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AGENESIS

A condition in which a body
part is absent or does not
develop completely.

ATRESIA

A condition in which an opening
or passage for the tracts of the
body is absent or closed.

SEPTATION

Refers to the state of being
divided internally by a partition
or partitions. In the female
reproductive tract, septation is
observed longitudinally or
transversely.
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DEVELOPMENTAL GENETICS OF
THE FEMALE REPRODUCTIVE
TRACT IN MAMMALS
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between invertebrates and mammals.

The female reproductive tract is essential for the con-
tinuation of mammalian species: it provides the site
for the fertilization of oocytes by spermatozoa, for
implantation and subsequent development of the
embryo, and for delivery of the fetus. Abnormalities in
female reproductive-tract formation — which are esti-
mated to occur in 0.1-3.0% of live births in humans' —
can lead to infertility and even death during pregnancy
or childbirth. The range of documented defects includes
AGENEsIS, ATREsIA and septation of the female reproductive
tract', which are thought to result from abnormalities
that occur during embryonic development.

The female reproductive tract, which in mammals
includes the oviducts (fallopian tubes), uterus, cervix
and vagina (FIG. 1a), is also a prominent organ site for dis-
ease. Malignancies of the cervix and uterus accounted
for 14.8% of all cancers among women in the United
States in the year 2000 (REE.2). Surprisingly, despite the
importance of this organ system for the fertility and
health of women, relatively little is known about the
molecular and cellular mechanisms that regulate its
development during embryogenesis. Recent findings,
predominantly from mouse knockout studies, have
identified a set of genes that are essential for the devel-
opment of this organ system (TABLE 1). By primarily
drawing on mouse and human genetic studies, this

The female reproductive tract receives the oocytes for fertilization, supports the development of
the fetus and provides the passage for birth. Although abnormalities of this organ system can
result in infertility and even death, until recently relatively little was known about the genetic
processes that underlie its development. By drawing primarily on mouse mutagenesis studies
and the analysis of human mutations we review the emerging genetic pathways that regulate
female reproductive-tract formation in mammals and that are implicated in congenital
abnormalities of this organ system. We also show that these pathways might be conserved

review examines our knowledge of the genetic pathways
that regulate the organogenesis of the female reproduc-
tive tract in mammals. Many of these studies show that
interactions between the mesenchyme and epithelium of
the developing female reproductive tract are important
for its formation and differentiation. Interestingly,
although mammals and invertebrates differ markedly
both in the morphology of their reproductive organs and
in their mode of reproduction, some genetic pathways for
female reproductive-tract organ development seem to be
conserved between them. Other important related issues,
such as embryo implantation and postnatal hormone-
regulated differentiation, have been reviewed elsewhere*".

Embryology of the female reproductive tract

The development of the vertebrate urogenital system —
which comprises the kidneys, gonads, and urinary and
reproductive tracts — begins soon after gastrulation,
through the differentiation of the INTERMEDIATE MESODERM.
This embryonic tissue subsequently proliferates and
some cells undergo the transition from the mesenchy-
mal to the epithelial cell type to generate the tubules that
compose the male and female reproductive tracts, as well
as the kidneys and testes. Before sexual differentiation,
mammalian embryos have two pairs of genital ducts: the
Wolffian ducts (mesonepHrIC DUCTS) and the Miillerian
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b Duplex uterus without vagina
(monotremes)

€ Duplex uterus with two lateral vaginae
and a median birth canal (marsupials)

e Bipartite uterus seen in pigs,
marine mammals and mice

d Duplex uterus with a single vagina
seen in rodents and rabbits

f Bicornuate uterus seen in g Simplex uterus seen in most higher
most bats, cows and horses primates, including humans
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Figure 1 | Female reproductive-tract variation in mammals. a | Basic anatomical features of
the female reproductive tract. Oocytes leave the ovaries and move into the oviduct, where
fertilization occurs. The cervix is the boundary between the uterus and the vagina or urogential
sinus. With the exception of in the egg-laying mammals (monotremes), embryos implant in the
uterus and are delivered through the vagina. The developing female reproductive tract has two
layers, the epithelium and the surrounding mesenchyme, which differentiate into the endometrium
and the myometrium, respectively, in the uterus. b,c | Absent (or limited) fusion of the Mdillerian
ducts leads to the presence of two uteri. The urogenital sinus (US) is connected to the female
reproductive tract (b). Mllerian duct fusion is physically blocked by the presence of the ureters,
which leads to the formation of three vaginae (c). d | The duplex uterus shown here has a pair of
cervices. e | In the duplex bipartite uterus seen in many mammalian species, Mullerian fusion in
the uterine region does not occur, or is limited, which leads to the formation of a pair of uterine
horns that can support the development of many fetuses. f | A larger portion of the uterus
forms the uterine body. g | Millerian ducts fuse anteriorly to generate a single uterine body that
supports a single fetus or a small number of fetuses per pregnancy. A, anterior (cranial);

P, posterior (caudal). Panels b—g adapted with permission from REE. 5 © (2003) McGraw-Hill.

ducts (PARAMESONEPHRIC DUCTS) (BOX 1). The Wolffian ducts
differentiate into structures of the male reproductive
tract, such as the epididymides, vas deferentia and semi-
nal vesicles. By contrast, the Miillerian ducts, which sub-
sequently form adjacent to the Wolffian ducts (FIG. 2a),
differentiate into the oviducts, uterus, cervix and upper
portion of the vagina of the female reproductive tract.
The expression of a lin-11, Is]] and mec-3homologue
(Lim]1, also known as LhxI), which encodes a LIM class
homeodomain protein, in the epithelium of the
Wolffian and Miillerian ducts highlights the initial sex-
ual duality of the forming reproductive systems (see
below; FIGS 2b,c, 3).

The morphology of the female reproductive tract can
differ markedly among mammalian species (FIG. 1b—g).
Miillerian duct formation is similar between species
and the morphological diversity mainly results from
differences in the extent of fusion of the two Miillerian
ducts anteriorly®. At one extreme are monotremes and
marsupials in which Miillerian fusion is absent or lim-
ited, which leads to the formation of two uteri (‘duplex’
uteri in FIG. 1b,c). At the other extreme, the Miillerian
ducts of higher primates (including humans) fuse
more anteriorly, which results in the formation of a sin-
gle (‘simplex’) uterus with a single cervix and vagina
(FIG. 1g). Anatomical variation of the female reproduc-
tive tract can even be observed within a species; for
example, subspecies of bats can have different types of
uterus®.

Molecular genetics in the mouse

Targeted mutagenesis in the mouse has identified several
genes that are essential for female reproductive-tract
development. On the basis of their mutant phenotypes,
the genes that are knocked out in these mice can be cate-
gorized into those that are required for initial Miillerian
duct formation in both sexes, for its regression in males
or for its differentiation in females. Each of these
three main developmental stages are discussed below.
Molecular expression analyses in wild type and knockout
mice have also contributed to understanding the relation-
ships between genes and have been used to build a mole-
cular genetic pathway for female reproductive-tract
development.

Miillerian duct formation. A small set of homeodomain-
containing transcription factors and signalling molecules
are required for female reproductive-tract formation in
mice. One of these, paired-box gene 2 (Pax2), encodes a
homeodomain transcription factor that is homologous
to the Drosophila par-RULE GENE paired (prd) (REE. 7).
Pax2-null mutant mice die soon after birth, have no
kidneys and lack a reproductive tract owing to the
degeneration of the Wolffian and Miillerian ducts dur-
ing embryogenesis — a phenotype that is consistent
with the expression of this gene in the kidney and in the
epithelium of the Wolffian and Miillerian ducts.
However, the anterior portion of both tracts initially
forms in Pax2-null mutants®. A closely related gene,
Pax8, is co-expressed with Pax2 in the developing
Wolffian and Miillerian ducts and kidney, although
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INTERMEDIATE MESODERM

A region of the embryonic
mesoderm that forms the
urogenital system, including the
kidneys, gonads and their tracts.

MESONEPHRIC DUCT

A tubule that forms by posterior
extension of the pronephric duct
and differentiates into the
urinary and male reproductive
tract: the Wolffian duct.

PARAMESONEPHRIC DUCT

A tubule that forms parallel to
the mesonephric duct and
differentiates into the female
reproductive tract: the Miillerian
duct.

PAIR-RULE GENE

A class of segmentation gene
that determines segments along
the anterior—posterior axis. The
expression of pair-rule genes in a
pattern of seven stripes that are
perpendicular to the axis is
regulated by another class of
segmentation genes: the gap
genes.

PRONEPHROS

The first kidney that appears in
the embryo at the anterior end
of the nephric duct. Thisis a
transitional organ that
subsequently degenerates during
embryogenesis and is thought to
be non-functional in mammals.

CHIMAERA ASSAY

A technique that assesses the
mode of action of gene products
by generating animals from a
mixture of cells that are derived
from two or more genetically
distinct animals.

CELL-AUTONOMOUSLY

A mode of gene effect that is
restricted to the cell in which the
gene is expressed.

