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Week 5

Female Reproductive Tract Development & Function

— Female Urogential Tract Organogenesis
— Development of Vagina/Cervix
— Mesenchymal-Epithelial Interactions
— Role of Hormones
a. Organ Culture
b. Fetal Castration
c. Estrogen Receptor Knockout
— Molecular Control Wnt and HOX Genes
— DES Story
— Mammary Biology and Disease
a. Cell Types
b. Structure
c. Gland Development
d. Disease

Required Reading

Vue, et al. (2018) Fetal and Postnatal Female Tract Development, in: Encyclopedia of
Reproduction (Second Edition), Volume 2, 2018, Pages 261-268
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Nomenclature

AKT Protein kinase B

AMH Anti-Millerian hormone
AR Androgen receptor

BMP Bone morphogenetic protein
DES Diethylstilbestrol

FGF Fibroblast growth factor
GE Glandular epithelium
GW Gestational week

LE Luminal epithelium

MD Muiillerian duct

MODY5 Maturity-onset diabetes of the young type 5
MRKH Mayer-Rokitansky-Kiister-Hauser

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase
WD Wolffian duct
Introduction

The female reproductive tract organs form and differentiate during fetal and postnatal stages of development (Kobayashi and Beh-
ringer, 2003) (Fig. 1). The oviducts, uterus, cervix and upper portion of the vagina are derived from the paramesonephric ducts or

Fig. 1 Schematic illustration of the female reproductive tract in human and mouse. The female reproductive tracts of human (A) and mouse
(B) consist of the ovary, Fallopian tube (oviduct in mouse), uterus, cervix and vagina. A bursal membrane surrounds the ovary in the mouse by not
in human.
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Fig. 2 Reproductive tract sexual differentiation. The reproductive tract progenitor tissues prior to sexual differentiation are equivalent and contain

a fully formed Wolffian duct (blue) and Millerian duct (red) within the mesenophros (gray). Hormones produced by the fetal testis, anti-Mllerian
hormone (AMH), testosterone, and insulin-like 3 (INSL3), activate regression of the MD, differentiation of the WD into the male genital tract (vas def-
erentia, epididymides, and seminal vesicles), and testicular descent, respectively. In females, at this developmental time point the ovary lacks AMH,
testosterone, and INSL3. This permits differentiation of the MD into the female reproductive tract (oviducts, uterus and upper vagina), regression of
the WD by allowing COUP-TFII signaling and MSX2 expression, and maintenance of the ovaries in an abdominal position, respectively. Modified from
Mullen, R.D. and Behringer, R.R. (2014). Molecular Genetics of Mullerian Duct Formation, Regression and Differentiation. Sex Dev. 8, 281-296.

Miillerian ducts (MD) and adjacent mesenchyme that form within the fetal kidneys, the mesonephroi (Fig. 2). The MD is an epithe-
lial tube with adjacent mesenchyme cells. The MDs are located adjacent and lateral to the mesonephric ducts or Wolffian ducts
(WD) that also reside within the mesonephroi (Fig. 2). The WDs can give rise to male reproductive tract organs, including the
seminal vesicles, vasa deferentia and epididymides. In male fetuses, the MDs are eliminated by the action of anti-Miillerian
hormone (AMH), whereas the WDs differentiate in response to androgens. However, during female fetal development, the ovaries
do not secrete AMH or androgens. Thus, in females the MDs differentiate, whereas the WDs regress (Fig. 2).

Once the MDs, have formed, they will become regionalized into the oviduct, uterus, cervix and vagina. Depending on the species,
the posterior region of the MDs will fuse to various extents, leading to different uterine morphologies (Kobayashi and Behringer,
2003). Atbirth, the uterus is composed of a lumen lined by a single layer of epithelial cells with a surrounding undifferentiated mesen-
chyme. Subsequently, the mesenchyme differentiates into an inner stromal compartment surrounded by inner circular and outer
longitudinal smooth muscle layers, the myometrium. The adult uterus contains endometrial glands that produce factors required
for uterine receptivity, embryo implantation, embryo survival and development (Gray et al., 2001). Endometrial glands from the
luminal epithelium will invade into the uterine stroma in a process called adenogenesis (Spencer et al., 2005). Thus, the development
of the fetal and postnatal female reproductive tract organs is complex and essential for the fertility of an individual female.

Formation of the Miillerian Duct

MDs form in amniotes, i.e., birds, reptiles and mammals. Current understandings of MD formation are mostly based on studies in
the chicken and mammals. The corresponding developmental stages when MDs form are embryonic day (E) 11.5-13.5 in the
mouse, £13.5-16.5 in the rat, Hamburger Hamilton stages 20-30 in the chicken, day 25 of gestation to 2-7 days postpartum in
the wallaby and gestational week (GW) 6 to 9.5 (Carnegie Collection stages 16-18) in human (Renfree et al., 1996). Although
the timing of MD formation varies between species, the process of how the MD forms is likely similar for each organism.

The formation of the MD can be separated into three phases: initiation, invagination, and elongation (Mullen and Behringer,
2014) (Fig. 3). The initiation phase occurs when a thickened placode-like structure forms on the anterior mesonephric epithelium
near the WD. These cells are LHX1 positive and specified by an FGF/LHX1 axis, which, in turn, is regulated by a BMP/PAX2 axis
(Atsuta and Takahashi, 2016) (Fig. 3).

