly of the reproductive tract in which Miillerian duct derivatives (uterus and
oviduct) persist in males. The persistence of Miillerian duct derivatives can be due to insufficient production of Miillerian inhibiting
substance (MIS) or insensitivity of the Miillerian duct to MIS (Elias-Assad et al., 2016).

Congenital anomalies of Wolffian duct derivatives include ectopic insertion of the ureter into the urethra, seminal vesicle,
ejaculatory duct or vas deferens. Ectopic ureters are a result of abnormal ureteric bud formation and abnormal separation from
the Wolffian duct during kidney development. Ectopic ureter insertion into the seminal vesicle results in the development of
congenital seminal vesicle cysts. Seminal vesicle anomalies on their own do not contribute to male infertility. However, these defects
are often observed with other Wolffian duct defects that affect fertility (Kroovand and Perlmutter, 1981).

Defects in vas deferens development are a major cause of male infertility. Congenital bilateral absence of the vas deferens
results in male infertility from obstructive azoospermia (lack of sperm in semen). This condition is highly prevalent in males
who have abnormal mucus production from mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene. Abnormal mucus production in affected individuals results in obstruction and destruction of the vas deferens, leading
to infertility in later life (Stuhrmann and Dork, 2000). Other congenital anomalies of Wolffian duct derivatives include agen-
esis of the epididymis, epididymal cysts with loss of continuity, agenesis of the seminal vesicle and agenesis of the ejaculatory
duct.
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Discussion

Student 7: Classic Reference #1 above
—  What are the developmental steps of the Wolffian/epididymal duct?
—  What are the Phenotypes of knockouts that explain the development?
~ What technology was used

Student 8: Reference #2 above
—  What is the technology used?
—  Where is the expression pattern of the COUP-TF11?
~  What does the knockout phenotypes show on regional actions of COUP-TF11?

Student 9: Reference #3 and #4 above
—  What is the technology used and how different?
—  What organoid cell structures were observed?
—  What basic inft ion on male rep ive tract P was obtained?

Development
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Figure 2 | Formation of the Miillerian ducts. a | Schematic diagram of Miillerian duct formation in
mammals. The Millerian duct forms as an invagination of the surface epithelium of the MESONEPHROS at
around embryonic day (E) 11.5 in mice and this epithelial invagination extends posteriorly until it reaches
the cLoaca at E13.5. b | The extending epithelium of the Miillerian duct is visualized at E12.5 by Lim1
(Lhx1)-lacZ expression11. Note that the Wolffian duct (blue) has reached the cloaca posteriorly, but the
Muillerian duct is still in the process of extending posteriorly. The grey arrow points to the posterior tip of
the extending Mdillerian duct. ¢ | Cross section of the gonadal/mesonephric region (dashed line in b). Blue
staining by Lim1-lacZ expression is observed in the epithelium of the Wolffian and Mdllerian ducts and the
mesonephric tubules. A, anterior (cranial); D, dorsal; Lim, lin-11, Is/1 and mec-3 transcription-factor
homologue; P, posterior (caudal); V, ventral. Panel c adapted from Ref. 11 © (2003) The Company of
Biologists Ltd.
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Region-specific regulation of cell proliferation by FGF receptor signaling
during the Wolffian duct development.

Okazawa M, et al.
Dev Biol. 2015 Apr 1;400(1):139-47.

Figure 3 | Miillerian duct regression. The developing Millerian ducts are visualized by Lim1-lacZ
expression11 in the mouse embryo at embryonic day (E) 15. a | In XY male mice, Miillerian-inhibiting substance
gMIS) is produced by the testes and eliminates the Miillerian ducts. The regressing Millerian ducts (MD) have a
ragmented pattern at this stage. b | When Mis is mutated by gene targeting in XY mice, there is no Mdllerian
duct regression. c | There is no Mullerian duct regression in the absence of MIS in XX female mice. d | When
human MIS (AMH) is overexpressed using a metallothloneln (Mt) promoter in XX mice, ectopic regression of the
Muillerian duct is observed A, anterlor (cranial); i ney, L, left; Lim, lin-11, Is/1 and mec-3 transcrlptlon -factor
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Osterix functions downstream of anti-Miillerian hormone signaling to regulate Miillerian duct regression.
Mullen RD, Wang Y, Liu B, Moore EL, Behringer RR.
Proc Natl Acad Sci U'S A."2018 Aug 14;115(33):8382-8387.