Table 1 | Mouse genes that are required for female reproductive tract development

Gene name Geneticmap  Molecule encoded
position

Formation

Pax2 Ch19(43.0cM) Homeodomain
transcription factor

Lim7 (Lhx7) ~ Ch11(48.0cM) Homeodomain
transcription factor

Emx2 Ch19 (68.5¢cM) Homeodomain
transcription factor

Wht4 Ch4 Wnt family secreted
protein

Ltap Ch1(93.4cM)  Transmembrane
protein with
PDZ domain

Hoxa13 Ch6 (26.33cM)  Homeodomain
transcription factor

Regression

Mis (Amh) Ch10(43.0cM)  TGF superfamily
secreted protein

Misr2 (Amhr2) Ch15 (57.4cM)  TGFB superfamily
type 2 Ser/Thr
transmembrane
receptor

Wht7a Ch6 (39.5 cM) Whnt family secreted
protein

Differentiation

Whnt7a Ch6 (39.5cM)  Wnt family secreted
protein

Hoxa10 Ch6 (26.33¢cM)  Homeodomain
transcription factor

Hoxal1 Ch6 (26.33¢cM) Homeodomain
transcription factor

Hd (Hoxa13)* Ch6 (26.33cM) Homeodomain
transcription factor

OvoTl (Ovol1)  Ch19 C2H2-type zinc-finger
protein

Tissue of Female reproductive-tract References
expression phenotype abnormality
(mode of inheritance)
ME,WE Absence of FRT (R) 8
ME,WE Absence of FRT (R) 11
ME,WE Absence of FRT (R) 12
MM Absence of FRT (R) 17
ND Imperforate vagina (D) 22,23
MM, WM Delay or arrested formation (R) 51
Sertoli cells Ectopic FRT in males (R) 27,28
MM Ectopic FRT in males (R) 35
ME Ectopic FRT in males (R) 42
ME Homeotic transformation of oviduct 53
to uterus and uterus to vagina,
no uterine glands, abnormal
mesenchyme differentiation (SD)
MM, WM Homeotic transformation of 49,52
anterior uterus to oviduct (R)
MM, WM Partial homeotic transformation 49,99
of uterus to oviduct (SD)
MM, WM Homeotic transformation of 100
cervix to uterus (SD)
ND Subfertility with dilated uterus 101

and cervix, constricted or
imperforate vagina (R)

This table lists all of the mouse genes that are known to be involved in female reproductive tract (FRT) development. *The Hoxa 13 mutation
in the Hypodactyly (Hd) mutant is not a null allele, but is thought to be a dominant-negative allele”>”*. Amh, anti-Millerian hormone;
Amhr2, anti-Mllerian hormone type 2 receptor; C2H2, two cysteine two histidine; Ch, chromosome; cM, centimorgan; D, dominant;

Emx, empty spiracles homologue; Hoxa, homeobox A; Lim1, lin-11,

IsIT and mec-3 transcription factor homologue; Lhx7, LIM homeobox

protein; Liap, Loop-tail-associated protein; ME, Mllerian duct epithelium; Mis, MUllerian-inhibiting substance; Misr2, Mllerian-inhibiting
substance type 2 receptor; MM, Mdllerian duct mesenchyme; ND, not determined; Ovol, Ovo homologue-like; Pax, paired box gene;
R, recessive; SD, semidominant; TGF, transforming growth factor; WE, Wolffian duct epithelium; WM, Wolffian duct mesenchyme;

Wht, wingless-related MMTV integration site.

Pax8-mutant mice have normal reproductive tracts and
kidneys’. Pax2; Pax8 double mutants lack Wolffian duct
and proNePHROS formation', which indicates that their
combined function might be required for both the for-
mation and maintenance of the male reproductive tract.
It is possible that Pax2/8 genes also have redundant roles
in the Miillerian duct epithelium, but Miillerian duct
development in Pax2/8 double mutants has not been
reported’®.

Another homeodomain-containing protein with a
role in female and male reproductive tract development
is Lim1, which was mentioned above'": LimnI-null mutant
mice lack oviducts, a uterus and the upper portion of
the vagina in females, and lack Wolffian duct derivatives

in males. In females, a new cHIMAERA Assay for female
organs showed that Lim1 is required CELL-AUTONOMOUSLY
in the developing epithelium of the oviduct and uterus''.
LimlI is probably required for the formation of the
Miillerian duct epithelium, because Lim I-mutant cells
were not present in the Miillerian ducts of chimaeras,
even at E12.5, which is when the Miillerian duct begins
to form.

Emx2is a mammalian homologue of the Drosophila
head-gap gene empty spiracles (ems), which is thought
to be required for the formation of both Miillerian
and Wolffian ducts in the mouse. Emx2-null mutant
mice lack reproductive tracts, gonads and kidneys.
During development, the entire Wolffian duct starts
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SEGMENT-POLARITY GENES
Segmentation genes that are
required for patterning the body
along the anterior—posterior
axis. They are expressed in a
pattern of 14 stripes at the onset
of gastrulation and following the
expression of pair-rule genes.

LEYDIG CELL

Interstitial mesenchymal cells of
the mammalian testis that are
involved in the synthesis of
testosterone.

COELOMIC EPITHELIUM

An epithelial tissue that lines the
surface of the body wall and
abdominal organs.

EPIDIDYMIS

(Plural epididymides). The distal
portion of the male reproductive
tract that receives the sperm
from the testis.

VAS DEFERENS

(Plural vas deferentia). The
proximal portion of the male
reproductive tract through
which the sperm travels from the
epididymis to the urethra.

to degenerate at E11.5 and no Miillerian ducts are
observed in Emx2-null mutants at E13.0 (REE 12).

Retinoic-acid signalling also seems to be important
for the formation and/or maintenance of the Miillerian
ducts. Although female mice that are mutant for single
retinoic-acid receptor genes (including RARo.I, RXRaI,
RAR2 and RARY) have normal reproductive tracts,
females with compound mutations completely lack this
organ, and mice with other mutant combinations par-
tially lack the caudal portion of the female reproductive
tract'**. These studies show a redundant requirement
of retinoic-acid receptors for female reproductive-tract
development.

Wnt gene family members encode secreted glyco-
proteins that are homologous to the Drosophila seGMENT-
POLARITY GENE wingless (wg) and a subset (Wnt4, Wnt5a
and Wnt7a) is involved in the development of several
female reproductive organs'>. Wnt4-mutant female
mice lack a female reproductive tract but, surprisingly,
differentiate a normal male reproductive tract; this is
thought to be because Wnt4-mutant females have
ectopic LEYDIG ciLLs in their ovaries'®, which leads to
Wolffian duct differentiation. No Miillerian duct forms
in both Wnt4-mutant males and females from E11.5,

before normal Miillerian duct regression takes place in
males'’; this indicates that Wnt4 might be required for
the initial step of Miillerian duct formation before sex-
ual differentiation occurs. Analysis of LimI expression
in Wnt4 mutants uncovered the presence of presump-
tive Miillerian duct precursor cells, which indicates
that Wnt4 is required for tubule formation of the
Miillerian duct but not to specify the Miillerian duct
precursor cells'.

It is noteworthy that many of the genes described
above that are essential for Miillerian duct formation
are expressed in the developing kidney and are
required for proper kidney organogenesis'®'?. Similar
mechanisms might therefore operate in the develop-
ment of the kidney and the Miillerian duct. From this
point of view, Wnt4 expression in the Miillerian duct
mesenchyme, rather than in the coeromic eprraeLIUM Of
the mesonephros, is probably required for female
reproductive-tract development; this is because Wnit4 is
expressed in the metanephric mesenchyme-derived tis-
sues but not in the epithelial ureteric bud-derived
component of the kidney”. Pax2 and Pax8 are thought
to be required for mesenchyme-to-epithelium transi-
tions, including Wolffian duct formation from the

Box 1 | Sexual differentiation of the reproductive system

Before sexual differentiation, both male and female embryos have bipotential gonads, as they possess both Wolffian and
Miillerian ducts (a). These ducts can differentiate into male or female reproductive organs according to the hormonal
status of the fetus. Owing to the expression of the testis-determining gene on the Y chromosome, Sry, the bipotential
gonad of males becomes the testis, which secretes several hormones including testosterone, Miillerian inhibiting
substance (MIS; also known as anti-Miillerian hormone, AMH) and insulin-like growth factor 3 (Insl3)** (b).
Testosterone promotes Wolffian duct differentiation into the male reproductive tract through the formation of the
EPIDIDYMIDES, VAS DEFERENTIA and seminal vesicles, and MIS eliminates the Miillerian ducts (pink dashed line). In mice, the
elimination of the Miillerian duct system in male fetuses is essentially complete by embryonic day (E) 16.5 (REE 11). All
three hormones are involved in testicular descent. In females, the bipotential gonad becomes the ovary (c). In the absence
of male hormones, the Wolffian ducts degenerate (blue dashed line), whereas the Miillerian ducts persist and differentiate
into the female reproductive tract, including the oviduct (fallopian tube), uterus, cervix and upper portion of the vagina.
Two Miillerian ducts fuse to form a single vagina at the posterior region. The derivation of the vaginal epithelium is

controversial. It is widely accepted that the
upper two-thirds of the vagina derives
from the Miillerian duct and the lower
one-third derives from the urogenital
sinus?**. This idea largely depends on the
fact that testicular feminization (Tfm)
male mice retain a shortened vagina,
called the ‘sinus vagina’ Tfm male mice
have a female phenotype that is caused by

amutation in the androgen receptor (Ar) ) "\I'Aelsstosterone
gene, which results in androgen - InsI3
insensitivity, but they are still responsive

to MIS signalling to regress the Miillerian

ducts. The residual vaginal tissue in Tfm b Male gonad

mice was considered to be derived from
the urogenital sinus, not from the
Miillerian duct. However, recent analysis
of androgen-treated female mice indicates
that the entire vagina might derive

from the Miillerian duct®. Cell-lineage
analysis is needed to clarify this question.
A, anterior (cranial); P, posterior (caudal).
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MESONEPHROS

The second kidney that forms
next to the pronephros
posteriorly during
embryogenesis. In mammals,
this is a transient embryonic
organ that subsequently
degenerates but is thought to
be functional. The urinary
function is postnatally taken
over by the metanephros.