The invagination phase occurs when the cells in the placode-like structure become elongated and form apical tight junctions,
resulting in a depression of the mesonephric epithelium. Some cells appear to detach from the mesonephric epithelium and
move into the space between the mesonephric epithelium and the WD. As the depression becomes deeper, it transforms into
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Fig. 3 Milllerian duct formation. (A) MD (red) formation occurs in three phases: initiation, invagination, and elongation. Initiation phase: MD
progenitor cells in the mesonephric epithelium (yellow) are specified and begin to express LHX1. Invagination phase: in response to WNT4 signaling
from the mesonephric mesenchyme, LHX1 positive (LHX1™) MD progenitor cells invaginate posteriorly into the mesonephros towards the WD (blug).
Elongation phase: the tip of the MD contacts the WD and elongates caudally in close proximity to the WD requiring WNT9B signaling from the WD.
The formation of the MD begins at around E11.5 in the mouse (B) The MD invaginates from the anterior mesonephric epithelium and extends poste-
riorly guided by the WD. During elongation, mesenchymal cells separate the WD and MD anterior to growing tip. However, at the MD tip, the MD and
WD are in physical contact. At around E13.0 the MD crosses over the WD to become located medially. Elongation is complete by E13.5 with the MD
reaching the urogenital sinus. E, embryonic day in mouse; D, dorsal; MD: Millerian duct; P, posterior (caudal); V, ventral; WD, Wolffian duct. Adapt-
ed from Kobayashi, A., and Behringer, R.R. (2003). Developmental Genetics of the Female Reproductive Tract in Mammals. Nature Reviews Genetics
4, 969-980.

a funnel-like structure. The invagination process is possibly driven by Wnt4 expressing cells in the mesonephric mesenchyme
because Wnt4 mutant mice have Lhx1-specified cells but do not form the MD (Fig. 3).

As the specified MD cells move posteriorly, MD formation enters the elongation phase. The posterior tip cells of the MD, which
have shown to be Wnt4 positive, will invade through the common basal lamina between the mesonephric epithelium and the
lateral side of the WD (Prunskaite-Hyyrylainen et al., 2016). Following the tip cells, the rest of the MD cells will move along the
WD in an anterior to posterior manner. When the MD elongates past the middle of the WD (posterior to the gonad), the MD
will elongate dorsomedially across the WD, but will remain in close contact with it. After reaching the medial side of the WD,
the MD resumes its anterior-posterior elongation along the medial side of the WD. At the end of the elongation phase, the MD
tip reaches the urogenital sinus and fuses (Fig. 3).

Although the cellular mechanisms of MD formation are not fully understood, recent studies have shown that both cell prolif-
eration and migration are involved in MD elongation. Studies in both chicken and mouse have shown that the MD cells are prolif-
erative along the entire anterior to posterior length. In addition, cell migration may play an important role during the elongation
process. The tip cells extend prominent processes, suggesting that the tips cells are actively investigating their environment for MD
elongation (Huang et al., 2014). PI3K/AKT activity has been shown to be required for MD cell migration and elongation in rat
embryos (Mullen and Behringer, 2014). It is also possible that cell shape changes may also contribute to MD elongation.

The relatively rapid elongation of the MD during mouse development has led to speculation that cells may be contributed from
neighboring tissues, such as the adjacent WD, the mesonephric mesenchyme or the mesonephric epithelium. However, recent
studies show that cell contributions from neighboring tissues are not found in both chicken and mouse (Mullen and Behringer,
2014). Therefore, cell recruitment is not a major cellular mechanism that contributes to the elongation of the MD.

The MD elongates in a unique manner, i.e., tube-dependent tubulogenesis. In 1937, Griitnwald found that the MD elongation is
dependent on the presence of the WD (Griinwald, 1937). It was found that the Wnt9b mutant mouse lacked MD formation. Wnt9b
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is expressed in the WD. Thus, WNT9B secreted from the WD is required for MD elongation, providing a molecular explanation why
MD elongation is dependent upon the WD (Mullen and Behringer, 2014).

Interestingly, MD cell differentiation switches between mesenchymal and epithelial states during MD formation. In the initia-
tion phase, the specified MD cells are considered “mesoepithelial” and invade into the mesonephric mesenchyme. The MD cells are
histologically epithelial but express mesenchymal molecular markers (Mullen and Behringer, 2014). After MD elongation is
completed, the MD cells in female fetuses down-regulate mesenchyme markers and up-regulate epithelial molecular markers.

Wolffian Duct Regression

In amniotes, the initial formation of the reproductive tracts of genetic male and female embryos is identical with two pairs of simple
epithelial tubes, the WD and MD, surrounded by mesenchymal cells. However for proper sexual differentiation, only one of these
pairs of tubes will differentiate while the other is eliminated. As discussed above, this is regulated by the presence or absence of fetal
gonadal hormones. The fetal male gonad secretes androgens, causing the WD to differentiate into the mature male reproductive
tract organs. In females, it is necessary to eliminate or regress the WD. The absence of androgens in female fetuses leads to the elim-
ination or regression of the WD. In female rodents, without androgens, degeneration of the WD is observed beginning midway
between the gonads and point of contact with the urogenital sinus and proceeds cranial (head) to caudal (tail). Lower, caudal
segments of the WD remain and fuse with the MD and urogenital sinus to form the lower portion of the vagina (Fig. 2). The ability
of androgens (from the testis) to block WD regression in females has been shown in tammar wallaby. Grafting of a testis in female
tammar pouch young resulted in a block of WD regression and differentiation of the WD. Similarly, mutations in the androgen
receptor (AR) gene in humans and rodents result in intersex phenotypes and genetically male (XY) individuals lack WD-derived
tissues. Further, observations in rodent models indicate androgen signaling in the WD mesenchyme may allow cell survival and
differentiation of the adjacent WD epithelial tube and lack of androgen signaling in the mesenchyme results in cell death, thus facil-
itating WD regression (Shaw and Renfree, 2014).

Early studies of female reproductive tract differentiation during WD regression were limited to two-dimensional analyses in
animal models. Recently, light-sheet microscopy has made it possible to quickly generate high-resolution three-dimensional images
of fluorescently-labeled fetal organs. Light-sheet microscopy was used to visualize the developing human female reproductive tract
at GW 10.5, 11.5 and 13 weeks. The human embryos were immuno-fluorescently stained with PAX2 antibody (which binds WD
and MD epithelial cells) and imaged. At GW 10.5 fusion of the MD to form the uterovaginal canal was observed in female embryos.
The WD was still intact however there was initial regression of the mesonephric tubules. At GW 11.5 WD regression was apparent
and the MDs had grown in length. By GW 13, the WD was fragmented and completely regressed distally (Belle et al., 2017).