AMH and AMHR2 Involvement in Congenital Disorders of Sex Development
Brunello FG, Rey RA.
Sex Dev. 2021 Aug 31;1-9.

Hormonal control of fetal sex differentiation. a In the human embryo, before the 7th week, the primordia of the gonads and of the
external genitalia are undifferentiated and sexually bipotential, while 2 duct systems coexist, the mdillerian and the wolffian ducts,
which are unipotential. b In the male, the testes secrete anti-miillerian hormone (AMH), responsible for miillerian duct regression,
and androgens, responsible for wolffian duct differentiation into the epididymis, vas deferens, and seminal vesicle, as well as for the
virilization of the external genitalia. ¢ In the female, the ovaries do not secrete AMH or testosterone during the sex differentiation
window, which leads the miillerian ducts to form the fallopian tubes, the uterus, and the upper portion of the vagina, the wolffian ducts
to regress, and the external genitalia to feminize. d In 46,XY individuals with mutations resulting in impaired expression of AMH or the
AMH receptor type II, the miillerian duct derivatives develop, leading to the persistent miillerian duct syndrome (PMDS). Modified,
with permission, from Josso and Rey [2020].
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Estrogens and development of the rete testis, efferent ductules, epididymis and vas deferens
Hess RA, Sharpe RM, Hinton BT.
Differentiation. Mar-Apr 2021;118:41-71.

\Time course major events in development and differentiation of the rat male reproductive system. Although
efferent ductules were emphysized for ESR1 expression, epididymal epithelium has positive expression in select
cell types (see section 3). MT, mesonephric tubules; AR, androgen receptor; ESR, estrogen receptor; WD,
Wolffian duct; T, testosterone; E2, estrogen; FSH, Follicle Stimulating Hormone; LH, Luteinizing Hormone; ED,
efferent ductules; RT, rete testis. Adapted from Hinton and Avellar (2018).




A schematic diagram of sexual differentiation of external genitalia. In the mouse, the first morphological differences between the male and female GT
are evident from E16.5. The fusion of the urethral folds in the ventral midiine leads to the formation of the urethral groove, which subsequently becomes
the mature urethra (human). This fold is prominent in the male GT after E16.5 (mouse). The canalization of the urethral plate proceeds proximo-distally
in the male GT. Genes expressed in the mesenchyme and epithelia are shown. The bilateral mesenchyme is the ventral (lower) side of embryonic GT
mesenchyme adjacent to the endodermal epithelia which develops to the urethra (mouse).

A gens and ian male ive tract d
Murashima A, Kushlgamus Thomson A, Yamad
Biochim Biophys Acta. 2015 Feb;1849(2):163- 70

A schematic diagram of male genital tract masculinization. WD epithelium is stabilized by androgen exposure, and the epididymis elongates and coils
three-dimensional manner (left low and upper illustration). Prostate develops from the UGS. During sexual differentiation, solid buds from the urogenital
sinus epithelium invade into the urogenital sinus mesenchyme where subsequent branching occurs (ight low and upper llustration). Circulating or
test initiate these through the AR which regulates paracrine signaling to
epithelia. Growth factor related genes which show tissue specific expression patterns are summarized in the scheme. *lobe-specific expression

Reproductive tract biology: Of mice and men.
Cunha GR, Sinclair A, Ricke WA, Robboy SJ, Cao M, Baskin LS.
Differentiation. 2019 Nov - Dec;110:49-63.

The mouse penile glans (A) lies within an extensive prej Kutial space defined by the hair-bearing external prepuce, which forms the|
prominent elevation in the perineum. Comparison of (A & B) suggests homology between the human prepuce and the mouse

“internal prepuce” (both red) in so far as both are integral to the distal aspect of the penis and encircle the glans. The MUMP (male
urogenital mating protuberance) is a fibrocartilaginous process that extends ~1 mm beyond the urethral meatus in mice (A). (For|
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)




Diagram of divergent development of human penile urethral development. The distal portion of the human penile urethra (within the
glans) develops via direct canalization of the urethral plate, while the proximal portion of the human penile urethra within the shaft
forms via fusion of the urethral folds.