CLOACA

The terminal end of the hindgut
before division into the rectum
and urogenital sinus. The dorsal
part of the cloaca differentiates
into the rectum and anal canal,
and the ventral part
differentiates into the urogenital
sinus.

PLANAR-CELL POLARITY

The polarity of epithelial cells in
the plane of the epithelium,
which is orthogonal to their
apical-basal axis.

SERTOLI CELLS

Tall columnar epithelial cells of
the mammalian testis that are
involved in the synthesis of
Miillerian-inhibiting substance.

a
Gonad
Mesonephros
—_— —_—
Cloaca
E11.5 E12.0
b
Mesonephric tubules
Gonad
Mullerian
duct
Wolffian
duct
A
\ 4—]—> D
P

Mullerian duct

Wolffian duct

E12.5 E13.5

Mullerian
duct

Wolffian
duct

Mesonephric
tubules

Figure 2 | Formation of the Miillerian ducts. a | Schematic diagram of Mdllerian duct formation in mammals. The Mllerian
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 Mullerian duct
is visualized at E12.5 by Lim1 (Lhx1)~lacZ expression'!. Note that the Wolffian duct (blue) has reached the cloaca posteriorly, but
the Mullerian duct is still in the process of extending posteriorly. The grey arrow points to the posterior tip of the extending
Modillerian duct. ¢ | Cross section of the gonadal/mesonephric region (dashed line in b). Blue staining by Lim7-lacZ expression is
observed in the epithelium of the Wolffian and Mullerian ducts and the mesonephric tubules. A, anterior (cranial); D, dorsal;

Lim, lin-11, IsIT and mec-3 transcription-factor homologue; P, posterior (caudal); V, ventral. Panel ¢ adapted from REE 11 © (2003)

The Company of Biologists Ltd.

mesenchyme of the intermediate mesoderm'® and for-
mation of the nephron from the metanephric mes-
enchyme?. The same mechanism might also be
involved in epithelium invagination during Miillerian
duct formation.

Modulation of Wnt signalling is also involved in
female reproductive-tract development. Loop-tail (Lp)
was identified as a semidominant spontaneous muta-
tion in the mouse?’. The Lp (Ltap) gene encodes a
four-transmembrane protein with a PDZ domain
(loop-tail-associated protein, Ltap; also known as
Vangl2 or Lppl) that is homologous to Drosophila
Strabismus/Van Gogh (Stbm/Vang)®, which is a com-
ponent of the Frizzled—Dishevelled tissue-polarity path-
way in invertebrates and vertebrates*. As well as having
tail loops, Loop-tail heterozygous mutant females have
an imperforate vagina®?. Because Stbm/Vang modu-
lates canonical and non-canonical Wnt signalling

pathways to establish epithelial PLANAR-CELL POLARITY
(PCP) (reviewed in REF. 25), the establishment of PCP
might be an essential step in Miillerian duct morpho-
genesis and Ltap could modulate the Wnt signalling
pathway during this process.

Miillerian duct regression. In males, the Miillerian duct
system forms initially but subsequently regresses (BOX 1).
Mutations that cause Miillerian duct persistence in
males have provided insights into the genetic and mole-
cular pathways that regulate the regression process. The
elimination of the Miillerian ducts in male fetuses is
caused by Miillerian-inhibiting substance (MIS; also
known as anti-Miillerian hormone, AMH), which is a
transforming growth factor-B (TGF-B) superfamily
member that is secreted by the serrorrcerts of the fetal
testis (reviewed in REE 26). Fetal ovaries do not produce
MIS and so the Miillerian duct system can persist and
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VIRILIZE
(Masculinize). To produce or
cause male sexual characteristics.

PARACRINE

A form of cell—cell
communication that depends on
a secreted substance that acts
over a short distance and does
not enter the circulation.

AUTOCRINE

A mode of action of a secreted
substance by which it affects the
cell that secretes it.

ANIMAL-CAP ASSAY

An experimental system to study
inductive interactions in the
early embryogenesis of urodele
amphibians and, subsequently,
Xenopus. The animal cap of the
blastula can respond to the
appropriate inductive signal or
transgene expression to produce
arange of differentiated tissues.

MATRIX METALLOPROTEINASES
A family of proteinases that
modify the extracellular matrix

and require a metal in the
catalytic process.

a Wild-type male

s M
MD
\ Iy
{ ’ WD .
R L
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¢ Wild-type female

differentiate. Two pieces of evidence indicate that MIS
is both necessary and sufficient for regression of the
Miillerian duct system. Mis-mutant male mice have
testes and are normally viriizep but they also have a
uterus and oviducts?’ (FIG. 3a,b). Also, when Mis is over-
expressed in female transgenic mice, Miillerian duct-
derived organs are eliminated® (FIG.3c,d). The expression
of Misin the fetal testis is directly regulated by SRY-box
containing gene 9 (Sox9), steroidogenic factor 1 (Sf1,
also known as Nr5al), Wilms tumour homologue
(Wt1) and DSS-AHC critical region on the X chromo-
some gene 1 (Daxl, also known as Nr0b1), which link
MIS to the testis-determination pathway**2

MIS signalling is mediated by its type II receptor
(Misr2, also known as Amhr2), which is expressed in the
mesenchyme of the Miillerian duct by E13.5 in mice*.
This stage of Misr2 expression is consistent with the cru-
cial period for Miillerian duct regression that occurs
between E13 and E14 in mice, as determined by the
removal of the testis from the urogenital ridge at differ-
ent time points in organ culture. Misr2 is probably
dedicated specifically to MIS signal transduction
because Misr2-mutant males have the same phenotype
as Mis-mutant males®. Further evidence is provided by
the fact that mutations in Misr2 block the elimination of
the Miillerian duct system and the ovary degeneration
that is observed in transgenic female mice that overex-
press human MIS®.

b Mis=/- male
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Figure 3 | Mllerian duct regression. The developing Millerian ducts are visualized by
Lim7-lacZ expression'! in the mouse embryo at embryonic day (E) 15. a | In XY male mice,
Mullerian-inhibiting substance (MIS) is produced by the testes and eliminates the Mllerian ducts.
The regressing Millerian ducts (MD) have a fragmented pattern at this stage. b | When Mis is
mutated by gene targeting in XY mice, there is no Mllerian duct regression. ¢ | There is no
Mdillerian duct regression in the absence of MIS in XX female mice. d | When human MIS (AMH)
is overexpressed using a metallothionein (M) promoter in XX mice, ectopic regression of the
Mullerian duct is observed. A, anterior (cranial); K, kidney; L, left; Lim, lin-11, IsIT and mec-3
transcription-factor homologue; OV, ovary; P, posterior (caudal); R, right; T, testis; WD, Wolffian
duct. Panels ¢ and d adapted from REE 11 © (2003) The Company of Biologists Ltd.

The identity of the type I receptor for MIS remains
controversial, but both biochemical and antisense knock-
down phenotypic data indicate that Alk2 (also known as
Acvrl) and Alk6 (also known as Bmprlb) can mediate
MIS signals*—** — although Alk6 is not essential for
Miillerian duct regression. Another MIS type I receptor
candidate is Alk3 (also known as Bmprla). Alk3
(Bmprla)-mutant mice die during gastrulation®, but
conditional inactivation of Alk3in the Miillerian duct
mesenchyme induces males to have a female reproductive
tract that is identical to Misand Misr2-mutant males*’.
This indicates that Alk3 is required for Miillerian duct
regression. It is possible that several type I receptors can
mediate MIS signals in Miillerian duct regression or that
different type I receptors mediate MIS signals in different
tissues. The involvement of the bone morphogenetic pro-
tein (BMP) receptors Alk2/3/6 in MIS signalling indicates
that the Smad1/5/8 proteins, which are typically down-
stream of BMP receptors, might mediate Miillerian duct
regression.