WD regression has long been considered a passive process, where lack of androgens in female fetuses fails to support the differ-
entiation of the WD. However, several recent studies suggest that WD regression requires active signaling to promote cell death of
the epithelium. MSX2, a transcription factor expressed in the WD epithelium, and orphan nuclear receptor chicken ovalbumin
upstream promoter transcription factor II (COUP-TFII) found in the WD mesenchyme have both been identified as potential medi-
ators of WD regression in female reproductive tract differentiation. Down-regulation of Msx2 expression in the WD epithelium
either in response to diethylstilbestrol (DES) exposure or in a Msx2 mutant mouse model in females results in persistent WD
remnants dorsal to the vagina and reduced apoptosis (programmed cell death) in the WD epithelium (Yin et al., 2006). COUP-
TFII, a mesenchyme specific transcriptional regulator, is required for WD regression during differentiation of the female reproduc-
tive tract in the mouse. Loss of the Coup-tfII gene in the WD mesenchyme results in retention of the WD independent of androgen
signaling. In fetal males, androgens secreted from the testis presumable antagonize COUP-TFII function and prevent WD regression
(Zhao et al., 2017).

Oviduct Development

The oviduct, or Fallopian tube in women, is a paired organ that is essential for fertility. In mature animals, the oviduct is the conduit
for oocyte and embryo transfer to the uterus and is the site of fertilization. The ovulated oocyte enters the oviduct through the infun-
dibulum, which is the most anterior region of the oviduct, and travels through the ampulla, which contains numerous longitudinal
epithelial folds and abundant cilia to aid in oocyte transport. Upon fertilization, the zygote will travel through the isthmus region of
the oviduct. The isthmus has fewer epithelial folds and cilia than the ampulla, but thicker smooth muscle layers. To leave the
oviduct, the zygote must travel through the uterotubal junction to enter into the uterine horn/body. This junction is an ovarian
hormone-controlled valve that controls the movement of spermatozoa/zygotes between the oviduct and uterus.

Defects in oviduct formation or the formation of occlusions can cause infertility. This may be overcome via by superovulation,
in vitro fertilization and embryo transfer into the uterus, but these are costly methods with demanding hormonal regimens and
relatively low success rates. Tubal occlusions are caused most frequently by infections, but structural abnormalities arising during
peri-natal development can have the same result. Very little is known of how and what regulates oviduct development.

The study of Fallopian tube development in women is limited, requiring the use of other animal models including both
mammals and birds. However, there are some striking differences in the gross morphology and histology of various species. Oviduct
coiling is observed in some species (e.g., mice), but not others (e.g., women, sheep, chickens). A bursa surrounds the oviduct and
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ovary (e.g., mice) in certain species, which is absent in others (e.g., women). Oviduct epithelial folding, particularly in the ampulla
region can be minimal (e.g., mice) or very extensive (e.g., women, sheep). Despite these differences, the oviducts function in a very
similar manner.

Mammalian female reproductive organs, including the oviduct, uterus, cervix, and anterior vagina, are all derived along the
anterior-posterior axis of the MD during embryonic development. The most anterior aspect of the MD gives rise to the oviduct.
The developing MD forms a shepherd’s crook shape around the ovary. The end of the curved portion of the “crook,” posterior
to the ovary, is referred to as the flexura medialis and is proposed to define the border between the region of the MD that will become
the oviduct and that of the uterus (Agduhr, 1927).

The TGFB, WNT and mTOR signaling pathways have been identified as potential regulators of oviduct development. TGFf may
play a key role in controlling cell proliferation, differentiation and apoptosis during oviduct development (Conery et al., 2004;
Elliott and Blobe, 2005; Li et al., 2011; Rodriguez et al., 2016). Regulation of TGFp signaling during oviduct development likely
involves extracellular matrix proteins, including matrix metalloproteinases and tissue inhibitors of metalloproteinases (ex. MMP-
2, —9, TIMP-2) which act via enzymatic cleavage and activation or repression of signal transducers (Hu et al., 2004; Imai et al., 1997;
Lesniak-Walentyn and Hrabia, 2016).

In addition to TGFp signaling, the WNT pathway appears to play a direct role in oviduct development. Oviduct development and
formation is regulated tightly by correct expression of canonical WNT signaling pathway members in both the epithelia (Wnt7a)
and mesenchyme (Wnt4, Wnt5a, Ctnnb1). WNT signaling during oviduct development is associated with the appearance of coiling
and initial formation of the anterior region of the MD, suggesting that this pathway plays a key role in anterior-posterior oviduct
extension and differentiation.

mTOR signaling appears to play a key role in smooth muscle differentiation and function in the oviduct. mTOR signaling is
downstream of PI3K/AKT signaling and regulates cell growth and proliferation in response to growth factors and nutrients and
is negatively regulated by a heterodimeric complex of TSC1 and TSC2. In the mouse, conditional deletion of Tscl in both the
MD mesenchyme and in all MD cell types results in infertility related to oviduct hyperplasia and formation of occlusions and hydro-
salpinx in the ampulla (Daikoku et al., 2013; Tanaka et al., 2012). Conditional deletion of Tsc2 in the MD mesenchyme resulted in
infertility that may be related to the formation of oviductal blockages, but oviductal histology was not reported. The uterine pheno-
type was characterized by the presence of myometrial hyperplasia (Kaneko-Tarui et al., 2014). It is possible that this also occurred in
the oviductal smooth muscle layers, which would adversely affect oocyte/zygote transport, resulting in a phenotype similar to
oviduct blockage.

Uterine Development

In eutherian mammals, the majority of the development and differentiation of the female reproductive tract is completed by birth.
However, the uterus is not fully developed or differentiated by birth and the histoarchitecture of this organ is established postna-
tally. Postnatal radial patterning morphogenesis establishes two functional compartments, the endometrium and the myometrium,
surrounded by the perimetrium. The endometrium consists of two epithelial cell types, luminal epithelium (LE) and glandular
epithelium (GE), and two stratified stromal compartments including a densely organized stromal zone, blood vessels and immune
cells. The myometrium includes the smooth muscle layers of the uterine wall, an inner circular layer and an outer longitudinal layer
(Gray et al., 2001). Morphogenic events common to morphogenesis of the uterus include: (1) organization and stratification of the
endometrial stroma, (2) differentiation and growth of the myometrium and (3) coordinated development of the endometrial
glands. The LE will invaginate into the stroma to generate the GE (endometrial or uterine glands), resulting in an extensive network
of glands that extends towards the myometrium (Gray et al., 2001; Spencer et al., 2005).