Di

ic F-Actin

in the Genital Organogenesis.

LiuL, §uzuki K, Chun E, Murashima A, Sato Y, Nakagata N, Fujimori T, Yonemura S, He W, Yamada G.

Sex Dev. 2017;11(4):190-202.

Prostate and Seminal Vesicle




Development of the human prostate.
Cunha GR, Vezina CM, Isaacson D, Ricke WA, Timms BG, Cao M, Franco O, Baskin LS.
Differentiation. 2018 Sep - Oct;103:24-45.

UGS epithelium from a fetal mouse on gestation day 15 after removal of the mesenchyme. Images were taken by scanning electron
microscopy (SEM) at successive 90°  rotations of the sample, starting with a lateral view (A). Dotted line in (A) indicates that portion
of the UGS from which prostatic buds will emerge. Arrowheads show where the Miillerian ducts entered the UGS epithelium. From
Lin et al. (2003) with permission.
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Table | Protcins affocting branching morphogenesis in the prostate or seminal vesicks

Proten  Role in Supporting data for Supporting evidence  References
bramching? Proame  Seminsl  Invive  Gemetic Functional genomic studies reveal the androgen receptor as a master regulator of cellular energy metabolism in prostate cancer.
vesides  studies  studies Gonthier K, Poluri RTK, Audet-Walsh E.
J Steroid Biochem Mol Biol. 2019 Jul;191:105367.
AR Promote X X X X Takeda et al. (1986), Brown et al. (1955), Lubahin

o al. (1989), Charest et al, (1991), Gaspar ct al
(1991), He ¢t al. (1991)

BMPY Inhibit X X X Lamm et al. (2001)

BMP? Inhibit X X X Grishima et al. (2005)

FGF7 Promote X X X Aland et al. (1994), Sugimura et al. (1996)

FGFI0 Promote X X X X Thomson and Cunha (1999), Donjacour et al

2003)

FST Promote X X Canailla et al. (2001)

GDF?  Promote X X Settke et al. (2001)

GHR Promo X X Ruan ct al. (199)

GLR Promote X X X Dokes ot al. (006)

HOXAI0  Promote X X X Podlasck ¢t al. (199%)

HOXAI3  Promote X X X Podlasek et al. (1999b)

HOXBIY  Promote X X Economides and Capecchi (103)

HOXDI3  Promote X X X Podlasck et al. (1997), Economides and Capecchi
(2003)

1GF1 Promote X X Ruan ct al, (1999)

INHBA Inhibit X X Cancilla et al. (2001)

NKX11  Promowc X X Bhatia-Gaur ¢t al. (199), Schacider ct al, (2000),
Tanaka et al (2000)

p63 Promote X X Signoretti et al. (2000)

SFRPI Promote X b Joesting et al, (X

TGFp Inhibit X X ltoh et al. (1995), Tomlinson ct al. (2004)

SHH Context dependent X 3 X Podlasck et al. (1999a), Fresstone ct al. (2003),

regulator Wang et al., (2003), Lamm et al.. (2002), Berman

o al. (004), Doles et al. (3006)

SMO Context dependent X X X (Podlasek ¢t al, (1999a), Freestone ¢t al. (2003),

regulator Wang et al. (2003), Lamn et al. (2002), Berman

et al. (2004), Doles et al. (2006)

SRDSA2 - Promote X X X Andersson et al. (1991). Mahendmoo et al. (2001)

BMP, bone morphog

tic peotein; FGF, fibroblast growth factor; TGF-f, trandforming growth factor-fi; SHH, sonic hedgehog




Histology of SVs and the prostate. The glandular structure of SVs and the prostate is vi in standard paraffin- tissue sections.
The sections were stained with hematoxylin-eosin (HE) (A) and for basal cytokeratins 5/14 (B) as described in Jdimaa et al. (2010). The
epithelium of both tissues consists of two major cell types, basal (B) and secretory (S) cells. Note the discontinuous layer of basal cells in SVs.