Whnt genes have a function not only in Miillerian
duct formation, as discussed in the previous section, but
also in its regression in males. In Wnt7a-mutant male
mice the Miillerian ducts do not regress, which leads to
the formation of female reproductive-tract organs*.
Wnt7a expression in the Miillerian duct epithelium
(which begins at E11.5; REE 17) is essential for the expres-
sion of Misr2in the surrounding mesenchyme in both
sexes. It is not clear whether Wnt7a acts as a PARACRINE
signal from the epithelium to the mesenchyme or as an
AUTOCRINE signal in the epithelium of the female repro-
ductive tract. Frizzled genes encode seven transmem-
brane proteins that serve as Wnt receptors. It will be
important to identify which Frizzled protein is the
receptor for Wnt7a, and in which tissue the receptor is
expressed in the developing Miillerian duct. One candi-
date Wnt7a receptor is Frizzled10 (Fzd10). This protein
interacts with Wnt7a to induce Wnt-downstream genes
in a Xenopus animMaL-cap assay. Fzd10 might also be a
Wnt7a receptor in the developing chicken limb*, in
which Wnt7a is involved in patterning*.

MIS binds Misr2 in the Miillerian duct mesen-
chyme, and induces the morphological changes that
eventually cause the degeneration of the Miillerian duct
system®. However, the molecular mechanisms that reg-
ulate these cellular changes are unclear. Apoptosis of the
epithelial cells of the Miillerian duct is associated with
disruption of the basement membrane, which is mainly
composed of type IV collagen and laminin*. One can-
didate for a molecular signal from the mesenchyme to
the epithelium is MATRIX METALLOPROTEINASE 2 (Mmp2)??,
although Mmp2-mutant male mice are normal except
for a subtle growth delay and are fertile without
Miillerian duct-derived tissues*. The molecular nature
of the signals between the Miillerian duct mesenchyme
and the epithelium during regression remains a relatively
unexplored area of research.

Miillerian duct differentiation and pattern formation.
After the Miillerian ducts form in the female fetus,
they differentiate into the oviducts, uterus, cervix and a
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AFFYMETRIX GENE-CHIP
ANALYSIS

The examination of
gene-expression profiles by
the high-density array of
single-stranded DNA
nucleotides.

HOX CLUSTERS

A group of linked regulatory
homeobox genes that are
involved in patterning the
animal body axis during
development. Homeobox genes
are defined as those that contain
an 180-base-pair sequence that
encodes a DNA-binding
helix—turn-helix motif

(a homeodomain).

HOMEOTIC TRANSFORMATION
‘When one embryonic axial
segment alters its identity to that
of another.

STENOSIS

A narrowing or obstruction of
the opening or channel of a
tract, which prevents the normal
flow through it.

PARALOGUE
A homologous gene that
originates by gene duplication.

VAGINAL FORNIX

(Plural vaginal fornices). An
anatomical recess that is formed
by the projection of the cervix

into the upper part of the vagina.

There are four fornices in a
female: the anterior fornix, the
posterior fornix and two lateral
fornices.

portion of the vagina along the anterior—posterior axis,
(FIG. 1a). These different structures have distinct mor-
phologies and cytoarchitecture. Tissue-recombination
assays indicate that tissue identity is initially specified
in the mesenchyme, which subsequently instructs the
differentiation of the associated epithelium*. Some
genes are expressed in region-specific patterns in the
developing female reproductive tract (described below).
A study using AFFYMETRIX GENE-CHIP ANALYSIS also identified
genes that are differentially expressed in the uterus and
cervix of the female reproductive tract*®.

Abdominal B (AbdB) homeobox genes reside at the
5" end of the four mammalian nox cLusters and are
expressed in the posterior compartments of the body
axis. The number of AbdB genes has grown considerably
with organismal complexity: mammals have 16 AbdB
genes whereas Drosophila has only 1(REE 49). In mice,
AbdB genes have partially overlapping expression pat-
terns in the mesenchyme of the reproductive tract. Along
the anterior—posterior axis of the Miillerian duct, AbdB
genes are expressed according to their 3’-5" order in
the Hox clusters; for example, Hoxa91is expressed in the
oviduct, Hoxal01n the uterus, HoxalI in the uterus and
cervix, and Hoxal3in the cervix and upper vagina®>".

Mutations in Hoxal0 cause an anterior HOMEOTIC
TRANSFORMATION Of the reproductive tract in males and
females: the anterior part of the vas deferens becomes
the more anterior epididymis in the male and the ante-
rior part of the uterus transforms into the more anterior
oviduct in the female®. These data indicate that Hoxal0O1is
required for defining tissue boundaries in the reproduc-
tive tract, and they are consistent with the expression of
Hoxal01in the mesenchyme of the presumptive uterus,
and also with its absence from the presumptive oviduct at
E17.5 (REE.52). The expression patterns of Hoxal0and
Hoxall overlap in the uterus during embryogenesis;
genetic data indicate both that Hoxal1 specifies regional
identity along the anterior—posterior axis of the female
reproductive tract and that genes in a Hox cluster might
have partially redundant functions®.

When the homeobox of the Hoxall gene is replaced
by the homeobox of Hoxal3, posterior homeotic trans-
formation occurs in the female reproductive tract: the
uterus, in which Hoxallbut not Hoxal3is normally
expressed, becomes similar to the more posterior cervix
and vagina, in which Hoxal3is normally expressed*.
This indicates that the homeodomains in Hoxall and
Hoxal3 are not functionally equivalent for female
reproductive-tract development and that Hoxal3 regu-
lates distinct downstream targets that are required for
differentiation of the cervix and vagina.

As well as its involvement in the differentiation of
the Miillerian ducts, Hoxal3 might also be required for
the formation of the Miillerian duct in both sexes.
Targeted Hoxal3-null mouse mutants die between
El1.5and E15.5, probably as a result of stenosis of the
umbilical artery®!. At E13.5 or E14.5, Hoxal3-mutant
female embryos lack the caudal portion of the Miillerian
duct, probably owing to a delay in or arrest of the invagi-
nation of the Miillerian duct along the anterior—posterior
axis. Moreover, this function that might be shared by

Hoxd13, which is a Hoxal3 pararocue. Hoxd13 is exp-
ressed in the terminal region of the urogenital and
digestive tracts, and partially overlaps with Hoxal3
expression. Unlike Hoxal3 mutants, Hoxd13-homozy-
gous mutant mice are viable, and males are subfertile
with subtle abnormalities in their accessory sex
glands®'; however, Miillerian agenesis in the caudal por-
tion was observed in some compound Hoxal3";
Hoxd13”-mutant females at birth®'.

Interestingly, Wnt7a is not only required for
Miillerian duct regression in males (see the previous
section) but also for differentiation of the female
reproductive tract. Initially, Wnt7a is expressed
throughout the entire Miillerian duct in embryos,
whereas after birth it becomes restricted to the
oviductal and uterine epithelium'®. There is no
oviductal coiling and uterine-gland formation in
Wnt7a-mutant adult females®®, and Wnt7a-mutant
females have shallow vaginaL rornices™. Also, the repro-
ductive tract of Wnt7a-mutant female adults is poste-
riorized. The posterior oviduct of Wnt7a mutants
becomes more similar to the uterus and the mutant
uterus also has characteristics of the vagina®.

From 1938 until 1971, a synthetic oestrogen, diethyl-
stilbestrol (DES), was used by millions of pregnant
women to prevent miscarriage. Prenatal or perinatal
exposure to DES disturbs the development of the repro-
ductive tract in both humans (male and female) and
mice>. Interestingly, the uterine phenotypes of Wnt7a-
mutant female mice resemble those of wild-type female
mice that are prenatally treated with DES*. Subsequent
studies have shown that perinatal downregulation of
Whnit7a expression might account for the uterine defects
that are observed in DES-treated females®. DES treat-
ment also alters AbdB Hox gene-expression patterns in
the female reproductive tract®®>. These animal studies
provide a molecular explanation for the reproductive
defects that are observed in the children of women that
used DES during pregnancy.

Molecular genetics in humans

Defects of the female reproductive tract are sometimes
found in both newborn girls and boys, and are therefore
thought to result from abnormalities of the Miillerian
ducts during embryogenesis. These defects include
Miillerian aplasia, Miillerian persistence (in males) and
incomplete Miillerian fusion. TABLE 2 shows some
autosomal genes that, when mutant, are responsible
for dominant and recessive syndromes in female
reproductive-tract formation, regression and differenti-
ation. Although most of our understanding of how the
female reproductive tract develops derives from the
description of human genetic syndromes, the loci that
underlie many of these syndromes have not yet been
mapped or molecularly characterized.