Humans have a simplex uterus that consists of a single uterine body. The endometrium is lined by a LE that contains glands that
radiate from the surface to the endometrial-myometrial interface. The endometrium is divided into two functional layers, the upper
stratum functionalis (containing glands and is surrounded by loose stroma) and the lower stratum basalis (containing branched glands
and dense stroma). During menses, the endometrial stratum functionalis is shed. The stratum basalis includes a zone that contains
loose stroma and endometrial glands and another zone where endometrial glands terminate and endometrial progenitor and
stem cells are thought to reside (Spencer et al., 2005).

During pregnancy, uterine glands secrete histotroph that is essential for endometrial receptivity of the embryo, conceptus
survival, implantation, development and growth in sheep, cattle, pigs, horses and rodents (Gray et al., 2001). Histotroph is present
in the uterine luminal fluid and is a complex, undefined mixture of ions, amino acids, carbohydrates, proteins, lipids, and other
substances that are selectively transported into the uterine lumen by the epithelium, as well as specific secretory products encoded
by genes and expressed in the LE and GE. Evidence shown in mouse and sheep suggests that uterine glands are required for female
fertility, with defects resulting in abnormal implantation and early pregnancy loss (Filant and Spencer, 2014; Spencer et al., 2005).

Knowledge of prenatal uterine development is most complete in rodents. However, the basic biology of this process is assumed
to be similar across mammalian species and the morphogenesis of the postnatal uterus is dependent on the maturity of the uterus at
birth (e.g., gestational length) and perhaps the interval between birth and puberty (Gray et al., 2001). For example, in rodents, at
birth, the uterus has not yet differentiated into endometrial stroma and myometrium, whereas in certain domestic animals and
humans, the endometrial stroma and myometrium are present at birth (Spencer et al., 2005).
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Fig. 4 Schematic illustration of endometrial adenogenesis in the mouse uterus. The uterus consists of two epithelial cell types (purple), the luminal
epithelium (LE) and glandular epithelium (GE). The myometrium is composed of two smooth muscle layers: the inner circular layer (pink) and outer
longitudinal layer (dark red). Stages of adenogenesis are indicated. GE, glandular epithelium; LE, luminal epithelium.

Uterine adenogenesis is the process of endometrial gland formation from the LE. It includes epithelial budding, extension and
penetration into the stroma with coiling and branching. In humans, rodents and livestock, this process is completed postnatally
(Gray etal., 2001). In mice, at birth, the uterus is comprised of a simple epithelium surrounded by undifferentiated mesenchyme
with no endometrial glands. At Postnatal Day (P) 5, three mesenchymal layers are radially oriented and segregated into the endo-
metrial stroma and inner circular and prospective outer longitudinal myometrial layers and the formation of epithelial buds by
epithelial invaginations. Between P9 to P15, simple tubular glands develop that are not tightly coiled or branched (Fig. 4). By
P10, the outer longitudinal layer of the myometrium becomes organized into bundles. At P15, the adult configuration of the
mouse uterus is already established and as females mature, the glands lengthen as the uterus grows (Gray et al., 2001). P21 marks
the end of the postnatal stage of gland formation. Many of these studies were performed using two-dimensional histological
analyses. Recently, the three-dimensional morphology and organization of adult uterine glands has been examined (Arora
etal, 2016).

Knowledge of prenatal and postnatal female reproductive tract development in humans is limited. By GW 12, the uterine
corpus and cervix is has formed and the LE invaginates to give rise to epithelial buds. By GW 20—22, the myometrium is
well defined but endometrial gland development has not progressed beyond epithelial buds. At birth, the uterine histoarch-
itecture is similar to that of an adult, but less developed. From birth to the onset of puberty, the glands develop slowly. A
female at 6 years of age will have endometrial glands that will extend from one-third to one-half of the distance of the
stroma to the myometrium. The mature uterine histoarchitecture is observed at puberty with glands extending to the inner
circular layer of the myometrium. Endometrial gland formation in humans (fetus and neonate) involves differentiation of the
GE from the LE, followed by radial development of the tubular glands through the endometrial stroma extending to the
myometrium.

Multiple studies have established that prenatal urogenital tract development in female mammals is an ovary (hormonal) inde-
pendent process (Gray et al., 2001). These studies have shown that uterine development and endometrial adenogenesis can proceed
in the absence of the ovary for varying periods of time during early postnatal development. In rats, circulating estrogens increase
between P9 and P11 in association with gland remodeling, but early postnatal uterine development and adenogenesis are both
ovary- and adrenal-independent (Gray et al., 2001; Spencer et al., 2005). In mice, the introduction of hormones during a critical
postnatal window causes a delay in gland formation or the loss of glands (Filant and Spencer, 2014).

Gland morphogenesis is highly complex and mediated by diverse mechanisms (hormonal, cellular and molecular).
Despite being studied for decades, very little details are available, compared with other epitheliomesechymal organs. The
communication between the epithelium and stroma appears to be mediated by Wnt and Hox genes, intrinsic growth factors
systems and the extracellular matrix (Spencer et al., 2005). In recent years, knockout (Hoxal0, Hoxall, Lefl, Wnt4, Wnt5a)
and conditional knockout (Ctnnbl, Foxa2, Wnt7a) mutants mouse models have been used to identify genes involved in
uterine gland development (Filant and Spencer, 2014). Although some cellular events and molecular pathways have been
identified through gene expression and mouse models, there is still a significant gap in knowledge of how glands develop
and their morphogenesis.
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Malformations of the Uterus

Uterine malformations can be classified into three main groups, (1) formation defects, (2) fusion defects, and (3) septal absorption
defects (Jacquinet et al., 2016). The actual prevalence of uterine malformations has been difficult to evaluate because some defects
may be considered normal variants of uterine anatomy, for example, arcuate uterus. Chan et al. (2011) reported a 5.5% prevalence
of uterine malformations in an unselected population, 8.0% in infertile women, 13.3% in women with a history of miscarriage, and
24.5% in patients with a history of miscarriage and infertility. This lead to the conclusion that women who are infertile and/or have
had spontaneous abortions are more likely to have a uterine malformation (Chan et al., 2011).