Prostate Disease and Cancer

Progenitors in prostate development and disease
Joseph DB, Turco AE, Vezina CM, Strand DW.
Dev Biol. 2021 May;473:50-58.

Prostate Luminal Progenitor Cells in D and Cancer.
Zhang D, Zhao S, Li X, Kirk JS, Tang DG.
Trends Cancer. 2018 Nov;4(11):769-783.

Hierarchy of Prostate Epithelial Cell Lineages. (A) A simplified cartoon illustrating the epithelial cell composition and glandular
structure of the adult prostate. (B,C) Hierarchy of epithelial cell lineages during early prostate development (B;)and homeostasis and
regeneration (C), revealed by genetic lineage-tracing studies. Blue-curved arrows denote self-renewal and broken arrows indicate
inconsistent results reported by different groups. Abbreviations: ECM, extracellular matrix; LP, luminal progenitor; SC, stem cell.
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A miRNA expression signature that separates between normal and
malignant prostate tissues.

Carlsson J, Davidsson S, et al. Cancer Cell Int. 2011 May 27;11(1):14.
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Ko

Cortese R, Kwan A, et al. (2012) Epigenetic markers of prostate cancer in plasma circulating DNA.
Hum Mol Genet. 15;21(16):3619-31.




Combined Effects of Different Endocrine-Disrupting Chemicals (EDCs) on Prostate Gland
De Falco M, Laforgia V.
Int J Environ Res Public Health. 2021 Sep 16;18(18):9772.

Developmental estrogenization: Prostate gland reprogramming leads to increased disease risk with aging
Prins GS.
Differentiation. Mar-Apr 2021;118:72-81.
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Epididymis

Connection between seminiferous tubules and epididymal duct is originally induced before
sex differentiation in a sex-independent manner

Omotehara T, Wu X, Kuramasu M, Itoh M.

Dev Dyn. 2020 Jun;249(6):754-764.

A diagram summarizing the present study
in regard to the interaction between the
Adrenal-4 binding protein/Steroidogenic
factor-1  (Ad4BP/SF-1)-positive gonadal
cells and mesonephric tubules (MT)
during early gonadogenesis. Ad4BP/SF-1-
positive cells (blue dots) are adjacent to
the MT in all developmental stages, but
serial localization of the basal membrane
(BM) from MT to the Ad4BP/SF-1-
expressing cells is found in both sexes
after 11.5 dpc, indicating that the
connection is induced before sex
differentiation in a sex-independent
manner. RC, rete cord; TC, testis cord;
WD, Wolffian duct.

The human epidit is: its ion in sperm
Sullivan R, Mieusset
Hum Reprod Update. 2016 Sep;22(5):574-87.

Anatomy of the epididymis. Schematic representation of the mouse (A) and rat (B) epididymi ing the partitioning of epidi interstitium by
connective tissue septae. (C) Micrograph of longitudinal histological section of the proximal region of the rat epldldyms The connective fissue septae
are drawn according to (B). (D) Photograph of the human epididymis dissected from the testis. Inset: higher the of

the epididymal tubule. (A), (B) and (C) Reprinted with permission from Jelinsky et al. (2007) and (D) Reprinted with permission from Turner (2008)

18



The microRNA signature of mouse spermatozoa is substantially modified
during epididymal maturation.

Nixon B, Stanger SJ, Mihalas BP, Reilly JN, Anderson AL, Tyagi S, Holt JE, McLaughlin EA.
Biol Reprod. 2015 Oct;93(4):91.

Mouse and human epididymides.

Mouse: 1, initial segment, proximal
caput; 2, midcaput; 3, distal caput; 4,
corpus; 5, cauda. Adapted (regional
divisions by the author) from Trevor
Cooper, University of Muenster
(Yeung and Cooper, 2002), with
permission of author and publisher,
Springer. Human: ED, efferent ducts;
1, anterior caput; 2, posterior caput; 3,
anterior corpus; 4, midcorpus; 5,
posterior corpus; 6, anterior cauda; 7,
posterior cauda; DD, ductus deferens.
Reprinted by permission of the author
(Dacheux et al., 2006), UMR INRA-
CNRS and publisher, Elsevier Limited.
Scale bar, 1 cm.