Miillerian duct formation. Relatively few genes have
been identified that regulate Miillerian duct formation
in humans. Humans with heterozygous mutations in
hepatic nuclear factor 13 (HNFIp, also known as vHNF
or TCF2), which encodes a homeodomain transcription
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Table 2 | A selection of human syndromes that affect female reproductive tract development

Syndrome name

Formation

Maturity-onset diabetes of
the young type V (MODYY5)

McKusick-Kaufman
syndrome (MKKS)

Mayer—Rokitansky—-Kuster—
Hauser (MRKH) syndrome

MURCS association
Regression

Persistent Mllerian duct
syndrome (PMDS) type |

Persistent Mllerian duct
syndrome (PMDS) type I

Urioste syndrome
Differentiation
Hand—-foot—genital (HFG)
syndrome

Cat eye syndrome (CES)

Fryns syndrome (FRNS)

OMIM*  FRT abnormalities in Mode of Genomic Gene Molecule References
patients inheritance location mutated encoded

604284  Vaginal aplasia and AD 17cen-g21.3 TCF2 Homeodomain 58
rudimentary uterus (HNF1p)  transcription factor

236700  Hydrometrocolpos by AR 20p12 MKKS Chaperonin 68,102,
vaginal atresia (BBS6) 103

277000  Absence of the vagina AR ND ND ND 104
and uterus

601076  Mudllerian duct aplasia SP ND ND ND 105

261550  Persistence of Mullerian AR 19p13.3 MIS TGFp superfamily 69
derivatives -p13.2 (AMH) secreted molecule

261550  Persistence of Mullerian AR 12913 MISR2 TGFB superfamily 69
derivatives (AMHR2)  type 2 Ser/Thr

transmembrane receptor

235255 Persistence of MUllerian AR ND ND ND 70,1086,
derivatives 107

140000  Longitudinal vaginal AD 7p15-p14.2  HOXA13 Homeodomain 75
septum transcription factor

115470  Hypoplastic uterus, SP 21911 ND ND 108
vaginal atresia

229850 Uterus bicornis or AR ND ND ND 109
hypoplasia

*Reference number for the entry in the online Mendelian inheritance in man (OMIM) database of genetic disorders (see online links box). AD, autosomal dominant;

AMH, anti-Mdllerian hormone; AMHRZ2, anti-MUllerian hormone type 2 receptor; AR, autosomal recessive; BBS, Bardet-Bied| syndrome; cen, centromere;

FRT, female reproductive tract; HNF, hepatocyte nuclear factor; HOXA, homeobox A; MIS, Mullerian-inhibiting substance; MISR2, Mullerian-inhibiting substance type 2
receptor; MURCS, Mullerian duct aplasia, unilateral renal aplasia and cervicothoracic somite dysplasia; ND, not determined; SP, sporadic; TCF, transcription factor; TGF,

transforming growth factor.

HYDROMETROCOLPOS

The distension of the uterus and
vagina by the accumulation of
secreted fluid; this usually
reflects a mechanical
obstruction.

factor, develop maturity-onset diabetes of the young
type 5 (MODY5). This syndrome can include renal
dysfunction and genital malformation; a subset of
female carriers also has Miillerian aplasia, which
includes vaginal aplasia and a rudimentary uterus®. The
fact that HNF1f3 mutations are also found in patients
with renal and Miillerian anomalies in the absence of
diabetes® indicates that HNFI1f is essential for the
formation and/or maintenance of the Miillerian
ducts in humans. In mouse embryos, HufIf is
expressed in the epithelium of the reproductive tract
during embryogenesis and after birth®®!, and it was
proposed that Hnf1f directly regulates cadherin 16
(Cdh16, also known as Ksp-cadherin) in urogenital
organs®®. HnfIf function in the urogenital system
of the mouse is still unclear, because homozygous
mutants die ~E7 and heterozygous mutant mice are
phenotypically normal®%. A recently developed con-
ditional allele of HnfIf will prove useful in clarifying
the function of HnfIf in female reproductive-tract
development in the future®.

McKusick—Kaufman syndrome (MKKS) includes
several developmental anomalies, including HYDROMETRO-
corpos (HMC), postaxial polydactyly (PAP) and congen-
ital heart disease (CHD). Female MKKS patients have
vaginal atresia with hydrometrocolpos®. The MKKS
gene, which is ubiquitously expressed in fetuses and
adults, seems to encode a chaperonin-related protein and
therefore might be involved in protein folding®.

Several human syndromes with Miillerian duct apla-
sia are frequently observed. Mayer—Rokitansky—Kiister—
Hauser (MRKH) syndrome is an autosomal recessive
disorder. Patients are genetically female (46XX) with
normal ovaries and external genitalia; however, they lack
a vagina and frequently have uterine agenesis or dysgen-
esis. Another human syndrome with Miillerian agenesis
is MURCS association (Miillerian duct aplasia, unilat-
eral renal aplasia and cervicothoracic somite dysplasia).
The molecules that are responsible for these syndromes
have not yet been identified.

Miillerian duct regression. There are human syndromes
in which males retain Miillerian duct-derived tissues.
Persistent Miillerian duct syndrome (PMDS) is a rare
form of autosomal recessive male pseudohermaphro-
ditism: male patients have testes and are normally viril-
ized, but also retain ectopic female reproductive-tract
organs, including uterine and fallopian duct tissue.
PMDS individuals are often identified because of an
associated cryptorchidism (undescended testis). There
are two different types of PMDS: MIS is not detected in
PMDS type I patients, whereas MIS levels are normal
in type II patients. The genes that encode the ligand
(MIS) and its type I receptor (MISR2) are mutated in
PMDS type I and type II patients, respectively®.

Another autosomal recessive syndrome that is asso-
ciated with the persistence of Miillerian duct derivatives
in males is Urioste syndrome”. This syndrome includes
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LYMPHANGIECTASIA

Dilation of the lymphatic vessels
that is caused by lymphatic
damage, which leads to the
blockage of local lymphatic
drainage.

HYPOSPADIAS

A congenital defect in which the
urethra opens abnormally on
the ventral side of the penis,
rather than at the distal tip of the
glans.

DOMINANT-NEGATIVE

A form of mutation that
interferes with the function of its
wild-type gene product.

not only PMDS, but also rympranciecTasia and postaxial
polydactyly. The molecular basis of this syndrome and
its relationship to MIS signalling are not yet understood.
Of course, any mutation that causes testicular dysfunc-
tion or degeneration before MIS production during
embryogenesis will indirectly lead to the persistence of
Miillerian duct derivatives in genetic males.

Miillerian duct differentiation and pattern formation.
Hand—foot—genital syndrome (HFG) is an autosomal
dominant disorder. HFG patients have shortened
thumbs and shortened great toes, a bicornuate or duplex
uterus in females and HypospapIAs in males. The bicornu-
ate or didelphic uterus is thought to result from incom-
plete Miillerian duct fusion during embryogenesis. The
hand and foot defects that are observed in HFG syn-
drome patients are similar to those of a spontaneous
mouse mutant, Hypodactyly (Hd). Hd is a semidominant
mutation” and Hd-heterozygous mice have a shorter
digit I on all limbs and are fertile. Most Hd-homozygous
mutant mice are embryonic lethal, although rare escaper
mutants have a single digit on all limbs and both males
and females are infertile. Hd-homozygous mutant
escaper females have mild hypoplasia of the vagina and
clitoris”""2 Positional cloning of the Hd locus identified a
50 base pair (bp) deletion in the first exon of the Hoxal3
gene’?, which is thought to be a DOMINANT-NEGATIVE muta-
tion””*. Subsequently, several mutations have also been
found in the HOXA13 gene of HFG patients™. Because
one characteristic of HFG syndrome is incomplete
Miillerian duct fusion, HOXA13 might be required for
defining the anterior position of Miillerian duct fusion,
and the duplicated uterus in HFG patients might result
from anterior homeotic transformation with a posterior
shift of the Miillerian duct-fusion boundary.

Although female HFG patients have incomplete
Miillerian duct fusion, the same abnormality is not found
in Hd or Hoxal3-mutant female mice>”2. However, when
the Hoxal3 mutation was combined with a Hoxd13
mutation, one of six Hoxal3"~; Hoxd13”7~compound-
mutant females had improper Miillerian duct fusion in
the vagina, which was not observed in Hoxd 13~ mutant
females®'. This indicates that Hoxal3 s also required for
correct Miillerian duct fusion in mice, and that Hoxal3
and Hoxd13 function redundantly during this process. It
is thought that the morphological diversity in the female
reproductive tract mainly results from different extents of
Miillerian duct fusion (FIG. 1). Different spatial and/or
temporal expression patterns of AbdB genes, including
Hoxal3 and Hoxdl3, during embryogenesis might
explain the diversity that is seen in the female reproduc-
tive tracts of different mammalian species.

Molecular conservation during evolution

The anatomy of the female reproductive tract differs
markedly among mammalian species (FIG. 1). However,
the fundamental genetic pathways that control the
development of the female reproductive tract have been
conserved. This is true even between vertebrates and
invertebrates, thereby reinforcing a pattern that has been
documented for other organs’7%.

One of the best studied systems of organogenesis is
uterine—vulval development in hermaphrodites of the
nematode Caenorhabditis elegans’*. The C. elegans
abnormal cell lineage-11 (lin-11) gene is orthologous to
mouse Liml, which, as noted above, is essential for
female reproductive-tract development''. Interestingly,
lin-11is expressed in the ventral uterine-intermediate
precursor cells and their progeny, and its function is
required for uterine and vulval development during
nematode embryogenesis®'. Pax2-null mutant female
mice lack a uterus and oviducts®. In C. elegans hermaph-
rodites that are mutant for egg-laying defective-38 (egl-38)
— a PAXhomeobox gene that is homologous to verte-
brate PAX group II (Pax2, Pax5 and Pax8) genes —
four uterine cells are abnormally transformed into
neighbour cells, which results in egg-laying defects®.