Mayer-Rokitansky-Kiister-Hauser (MRKH) syndrome or Miillerian agenesis is characterized by the absence of the uterus, cervix
and upper portion of the vagina in a 46,XX female; it is the second most common cause of primary amenorrhea (Fontana et al.,
2017). It is divided into two main subtypes: (1) MRKH type 1 in which only the female reproductive tract is affected and (2)
MRKH type 2 which can manifest with malformations of other organs systems such as: renal, skeletal (spine and limb) and less
frequently auditory and heart defects. Even though MRKH is most severe in the spectrum of uterine defects, its incidence is relatively
low, with only 1 in every 4500-5000 newborn females being affected. However, the association of MRKH type 2 with other organ
system defects suggests that abnormal MD development involves the disruption of developmental pathways important for struc-
tures derived from the intermediate mesoderm of the embryo (Fontana et al., 2017).

The cause of uterine malformations is thought to be multifactorial and in the case of MRKH, the mode of transmission is thought
to be autosomal dominant with incomplete penetrance and variable expressivity. First-degree relatives of patients presenting with
a uterine anomaly are said to have a 1%-5% recurrence risk. There are reports of familial cases suggesting a predisposing genetic
background. Conversely, there have been studies of monozygotic twins that show discordant phenotypes: MRKH vs. normal uterine
anatomy, suggesting nongenetic mechanisms that point towards epigenetic and/or environmental factors (Jacquinet et al., 2016).

Relatively little is known about the genetic pathways that regulate the development of the female reproductive tract and lead to
uterine malformations in humans. However mutation or deletion of certain genes have been found to be associated with reproduc-
tive tract defects in humans including: EMX2, HNF18, LHX1, PBX1, WNT4, WNT7A, and WNT9B. In patients with MRKH
syndrome, a rare pathogenic deletion in region 17q12 containing LHX1, as well as HNF1(, has been found to be statistically signif-
icant compared to a control population (Jacquinet et al., 2016). Mutations in HNF1( are the cause of a form of maturity-onset dia-
betes of the young type 5 (MODY5). MODY5 clinically manifests with diabetes, renal disease and genital malformations (MRKH
syndrome). Mutations in HNF18 have only been found in patients with both renal and uterine malformations, and are rare in cases
of isolated uterine defects (Fontana et al., 2017). Recently, in a case control study of 517 Chinese women with incomplete Miillerian
fusion, a novel nonsense mutation in the EMX2 gene (p.E142X) was detected in one patient (0.19%). The authors report functional
studies in cultured cells, suggesting a dominant negative effect of the mutation (Jacquinet et al., 2016). Even though this mutation is
uncommon in the studied population, EMX2 is the first gene to be identified suggestive of a cause for an isolated uterine malfor-
mation (Jacquinet et al., 2016). An association study performed in a Chinese Han female population with MRKH found two suscep-
tibility SNPs (single nucleotide polymorphism) in WNT9B and PBX1 associated with MRKH syndrome risk (Ma et al., 2015). In
humans, WNT4 was the first gene to be associated with uterine defects accompanied by hyperandrogenism (Fontana et al.,
2017). WNT4 mutations are more commonly associated to an MRKH-like syndrome because of the concomitant virilization.
WNT7A mutations have been linked to Al-Awadi/Raas-Rothschild and Fuhrmann syndromes which are characterized by skeletal
dysplasia, hypoplastic pelvis and females may present with an absent uterus (Jacquinet et al., 2016).

Prenatal exposure of fetuses to endocrine disruptors can affect the development of the uterus in mice and humans. Diethylstil-
bestrol (DES) is a synthetic estrogen that was used from 1938 to 1971 to prevent miscarriages in millions of pregnant women.
However, it was later discovered that prenatal and perinatal exposure to DES disturbs the development of the reproductive tract
in both humans (males and females) and mice (Spencer et al., 2005). Prenatal exposure of human fetuses to DES alters the orga-
nizational program of the female reproductive tract tissues and disrupts the normal expression or function of genes in an epigenetic
manner. These induced abnormalities have set the stage for infertility, cervicovaginal cancer and other complications in exposed
females and their offspring in a transgenerational manner.
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Female Reproductive Tract Development & Function

— Female Urogential Tract Organogenesis
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— Molecular Control Wnt and HOX Genes
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Required Reading

Vue, et al. (2018) Fetal and Postnatal Female Tract Development, in: Encyclopedia of
Reproduction (Second Edition), Volume 2, 2018, Pages 261-268
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Female Reproductive Tract Development & Function
Primary Papers:

1. Martin, et al. (2022) J Dairy Sci, 105(10):8189-8198.
2. Du & Taylor (2015) CSH Persp Medicine, 6:2023002.
3. Major, et al. (2021) Biol Reprod, 1-15, ioab166.

Discussion

Student 10: Contemporary Paper-Ref #1 above
*  What are the organs of the female reproductive tract examined?
o What methods and computational approach was used?
e What aspects of the tract were important and why?

Student 11: Contemporary Paper-Ref #2 above
e What are HOX genes and role in development?
e What are endocrine disruptors and mechanism?
* How do they alter female reproductive tract?