Determination of the miRNA signature present in mouse epididymal spermatozoa. A) Venn diagram
illustrating the number of miRNAs that were identified by next-generation sequencing and their
disruption within spermatozoa sampled from the caput, corpus, and cauda regions of the adult
mouse epididymis. B) Graphical representation of miRNA distribution highlighting the number of
significantly up- and down-regulated (threshold = = >2-fold change and FDR of <0.05) miRNAs
positively identified in spermatozoa between each epididymal region. For the purpose of these
analyses, an average count value of >10 across two biological replicates (with each replicate
comprising pooled miRNA from a minimum of nine animals) was used as the threshold for positive
identification of all miRNAs.

19



The Role of Extracellular Vesicles in Sperm Function and Male Fertility

Foot NJ, Kumar S.
Subcell Biochem. 2021;97:483-500.
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Sullivan R, Saez F. (2013) Epidi

and

male reproductive physiology. Reproduction. 2013 Jun 14; 146(1) R21-35.

their roles in mammalian

Epididymosomes

Size: 25-300 nm

Cellular origin: epididymal
principal cells

Extracellular release:
Apocrine secretion

Function: Sperm maturation,
transter of proteins to the
sperm surface

Lipids: cholesterol.
phospholipid ratio = 0.5

(3)

(3,4)

(6)

(8,9

Prostasomes

Size: 30-500 nm

Cellular origin: prostate acinar
cells

Extracellular release:
Exocytosis of storage vesicles

Function: Sperm motility,
immunosuppressive, and
antioxydant factor, and sperm
capacitation

| Lipids: cholesterol:
| phospholipid ratio = 2. High
amount of sphingomyelin.

Reference

@)

@)

5)

@)

(10)

Proteomic Profiling of Mouse Epididymosomes Reveals their Contril
Nixon B, De luliis GN, Hart HM, e
Mol Cell Proteomics. 2019 Mar 15 1B1Suppl 1):591-5108.

to Post

Sperm
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Region-specific microRNA signatures in the human epididymis.
Browne JA, Leir SH, Eggener SE, Harris A.
Asian J Androl. 2018 Nov-Dec;20(6):539-544.

Roles of male reproductive tract extracellular vesicles in reproduction
Tamessar CT, Trigg NA, Nixon B, Skerrett-Byrne DA, et al.
Am J Reprod Immunol. 2021 Feb;85(2):e13338.

Vas Deferens

22



Mechanisms of adaptive supersensitivity in vas deferens.

Quintas LE, Noél F.
Auton Neurosci. 2009 Mar 12;146(1-2):38-46.

Adaptive supersensitivity is a phenomenon characteristic of excitable tissues and discloses as a
compensatory adjustment of tissue's response to unrelated stimulatory endogenous and exogenous
substances after chronic interruption of excitatory neurotransmission. The mechanisms underlying such
higher postjunctional sensitivity have been postulated for a variety of cell types. In smooth muscles,
especially the vas deferens with its rich sympathetic innervation, the mechanisms responsible for
supersensitivity are partly understood and appear to be different from one species to another. The
present review provides a general understanding of adaptive supersensitivity and emphasizes early and
recent information about the putative mechanisms involved in this phenomenon in rodent vas deferens.
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of rat male reproductive system and (B) localization
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Dihydrotestosterone formation
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PROSTATE

y roles of i
Hyuga T, Suzuki K, Acebedo AR, Hashimoto D, Kajimoto M, Miyagawa S, Enmi JI, Yoshioka Y, Yamada G.
Differentiation. 2019 Nov - Dec;110:29-35.

(EMI) during early and androgen dependent external genitalia development.

Endocrine Disruption and Disruptors

Compounds that alter with hormone
receptor and/or signal transduction to alter hormone

actions.
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Toxicol. Sci. - Parks et al. 58 (2): 339 Figure 2
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Bisphenol A induces a shift in sex differentiation gene expression with

testis-ova or sex reversal in Japanese medaka (Oryzias latipes).
Horie Y, Kanazawa N, Takahashi C, Tatarazako N, Iguchi T.
J Appl Toxicol. 2020 Jun;40(6):804-814.