A Hox gene, lin-39,1is required for generating the vul-
val precursor cells (VPCs) at the first larval stage and
subsequently specifies the vulval fate at the third larval
stage in developing C. elegans hermaphrodites. When
lin-39 is replaced with the posterior Hox gene 1mab-5, the
vulval fate is homeotically transformed into the poste-
rior fate®. Some components of Wnt signalling are also
involved in vulval development, including the 3-catenin
homologue B-catenin/armadillo related-1 (bar-1)
and the adenomatosis polyposis coli (APC) homo-
logue adenomatosis polyposis coli related-1 (apr-1)%.
Interestingly, the components of Wnt signalling and the
homeobox gene lin-39interact genetically to regulate
vulval development®!. Moreover, bar-1 and apr-1 are
required for the maintenance of lin-39 expression in the
developing vulva®®. These data indicate that Wnt sig-
nalling regulates Hox gene expression for proper vulval
development in C. elegans. In mice, Wht7a is required for
proper differentiation of the oviduct and uterus, and
some AbdB Hox genes, including Hoxal0and Hoxall,
are required for proper regional specification along the
anterior—posterior axis of the female reproductive tract,
as described above. Intriguingly, in Wnt7a-mutant
female mice, expression of Hoxal0and Hoxall in the
uterine mesenchyme is lost ~5-12 weeks after birth,
although these genes are expressed normally at postna-
tal day 10 (REE. 53). Therefore, Wnt7a is required for
maintenance of Hoxal0and HoxalI expression in the
uterus in mice.

These findings indicate that molecules that regulate
female reproductive-system development have been con-
served between vertebrates and invertebrates. So, the defi-
nition of the genetic pathways that regulate the formation
and differentiation of the female reproductive-tract
organs should benefit from genetic studies in organisms
from both of these classes. This, in turn, should provide
clues to help understand and diagnose abnormalities in
the female reproductive tract of humans.

Conclusions

Recently, the genetic cascade for Miillerian duct
development has started to become defined (BOX 2).
The examination of mouse mutant phenotypes, mol-
ecular expression analysis in mutants and promoter
analysis have all contributed to an understanding of
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the developmental genetics of female reproductive-
tract organogenesis. However, several questions remain
to be answered. For example, further factors must be
involved in female reproductive-tract development.
Expression profiling using microarray gene-chip tech-
nology should identify genes that are differentially
expressed during female reproductive-tract develop-
ment. Subsequent functional analysis, especially using
knockout technologies, will help to place more factors in
this genetic cascade. We anticipate that large-scale
mouse-mutagenesis projects might also yield mutations
in new genes that affect the female reproductive tract.

It also remains to be determined how Miillerian
duct invagination is initiated at the anterior end of
the mesonephros and how its elongation is guided along
the anterior—posterior axis. Recently, important cytolog-
ical changes and several key genes that regulate invagi-
nation during tubulogenesis have been found®*. The
invaginating Miillerian duct is a simple long epithelial
tubule, without branching. Perhaps these processes and
molecules are also involved in Miillerian duct formation.

It is noteworthy that many mutations in mice,
including those in Pax2, Lim1, Emx2 and RAR0/RARY,
cause both Wolffian and Miillerian duct aplasia®''-*3,
but none lacks the Wolffian duct alone; this indicates
that Miillerian duct formation might require the pres-
ence of the Wolffian duct®. Unidentified inductive
and/or guidance molecules might be secreted by or
expressed on the cell surface of the Wolffian duct for
Miillerian duct development. However, the genes
mentioned above are also expressed in the Miillerian
duct®12, where they are thought to function specifi-
cally'’. The specific functions of these genes in
Miillerian duct development might have to be re-
examined by conditional gene inactivation in the
Miillerian or Wolffian ducts alone. It is also possible
that Miillerian duct development affects Wolffian
duct development. Wnt7a-null mutants fail to regress
the Wolffian duct, although Wnt7a is expressed only
in the Miillerian duct epithelium®. The molecular
mechanisms that regulate Wolffian duct regression are
largely unknown.

Box 2 | Genetic model for female reproductive-tract development

The female reproductive tract forms from the Miillerian ducts and is composed of an epithelial tube and adjacent
mesenchyme. During Miillerian duct formation, before sexual differentiation, empty spiracles homologue 2 (Emx2),
hepatocyte nuclear factor 1B (Hnf1f), lin-11, Isl1 and mec-3 homologue (Lim1I), paired-box gene (Pax2), Pax8 and
wingless-related MMTYV integration-site family member 7a (Wnt7a) are expressed in the epithelium and Wnt4is
expressed in the mesenchyme. All of these genes, except Pax8, are essential for Miillerian duct formation. Genetic
interactions between these genes are largely unknown but expression analysis, mutant phenotyping and epistasis
studies in the mouse point to the model illustrated here. Wnt4-null mutants form Miillerian duct-precursor cells,
which express Lim 1, but these cells fail to form an invaginating tubule''. This indicates that Lim1 might be required to
specify Miillerian duct-precursor cells and/or convert these cells into the epithelial tissue of the Miillerian duct. It is
possible that Lim1 and Pax2/8 cooperatively regulate some factors, including the Wnt genes (such as Wnt4 and
Wnt7a, as shown here)?” during Miillerian duct formation. Wnt7a that is secreted by the epithelium and, perhaps,
acts through Frizzled homologue 10 (Fzd10), induces expression of the Miillerian-inhibiting substance type IT
receptor gene (Misr2) in the mesenchyme of both sexes, which makes the Miillerian ducts of males and females
competent for MIS-induced regression.
In males, MIS is expressed and secreted by the testis. MIS binds to Misr2 on the Miillerian duct mesenchyme (possibly
with the receptors that are encoded by activin receptor-like kinase (Alk)2/Alk3/Alk6), which leads to elimination of the
epithelium by transformation to mesenchymal cells or by apoptosis*>*® This signal induces the expression of matrix
metalloproteinase 2 (Mmp2) and possibly of other Mmp genes in the Miillerian duct mesenchyme, which leads to
apoptosis in the Miillerian duct epithelium; Mmp2 alone, however, is dispensable for Miillerian duct regression.

In females, there is no
production of MIS, which
allows the persistence and
differentiation of the Miillerian
ducts. Homeobox A (Hoxa)
genes are expressed along the
anterior—posterior axis of the
Miillerian ducts and specify
the identities of tissues such
as the oviduct, uterus, cervix
and vagina. Wnt7ais also
required for the postnatal
maintenance of Hoxal0and
Hoxall expression. Itis
possible that Hoxal0in the
mesenchyme represses Lim1
expression in the epithelium
of the developing oviduct''.
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CRE/LOXP

A site-specific recombination
system that is derived from the
Escherichia coli bacteriophage
P1. Two short DNA sequences
(loxPsites) are engineered to
flank the target DNA. Activation
of the Cre recombinase enzyme
catalyses recombination between
the loxP sites, which can lead to
the excision of the intervening
sequence when two loxP sites
have the same orientation on the
same DNA strand.

In the Miillerian duct mesenchyme, conditional gene
inactivation has been successfully carried out using
Misr2-cre mice*'. So, Misr2 provides a molecular entry
point to genetically manipulate the Miillerian duct mes-
enchyme. However, Misr2 is expressed in the Miillerian
duct relatively late and it cannot be used to study the
function of genes that are expressed in the mesenchyme
during Miillerian duct formation. Transcriptional
enhancers from genes that are expressed earlier in the
Miillerian duct mesenchyme (such as Wnt4) will pro-
vide useful molecular tools. By contrast, there is, at pre-
sent, no mouse model for conditional gene inactivation
in the Miillerian duct epithelium. Although the activa-
tion of heterologous genes by Lim1, HnfIfand Cdhi6
enhancers has been accomplished in the Miillerian duct
epithelium, expression was also seen in the Wolffian
duct epithelium!'$%6190-2 Further promoter analysis

will be required to identify Miillerian duct epithelium-
specific enhancers to generate Cre-expressing mice in
the Miillerian duct epithelium. Interestingly, Wnt7a is
specifically expressed in the Miillerian duct epithelium
but not the Wolffian duct, so the Wnt7a promoter
might be a useful molecular tool for this purpose.
Finally, it is essential to identify the cis-acting regulatory
sequences that direct Miillerian duct-specific expression
to define the genetic cascade for Miillerian duct devel-
opment. It is notable that many of these developmental
genes are also expressed in the female reproductive
tract of the adult, have roles in uterine tissue remodel-
ling and implantation, and might be linked with can-
cer. Ultimately, a molecular and cellular understanding
of Miillerian duct formation and differentiation
should lead to insights into female reproductive-tract
development and disease.

1. Gidwani, G. & Falcone, T. Congenital Malformations of the 19.  Vainio, S. & Lin, Y. Coordinating early kidney development: 37. Gouedard, L. et al. Engagement of bone morphogenetic
Female Genital Tract: Diagnosis and Management lessons from gene targeting. Nature Rev. Genet 3, 533-543 protein type IB receptor and Smad1 signaling by
(Lippincott Wiliams & Wilkins, Philadelphia, 1999). (2002). anti-Mullerian hormone and its type Il receptor. J. Biol. Chem.

2. National Cancer Institute. Surveillance, Epidemiology, and 20. Stark, K., Vainio, S., Vassileva, G. & McMahon, A. P. 275, 27973-27978 (2000).