Student 1: Contemporary Paper-Ref #3 above
o What evo-devo approach for female reproductive tract
*  What transcription genes involved were discussed?
e What conserved processes are observed in female reproductive tract development?

used?
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A schematic diagram depicting Miillerian duct formation. (a) In the first phase, initiation, Lim/ expressing cells (orange)
in the coelomic epithelium (CE) are specified to Miillerian duct fate. (b) In the second phase, invagination, Wnt4
functions downstream of Lim/ possibly to induce Miillerian duct invagination to reach the Wolffian duct (WD). (c) In the
third phase, elongation, the leading tip cells (pink) proliferate and deposit cells to form the Miillerian duct (orange) until
it reaches the cloaca (more specifically the urogenital sinus). WD serves as a guide and secretes WNT9b to promote
Miillerian duct elongation. Pax2 is required for elongation and Miillerian duct maintenance. Genes specifically expressed
in the MD (red), WD (blue) or both (purple) are shown.

Diagrammatic representation of the caudal growth of the Miillerian duct using the Wolffian duct as a “guide wire”. Note in (a) mesenchyme intervening
between the Milllerian and Wolffian ducts, (b) contact of the basement membranes of Miillerian and Wolffian ducts, (c) direct contact of the epithelia of
the Millerian and Wolffian ducts. From Robboy et al. (2017) with permission




Diagram of developing human female internal genitalia in the indifferent, bisexual stage (~ 54 days of gestation, Camegie Stage 22).
The Milllerian derivatives are red and Wolffian derivatives are purple. Note the changing anatomical relationships between the
Miillerian and Wolffian ducts. From Robboy et al. (2017) with permission. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

Development of the human female reproductive tract.
Cunha GR, Robboy SJ, Kurita T, Isaacson D, Shen J, Cao M, Baskin LS.
Differentiation. 2018 Sep - Oct;103:46-65.

(A) Formation of the Wolffian (mesonephric) duct, which by 24 days has grown caudally to join the cloaca. At 5-6 weeks the paramesonephric
(Millerian) ducts appear as invaginations of the coelomic epithelium. At 7 weeks (B) the MDs have grown caudally towards the urogenital sinus.
Subsequently (C, 8 weeks), the opening of the MDs into the coelomic cavity is fimbriated, and with further growth the MDs reach the UGS, while the
Wolffian ducts degenerate. Modified from (Park, 2016) with permission.




SIX1 cooperates with RUNX1 and SMAD4 in cell fate commitment of Miillerian duct epithelium
Terakawa J, Serna VA, Nair DM, et al.
Cell Death Differ. 2020 Dec;27(12):3307-3320.

Signals of vaginal mesenchymal
factors are transduced to downstream
transcription factors, and the
transcription factors dose-dependently
activate enhancers of ANp63 in MDE.
Upon differentiation of VgE, ANp63
itself maintains the transcriptional
activity of ANp63 locus in VgE fate
independently of vaginal mesenchymal
factors. DES-ESR1 activity within MDE
causes vaginal adenosis by blocking
the vaginal cell fate commitment of
MDE interfering the signal transduction.

Sexual fate of murine external genitalia development: Conserved transcriptional

competency for male-biased genes in both sexes.
Kajioka D, Suzuki K, Matsushita S, et al.
Proc Natl Acad Sci U S A. 2021 Jun 8;118(23):e2024067118.




An evo-devo perspective of the female reproductive tract.
Major AT, Estermann MA, Roly ZY, Smith CA.
Biol Reprod. 2021 Sep 7:ioab166.

Oviduct

Figure 1. Human female reproductive tractillustrating stages of ga ansport, (A) § e cervix. The mucus fills the upper half of the inset, (B) Sperm interacting wit
o 2 ) modlity of sperm in Fallop (D) Ooeyte in cumulus within a transverse secion of the tubal ampulla. Artwork by C. Rose Gotiel




Epithelial cells of the ampullary-isthmic
junction (AlJ) of bovine oviduct. (a)
Scanning electron micrographs of the
epithelial surface of the ampulla of bovine
oviduct in late follicular phase. (b)
Electron micrograph of the epon-
embedded AlJ. Ciliated cells (CO),
secretory cells (SC), secretory granules
(SG) and cilia (Ci). Bar: 5 pm

Figure 3. Scamning electron micrograph showing human sperm attached to
ciliated area of Fallopian tube epithelium in viro. Arrows indicate sperm heads
associated with cilia. Scale bar, 4 um. Reproduced from Pacey er al. (1995b).

Functional  clustering of  genes
classified as ‘secreted’ using the
DAVID bioinformatic tool using data
from normal Fallopian tube reported
in Tone et al. (2008)

Venn diagram showing overlapping and non-overlapping gene expression on human, bovine and
porcine oviduct




Molecules involved in sperm-oviduct adhesion and release.
Talevi R, Gualtieri R.
Theriogenology. 2010 Apr 1;73(6):796-801.
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Schematic drawing of molecules involved in sperm-oviduct binding in pig and cattle. SBG, sperm binding
glycoprotein [30]; Galf1-3GalNAc, galactose-beta 1-3 N-acetylgalactosamine [30]; Gal, galactose [38]; Man,
mannose [28]; ANXA?2, annexin 2 [33]; DQH [29]; AQN1 [28]; ANXA 1,24,5, annexins 1, 2, 4, 5 [34]; Fuc, fucose
[34]; BSP30K and BSPA3, bovine seminal plasma protein 30K and A3 [47]; PDC-109, protein with N-terminus
aspartic acid and carboxy terminus cystine, having 109 amino acids [45].

Uterus,Vagina and Cervix

Early Millerian duct growth and fusion to form the midline uterovaginal canal. Length of the uterovaginal canal increases with
developmental age. In (A) the extent of MD caudal extension is depicted at Carnegie Stages 20-23 (50-56 days). (B-D) depict fusion
of the right and left MDs to form the midline uterovaginal canal, formation of the septum and its subsequent disappearance. From
Robboy et al. (2017) with permission.







The Role of Hox Genes in Female Reproductive Tract Development, Adult Function, and Wnt-7a maintains appropriate uterine patterning during the development of the mouse
Fertility.

female reproductive tract.
Du H, Taylor HS.

Miller C, Sassoon DA.
Cold Spring Harb Perspect Med. 2015 Nov 9;6(1). pii: a023002. Development. 1998 Aug;125(16):3201-11.