Gestational vinclozolin exposure suppresses fetal testis development in

rats.
WuK,LiY,PanP, LiZ etal.
Ecotoxicol Environ Saf. 2020 Oct 15;203:111053.

Bisphenol B stimulates Leydig cell proliferation but inhibits maturation in

late pubertal rats.
LiY,YanH,YuY, Zou C, et al.
Food Chem Toxicol. 2021 Jul;153:112248.

Perfluoroalkyl substances cause Leydig cell dysfunction as endocrine disruptors

Zhu Q, Li H, Wen Z, Wang Y, et al.
Chemosphere. 2020 Aug;253:126764.
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Stress and Androgen Activity During Fetal Development

Endocrinology. 2015 Oct;156(10):3435-41

Barrett ES, Swan SH

Abstract

Prenatal stress is known to alter hypothalamic-pituitary-adrenal axis activity, and more recent
evidence suggests that it may also affect androgen activity. In animal models, prenatal stress
disrupts the normal surge of testosterone in the developing male, whereas in females, associations
differ by species. In humans, studies show that (1) associations between prenatal stress and child
outcomes are often sex-dependent, (2) prenatal stress predicts several disorders with notable sex
differences in prevalence, and (3) prenatal exposure to stressful life events may be associated with
masculinized reproductive tract development and play behavior in girls. In this minireview, we
examine the existing literature on prenatal stress and androgenic activity and present new,
preliminary data indicating that prenatal stress may also modify associations between prenatal
exposure to diethylhexyl phthalate, (a synthetic, antiandrogenic chemical) and reproductive
development in infant boys. Taken together, these data support the hypothesis that prenatal
exposure to both chemical and nonchemical stressors may alter sex steroid pathways in the
maternal-placental-fetal unit and ultimately alter hormone-dependent developmental endpoints.
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Rapid Induction of Female-to-Male Sex Change in Adult Zebrafish by Injection of an

Aromatase Inhibitor
Rahaman MM, Kumagai R-l, Tokumoto T.

Zebrafish. 2020 Aug;17(4):261-267.
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Prenatal diethylstilbestrol induces malformation of the external genitalia
of male and female mice and persistent second-generation developmental
abnormalities of the external genitalia in two mouse strains.

Mahawong P, et al.

Differentiation. 2014 Sep-Oct;88(2-3):51-69.

Optical projection tomography images stained with anti-E-cadherin of day 5 postnatal penises
derived from mice treated prenatally with oil or DES as indicated. Note overall reduction in size of
all structures, specifically reduction in overall length of the preputial lamina and truncation of distal
structures destined to form the penile urethral meatus.
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Testicular organoids to study cell-cell interactions in the mammalian testis

Sakib S, Goldsmith T, Voigt A, Dobrinski I.
Andrology. 2020 Jul;8(4):835-841.

In-vitro spermatogenesis through testis modelling: Toward the generation of testicular organoids
Richer G, Baert Y, Goossens E.
Andrology. 2020 Jul;8(4):879-891.

Gastrulation

Urogenital Ridge

Wolftan Duct

Mafiertan Duct
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Schedule/Lecture Outline —

January 14 & 16 Week 1 Systems Biology Introduction
21 &23 Week 2 Molecular/ Cellular/ Reproduction Systems
28 & 30 Week 3 Sex Determination Systems
February 4 & 6 Week 4 Male Reproductive Tract Development & Function
11&13 Week 5 Female Reproductive Tract Development & Functio
18 & 20 Week 6 Gonadal Developmental Systems Biology
25 & 27 Week 7 Testis Systems Biology
March 3 &5 Week 8 Ovary Systems Biology
10 & 12 Week 9 Epigenetics and Transgenerational Gonadal Disease
16 - 20 Week 10 Spring Break
24 & 26 Week 11 Gametogenesis/ Stem Cells/ Cloning
31&2 Week 12 Hypothalamus-Pituitary Development & Function
April  7&9 Week 13 Reproductive Endocrinology Systems
14 & 16 Week 14 Fertilization & Implantation Systems
21 & 23 Week 15 Fetal Development & Birth Systems
28 & 30 Week 16 Assisted Reproduction/Contraception
May 5&7 Week 17 Exam or Grant Review
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