End Results (SEER) Program. [online], (cited 8 Oct. 2003), Epithelial transformation of metanephric mesenchyme in the 38. Clarke, T. R. et al. Mullerian inhibiting substance signaling uses
<http://www.seer.cancer.gov> (2003). developing kidney regulated by Wnt-4. Nature 372, abone morphogenetic protein (BMP)-like pathway mediated

3. Paria, B. C., Reese, J., Das, S. K. &Dey, S. K. Deciphering 679-683 (1994). by ALK2 and induces SMADS6 expression. Mol. Endocrinol.
the cross-talk of implantation: advances and challenges. 21.  Rothenpieler, U. W. & Dressler, G. R. Pax-2 is required for 15, 946-959 (2001).

Science 296, 2185-2188 (2002). mesenchyme-to-epithelium conversion during kidney 39 Visser, J. A. et al. The serine/threonine transmembrane

4. Couse, J. F. & Korach, K. S. Estrogen receptor null mice: development. Development 119, 711-720 (1993). receptor ALK2 mediates Mullerian inhibiting substance
what have we learned and where will they lead us? Endocr. 22, Strong, L. C. & Hollander, W. F. Hereditary loop-tail in the signaling. Mol. Endocrinol. 18, 936-945 (2001).

Rev. 20, 358-417 (1999). house mouse accompanied by inperforate vagina and 40. Mishina, ., Suzuki, A,, Ueno, N. & Betringer, R. R.

5. Feldhamer, G., Drickamer, L., Vessey, S. & Merritt, J. craniorachischisis when homozygous. J. Hered. 40, Bmpr encodes a type | bone morphogenefic protein
Mammalogy: Adaptation, Diversity, and Ecology 329-334 (1949). receptor that is essential for gastrulation during mouse
(McGraw-Hill, New York, 2003). 23, Kibar, Z. et al. Ltap, a mammalian homologue of Drosophila embryogenesis. Genes Dev. 9, 30273037 (1995).

6. Hil, J. E. &Smith, J. D. Bats: a Natural History (Univ. of Strabismus/Van Gogh, is altered in the mouse neural tube 41, Jamin, S. P, Arango, N. A, Mishina, ¥, Hanks, M. C. &
Texas Press, Austin, 1984). mutant Loop-tail. Nature Genet. 28, 251-255 (2001). Behringer, R. R. Requirement of Bmpr1a for Mullerian duct

; ; ; it ’ regression during male sexual development. Nature Genet.

7. ChiN. &.Egge”ﬁ' JA. Getgng your PaTx Stga'QGht PaX18 24.  Montcouquiol, M. et al. Identification of Vangl2 and Scrb1 as :g 208-410 (20902) P
g;titjy(szgwe)?/e lopment and disease. Trends Genet. 18, gggzr) polarity genes in mammals. Nature 423, 173-177 42, Parr, B. A. & McMahon, A. P. Sexually dimorphic development

8. Torres, M., Gomez-Pardo, E., Dressler, G. R. & Gruss, P 25, Heisenberg, C. P. & Tada, M. Wnt signaling: a moving picture g;’?e?r‘On?a_n;Tg !?gég?mducnve tract requires Wint-7a. Nature
Pax-2 controls multiple steps of urogenital development. emerges from van gogh. Curr: Biol. 12, 126-128 (2002). This; studyi dentiﬁe.s their t of a Wnt patt
Development 121, 4057-4065 (1995). ! 26. Josso, N. et al. Anti-mullerian hormone: the Jost factor. in Millerian duct regression: Wnit7a expression in the

9. Mansouri, A., Chowdhury, K. & Gruss, P. Follicular cells of Recent Prog. Horm. Res. 48, 1-59 (1993). P PPN . A
the thyroid gland require Pax8 gene function. Nature Genet. . 4 | Miillerian duct epithelium is required for the activation
19, 87-90 (1998). 27. Behringer, R. R., Finegold, M. J. & Cate, R. L. of MIS type Il receptor expression in the Miillerian duct

10 Bo’uchar 4 M. Souabni. A Mandler M. Neubuser A. & Mullerian-inhibiting substance function during mammalian mesenchyme.

‘ Busslingeé M. Nephric I%neége speci’ﬁce;£ion by Pax2 and sexual development. Cell 79, 415-425 (1994). : 43. Kawakami, Y., Wada, N., Nishimatsu, S. &Nohno, T.
Pax8. Genes Dev. 16, 2956-2970 (2002) This study provides evidence that MIS is essential for Involvement of frizzled-10 in Wnit-7a signaling during chick
11 Kobéyashi A Sﬁawl‘ot W, Kania, A & Béhringer RR Miillerian duct regression. limb development. Dev. Growth Differ. 42, 561-569 (2000).
. Reaui ’ t”f LimA f ! f N } ’ .d e t t' o 28. Behringer, R. R., Cate, R. L., Froelick, G. J., Paimiter, R. D. & 44. Par, B. A. & McMahon, A. P. Dorsalizing signal Wnt-7a
quirement of Lim1 for lemale réproductive trac Brinster, R. L. Abnormal sexual development in transgenic required for normal polarity of D-V and A-P axes of mouse
development. Development (in the press). . . ) i "
This study describes the visualization of reproductive mice chronically expressing mullerian inhibiting substance. limb. Nature 374, 350-353 (1 995_). )

Y . pr Nature 345, 167-170 (1990). 45, Allard, S. et al. Molecular mechanisms of hormone-mediated
traclt dgvfelo?mer:t in embryos ang a r_\:w chimaera 29. Shen, W. H., Moore, C. C., lkeda, Y., Parker, K. L. & Mullerian duct regression: involvement of -catenin.
2::_21':0:;:3: fe(:;ﬁf::':n:z: Litmo; i?;\:llifis;I:rian Ingraham, H. A. Nuclear receptor steroidogenic factor 1 Development 127, 3349-3360 (2000).
duct formation regulates the mullerian inhibiting substance gene: a link to 46. Itoh, T. et al. Unaltered secretion of 3-amyloid precursor

e the sex determination cascade. Cell 77, 651-661 (1994). protein in gelatinase A (matrix metalloproteinase 2)-deficient

12. Miyamoto, N., Yoshida, M., Kuratani, S., Matsuo, I. & 30. De SantaBa . ; - mice. J. Biol. Chem. 272, 2238922392 (1997).

. N . rbara, P. et al. Direct interaction of SRY-related g
Aizawa, S. Defects of urogenital development in mice ; . . 47. Kurita, T., Cooke, P. S. & Cunha, G. R. Epithelial-stromal tissue
; protein SOX9 and steroidogenic factor 1 regulates f h 1 g ', NS
lacking Emx2. Development 124, 1653-1664 (1997). 4 . : : interaction in paramesonephric (Mullerian) epithelial
13. Mendelsohn, C. et al. Function of the retinoic acid receptors ranscnptloln of the human ant-Mullerian hormone gene. dliff iati 7 -
y ifferentiation. Dev. Biol. 240, 194-211 (2001).
(RARS) during development (I). Muitiple abnormalities at Mol. Cell 5icl. 18, 66536665 (1998). 48. Zhao, Y. & Potter, S. S. Functional specificity of the Hoxa13
various stages of organogenesis in RAR double mutants. 31. Nechtigal, M. W. et al. Wilms’ tumor 1 and Dax-1 modulate homeobox. Development 128, 3197-3207 (2001).
Development 120, 2749-2771 (1994). the orpljan nuclear receptor SF-1 in sex-specific gene 49. Branford, W, W., Benson, G. V., Ma, L., Maas, R, L. &

14, Kastner, P. et al. Genetic evidence that the retinoid signal is expression. Cell 93, 445-454 (1998). ) Potter, S. S. Characterization of Hoxa-10/Hoxa-11
transduced by heterodimeric RXR/RAR functional units during 32 Ar@ngo, N. A, Lovell-Badge, R. & Behringer, R. R. Targeted transheterozygotes reveals functional redundancy and
mouse development. Development 124, 313-326 (1997). mutagenesis of the endogenous mouse Mis gene promoter: reguiatory interactions. Dev. Giol. 224, 373-387 (2000).

15, Miler, C., Paviova, A. & Sassoon, D. A. Differential in vivo definition of genetic pathways of vertebrate sexual 50. Taylor, H. S., Vanden Heuvel, G. B. & Igarashi, P. A conserved
expression patterns of Wnt genes in the murine female development. Cell 99, 409-419 (1999). Hox axis in the mouse and human female reproductive
reproductive tract during development and the estrous 33. Roberts, L. M., Visser, J. A. & Ingraham, H. A. Involvement system: late establishment and persistent adult expression of
cycle. Mech. Dev. 76, 91-99 (1998). of a matrix me}a\loprotewnase in MIS-induced cell death the Hoxa cluster genes. Biol. Reprod. 57, 13381345 (1997).