New Insights into Development of Female Reproductive Tract-Hedgehog-Signal Response in
Wolffian Tissues Directly Contributes to Uterus Development.

Haraguchi R, Yamada G, Murashima A, Matsumaru D, Kitazawa R, Kitazawa S.

Int J Mol Sci. 2021 Jan 26;22(3):1211.

Notch signaling in reproduction.
Moldovan GE, Miele L, Fazleabas AT.
Trends Endocrinol Metab. 2021 Dec;32(12):1044-1057.
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Tissue i i and

Differentiation. 2018 May - Jun;101:39-45.

g during human female fetal reproductive tract development.
Cunha GR, Kurita T, Cao M, Shen J, Cooke PS, Robboy SJ, Baskin LS.

Tissue  recombinants  composed  of
neonatal mouse vaginal mesenchyme
plus 13 week human fetal uterine tube
epithelium (MVgM+hTubE) grown for 4
weeks in DES-reated hosts and
immunostained  for  various vaginal
epithelial markers as indicated. Human
uterine tube (A, D, G, J) and vagina (B, E,
H, K) at 16-18 weeks of gestation serve
as controls. Note induction of KRT6, TP63
and RUNX1 and down regulation of AR in
epithelium  of  the  mVgM+hTubE
recombinants, indicative of an effect of
mouse  vaginal  mesenchyme  on
expression of differentiation markers  in
human tubal epithelium. (+) and (-)
indicate epithelial marker expression

Reproductive tract size and position score: imation of genetic par for a novel fertility trait in dairy cows.
Martin AAA, Oliveira Jr G, Madureira AML, et al.
J Dairy Sci. 2022 Oct;105(10):8189-8198.

Assessment of the reproductive tract size and position score (SPS). Reproductive tracts positioned entirely within the pelvic cavity
were designated SPS 1. Reproductive tracts in which the cervix was within the pelvic cavity, but uterine horns were outside the pelvic
cavity, were designated SPS 2. Reproductive tracts in which the cervix and uterine horns lay outside the pelvic cavity were
designated SPS 3 (from Young et al., 2017). C = cervix; P = pelvis; RT = reproductive tract; PB = pelvic brim; SPS = size and position
score.

Change in expected heritability of reproductive tract
size and position score with an increased number of
repeated measurements per cow across and within
lactation.
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Wnt genes and endocrine disruption of the female reproductive tract: a genetic approach
Sassoon D.
Mol Cell Endocrinol. 1999 Dec 20;158(1-2):1-5.

The emergence of molecular gynecology: homeobox and Wnt genes in the female
reproductive tract.

Kitajewski J, Sassoon D.

Bioessays. 2000 Oct;22(10):902-10.
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Unraveling the Dynamics of the Human Vaginal Microbiome
Yale J Biol Med. 2016 Sep 30;89(3):331-337.
Nunn KL, Forney LJ.

Temporal dynamics of vaginal bacterial communities. Bar plots depict changes in the relative abundances of bacterial taxa in the
vaginal communities of four women over 16 weeks. The color code for each taxon is shown below the figure.

The vaginal microbiota, host defence and reproductive physiology

J Physiol. 2017 Jan 15;595(2):451-463.
Smith SB, Ravel J

Abstract
The interaction between the human host and the vaginal
microbiota is highly dynamic. Major changes in the vaginal
physiology and microbiota over a woman's lifetime are
largely shaped by transitional periods such as puberty,
menopause and pregnancy, while daily fluctuations in
microbial composition observed through culture-independent
studies are more likely to be the results of daily life activities
and The vaginal mi of ged
women is largely made up of at least five different community
state types. Four of these community state types are
g our :

tic-acid producing L spp. while
the fifth is commonly composed of anaerobes and strict
and is with  vaginal

symptoms. The production of lactic acid has been associated
with contributing to the overall health of the vagina due to its
direct and indirect effects on pathogens and host defence.
Some species associated with non-Lactobacillus vaginal
microbiota may trigger immune responses as well as
degrade the host mucosa, processes that ultimately increase
susceptibilty to infections and contribute to negative
reproductive outcomes such as infertility and preterm birth.
Further studies are needed to better understand the
functional underpinnings of how the vaginal microbiota affect
host physiology but also how host physiology affects the
vaginal microbiota. L this fine-tuned i
is key to maintaining women's reproductive health
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Direct on-swab metabolic profiling of vaginal microbiome host interactions during
pregnancy and preterm birth

Pruski P, Correia GDS, Lewis HV, et al.

Nat Commun. 2021 Oct 13;12(1):5967.

Insights into the role of vaginal microbiome in women's health.
Deka N, Hassan S, Seghal Kiran G, Selvin J.
J Basic Microbiol. 2021 Dec;61(12):1071-1084.

Microphysiologic systems in female reproductive biology.
Exp Biol Med (Maywood). 2017 Nov;242(17):1690-1700.
Young AN, Moyle-Heyrman G, Kim JJ, Burdette JE.

Organoids of the female reproductive tract.
Chumduri C, Turco MY.
J Mol Med (Berl). 2021 Apr;99(4):531-553.
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Human organoid systems in modeling reproductive tissue development, function, and disease.
Haider S, Beristain AG.
Hum Reprod. 2023 Aug 1;38(8):1449-1463.

Organ-on-chip of the cervical epithelial layer: A platform to study normal and pathological
cellular remodeling of the cervix.

Tantengco OAG, Richardson LS, Medina PMB, Han A, Menon R.

FASEB J. 2021 Apr;35(4):e21463.

Insight into epigenetics of human endometriosis organoids: DNA methylation analysis of
HOX genes and their cofactors.

Esfandiari F, Favaedi R, Heidari-Khoei H, et al.

Fertil Steril. 2021 Jan;115(1):125-137.

New Ti ics in iosis: A Review of F Non-Hormonal, and Non-Coding RNA Treatments
Geraldine Brichant, Ines Laraki, Laurie Henry, Carine Munaut, Michelle Nisolle
Int J Mol Sci. 2021 Sep 28;22(19):10498.
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Opposing Wnt signals regulate cervical squamocolumnar homeostasis and emergence of
metaplasia.

Chumduri C, Gurumurthy RK, Berger H, et al.

Nat Cell Biol. 2021 Feb;23(2):184-197.

Mammary Biology & Disease
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Figure 2 Differential RTK signaling pathways control cell prolifera-
tion and migration in Drosophila tracheal air sac. Coordination of cell
behavior in the outgrowth of a fly larval tracheal air sac. FGF signaling
is required for migration of cells at the leading edge. Bnl/Fgf ligands
are expressed in the cells adjacent (dark gray cloud) o the tracheal
epithelium. Activation of BU/Fgfr function in cells at the leading edge
(gray) triggers changes in the cytoskeleton and cell shapes, and thus

EGFR
— Ras — Raf
]
\ MEK
.“ 1
\ MAPK
\
\
Al

causes cells to migrate toward the source of signal. EGF signaling is
required for all epithelial cells to proliferate and/or to survive and thus
plays a permissive role in air sac outgrowth. Although sharing major
downstream effectors, these two RTKs use different molecules to
ensure distinct cellular effects. Adapted from Cabernard and Affolter
(35).

TGF-B

Smads —— HMGA2

SNAIL1

ZEB-1/ZEB-2 | SNAIL2

EMT

E-cadherin

HMGA2 and Smads Cn-re%\llnle
Sylvie Thuault, E-Jean Tan, Hector Peinado
1. Biol. Chem., Vol. 283, Issue 48, 33

SNAIL1 Expression during Induction of Epithelial-to-Mesenchymal Transition
. Amparo Cano, Carl-Henrik Heldin. and Aristidis Moustakas
7-33446, November 28, 2008
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Induction of Mammary Gland Development in Estrogen
Receptor- Knockout Mice

Wayne P.Bocchinfuso, Jonathan K. Lindzey, Sylvia Curtis Hewitt, James A. Clark, Page H. Myers, Ralph Cooper and
Kenneth S.Korach

Mammary glands from the estrogen receptor- knockout (ERKO) mouse do not undergo ductal morphogenesis or
alveolar development. Disrupted ER signaling may result in reduced estrogen-responsive gene products in the
mammary gland or reduced mammotropic hormones that contribute to the ERKO mammary phenotype. We
report that circulating PRL is reduced in the female ERKO mouse.Implantation of an age-matched, heterozygous
ER pituitary isograft under the renal capsule of 25-day-old or 12-week-old ERKO mice increased circulating PRL
and progesterone levels, and induced mammary gland development. Grafted ERKO mice also possessed
hypertrophied corpora lutea demonstrating that PRL is luteotropic in the ERKO ovary. By contrast, ovariectomy at
the time of pituitary grafting prevented mammary gland development in ERKO mice despite elevated PRL levels.
Hormone replacement using pellet implants demonstrated that pharmacological doses of estradiol induced
limited mammary ductal elongation, and estradiol in combination with progesterone stimulated lobuloalveolar

development. PRL alone or in combination with progesterone or estradiol did not induce ERKO mammary growth.

Estradiol and progesterone are required for the structural development of the ERKO mammary gland, and PRL
contributes to this development by inducing ovarian progesterone levels. Therefore, the manifestation of the
ERKO mammary phenotype appears due to the lack of direct estrogen action at the mammary gland and an
indirect contributory role of estrogen signaling at the hypothalamic/pituitary axis.
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Control of mammary gland development by hormones. Different stages of mammary gland
development are depicted. All hormone receptors are required in the mammary epithelium (pink boxes)
with the exception of the GHR that is required in the stroma (yellow box) but also signals in the
epithelium (dotted pink box). Red arrows indicate when different hormones are limiting with growth
hormone and glucocorticoids being required throughout mammary gland development. Dotted arrows
illustrate hormonal regulation of HR expression.
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Predicting, detecting and monitoring metastatic breast cancer. The figure portrays an om|
detection of met: rone lesions and high sensitivity detection of residual di
cancer subtypes that are at high risk of p
metastasis discovered through analysis of metastatic breast cancers are |md to develop wnsmvu assays for discase. This involves a multi-step
process in which low-cost blood-based assays of molecular si ed with e disease are applied routinely to identify
high-risk individuals who are then screened using more expensive but sensitive and specific analmmL assays followed by histopathological and
omic assays to identify and characterize even the smallest 5. The molecular mfonnalmn in individual tumors detected in this way can then
be used to develop sensitive blood or imaging based 'individualized' assays for recurrent se that might be used to guide early detection and
treatment. *Image from [80] reprinted with permission from AAAS. All other images were ob[amcd from Wikimedia Commons and are available
under public domain, Creative Commons Attribution 3.0 Unported license [92], or Creative Commons Attribution-Share Alike 3.0 Unported
license [93].

signature-based screening strategy for earlier
hawd on the premise that molecular
se. lar features with

The Emerging Roles of Steroid Hormone Receptors in Ductal Carcinoma in Situ (DCIS) of the Breast.
Vlllanusvz H, Grimm S, Dhamne S, Ra]apaksha K, VusbaIA Davis CM, Ehli EA, Hartig SM, Coarfa C, Edwards DP.
y Gland Biol

Stages of breast cancer progression. Simplified model of stages of breast cancer progression from normal ductal morphology,
advancement to hyperplasia, non-obligate progression through atypical ductal hyperplasia, DCIS, and either arrest at in situ
carcinoma or transition to IBC.

of y gland involution: An update.
Jena MK, Jaswal S, Kumar S, Mohanty AK.
Dev Biol. 2019 Jan 15;445(2):145-155.

Plasticity and Potency of Mammary Stem Cell Subsets During Mammary Gland Development.
Lee E, Piranlioglu R, Wicha MS, Korkaya H.
Int J Mol Sci. 2019 May 13;20(9).
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Regulation of mammary epithelial cell homeostasis by IncRNAs.
Shore AN, Rosen JM.
Int J Biochem Cell Biol. 2014 Sep;54:318-30.
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