16. Jeays-Ward, K. et al. Endothelial and steroidogenic cell during urogenital development. Development 129, 51, Warot, X., Fromental-Ramain, C., Fraulob, V,, Chambon, P. &
migration are regulated by WNT4 in the developing 1487-1496 (2002). Dolle, P. Gene dosage-dependent effects of the Hoxa-13 and
mammalian gonad. Development 130, 3663-3670 (2003). 34. Dyche, W. J. A comparative study of the differentiation and Hoxd-13 mutations on morphogenesis of the terminal parts of

17. Vainio, S., Heikkila, M., Kispert, A., Chin, N. & McMahon, A. P. involution of the Mullerian duct and Wolffian duct in the male the digestive and urogenital tracts. Development 124,
Female development in mammals is regulated by Wnt-4 and female fetal mouse. J. Morphol. 162, 175-209 (1979). 4781-4791 (1997).
signalling. Nature 397, 405-409 (1999). 35. Mishina, Y. et al. Genetic analysis of the Mullerian-inhibiting 52. Benson, G. V. et al. Mechanisms of reduced fertility in
This study identifies the involvement of a Wnt pathway substance signal transduction pathway in mammalian Hoxa-10 mutant mice: uterine homeosis and loss of maternal
in Mullerian duct formation. sexual differentiation. Genes Dev. 10, 2577-2587 (1996). Hoxa-10 expression. Development 122, 2687-2696 (1996).

18. Kuure, S., Vuolteenaho, R. & Vainio, S. Kidney 36. Mishina, Y., Whitworth, D. J., Racine, C. & Behringer, R. R. This study shows that a Hox gene is involved in

morphogenesis: cellular and molecular regulation. Mech.
Dev. 92, 31-45 (2000).

High specificity of Mullerian-inhibiting substance signaling in
vivo. Endocrinology 140, 2084-2088 (1999).

patterning the anterior-posterior axis of the female
reproductive tract.

NATURE REVIEWS | GENETICS

VOLUME 4 | DECEMBER 2003 [ 979



REVIEWS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Miller, C. & Sassoon, D. A. Wnt-7a maintains appropriate
uterine patterning during the development of the mouse
female reproductive tract. Development 125, 3201-3211
(1998).

This paper nicely describes the function of Wnt7a in
the differentiation of the oviduct and uterus along both
the anterior-posterior and lateral axes.

Miller, C., Degenhardt, K. & Sassoon, D. A. Fetal exposure to
DES results in de-regulation of Wnt7a during uterine
morphogenesis. Nature Genet. 20, 228-230 (1998).

This study points to phenotypic similarities between
the uterus of Wnt7a-null mutants and those of
prenatally DES-treated wild-type animals. The authors
show that prenatal DES treatment inhibits Wnt7a
expression in the uterine epithelium.

Mittendorf, R. Teratogen update: carcinogenesis and
teratogenesis associated with exposure to diethylstilbestrol
(DES) in utero. Teratology 51, 435-445 (1995).

Ma, L., Benson, G. V., Lim, H., Dey, S. K. & Maas, R. L.
Abdominal B (AbdB) Hoxa genes: regulation in adult uterus
by estrogen and progesterone and repression in mullerian
duct by the synthetic estrogen diethylstilbestrol (DES). Dev.
Biol. 197, 141-154 (1998).

Block, K., Kardana, A., Igarashi, P. & Taylor, H. S. In utero
diethylstilbestrol (DES) exposure alters Hox gene expression
in the developing mullerian system. FASEB J. 14, 1101-1108
(2000).

Lindner, T. H. et al. A novel syndrome of diabetes mellitus,
renal dysfunction and genital malformation associated with a
partial deletion of the pseudo-POU domain of hepatocyte
nuclear factor-1B. Hum. Mol. Genet. 8, 2001-2008 (1999).
Bingham, C. et al. Solitary functioning kidney and diverse
genital tract malformations associated with hepatocyte
nuclear factor-13 mutations. Kidney Int. 61, 1243-1251
(2002).

Coffinier, C., Barra, J., Babinet, C. & Yaniv, M. Expression of
the VHNF1/HNF1 homeoprotein gene during mouse
organogenesis. Mech. Dev. 89, 211-213 (1999).

Reber, M. & Cereghini, S. Variant hepatocyte nuclear

factor 1 expression in the mouse genital tract. Mech. Dev.
100, 75-8 (2001).

Bai, Y., Pontoglio, M., Hiesberger, T, Sinclair, A. M. &
Igarashi, P. Regulation of kidney-specific Ksp-cadherin gene
promoter by hepatocyte nuclear factor-1B. Am. J. Physiol.
Renal Physiol. 283, 839-851 (2002).

Wertz, K. & Herrmann, B. G. Kidney-specific cadherin
(cdh16) is expressed in embryonic kidney, lung, and sex
ducts. Mech. Dev. 84, 185-188 (1999).

Coffinier, C., Thepot, D., Babinet, C., Yaniv, M. & Barra, J.
Essential role for the homeoprotein vVHNF1/HNF1 in visceral
endoderm differentiation. Development 126, 4785-4794
(1999).

Barbacci, E. et al. Variant hepatocyte nuclear factor 1 is
required for visceral endoderm specification. Development
126, 4795-4805 (1999).

Coffinier, C. et al. Bile system morphogenesis defects and
liver dysfunction upon targeted deletion of HNF1p.
Development 129, 1829-1838 (2002).

David, A. et al. Hydrometrocolpos and polydactyly: a
common neonatal presentation of Bardet-Bied| and
McKusick-Kaufman syndromes. J. Med. Genet. 36,
599-603 (1999).

Stone, D. L. et al. Mutation of a gene encoding a putative
chaperonin causes McKusick-Kaufman syndrome. Nature
Genet. 25, 79-82 (2000).

Belville, C., Josso, N. & Picard, J. Y. Persistence of Mullerian
derivatives in males. Am J. Med. Genet. 89, 218-223 (1999).
Urioste, M. et al. Persistence of mullerian derivatives,
lymphangiectasis, hepatic failure, postaxial polydactyly, renal
and craniofacial anomalies. Am J. Med. Genet. 47, 494-503
(1993).

Hummel, K. P. Hypodactyly, a semidominant lethal mutation
in mice. J. Hered. 61, 219-220 (1970).

Mortlock, D. P, Post, L. C. &Innis, J. W. The molecular basis
of hypodactyly (Hd): a deletion in Hoxa 13 leads to arrest of
digital arch formation. Nature Genet. 13, 284-289 (1996).
Fromental-Ramain, C. et al. Hoxa-13 and Hoxd-13 play a
crucial role in the patterning of the limb autopod.
Development 122, 2997-3011 (1996).

~

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

4.

Post, L. C., Margulies, E. H., Kuo, A. &Innis, J. W. Severe
limb defects in Hypodactyly mice result from the expression
of a novel, mutant HOXA13 protein. Dev. Biol. 217, 290-300
(2000).

Mortlock, D. P. &Innis, J. W. Mutation of HOXA13 in
hand-foot—genital syndrome. Nature Genet. 15, 179-180
(1997).

Identification of the involvement of a HOX gene,
HOXA13, in female reproductive-tract development in
humans.

Wawersik, S. & Maas, R. L. Vertebrate eye development as
modeled in Drosophila. Hum. Mol. Genet. 9, 917-925
(2000).

Capdevila, J. & Johnson, R. L. Hedgehog signaling in
vertebrate and invertebrate limb patterning. Cell. Mol. Life
Sci. 57, 1682-1694 (2000).

Hirth, F. & Reichert, H. Conserved genetic programs in
insect and mammalian brain development. Bioessays 21,
677-684 (1999).

Newman, A. P. & Sternberg, P. W. Coordinated
morphogenesis of epithelia during development of the
Caenorhabditis elegans uterine-vulval connection. Proc.
Natl Acad. Sci. USA 93, 9329-9333 (1996).

Kornfeld, K. Vulval development in Caenorhabditis elegans.
Trends Genet. 13, 55-61 (1997).

Newman, A. P, Acton, G. Z., Hartwieg, E., Horvitz, H. R. &
Sternberg, P. W. The lin-11 LIM domain transcription factor
is necessary for morphogenesis of C. elegans uterine cells.
Development 126, 5319-5326 (1999).

Chamberlin, H. M. et al. The PAX gene egl-38 mediates
developmental patterning in Caenorhabditis elegans.
Development 124, 3919-3928 (1997).

Maloof, J. N. & Kenyon, C. The Hox gene lin-39 is
required during C. elegans vulval induction to select the
outcome of Ras signaling. Development 125, 181-190
(1998).

Gleason, J. E., Korswagen, H. C. & Eisenmann, D. M.
Activation of Wnt signaling bypasses the requirement for
RTK/Ras signaling during C. elegans vulval induction. Genes
Dev. 16, 1281-1290 (2002).

Eisenmann, D. M., Maloof, J. N., Simske, J. S., Kenyon, C.
&Kim, S. K. The B-catenin homologue BAR-1 and LET-60
Ras coordinately regulate the Hox gene /in-39 during
Caenorhabditis elegans vulval development. Development
125, 3667-3680 (1998).

Hoier, E. F.,, Mohler, W. A., Kim, S. K. & Hajnal, A. The
Caenorhabditis elegans APC-related gene apr-1 is required
for epithelial cell migration and Hox gene expression. Genes
Dev. 14, 874-886 (2000).

Hogan, B. L. & Kolodziej, P. A. Organogenesis: molecular
mechanisms of tubulogenesis. Nature Rev. Genet. 3,
513-523 (2002).

Lubarsky, B. & Krasnow, M. A. Tube morphogenesis:
making and shaping biological tubes. Cell 112, 19-28
(2003).

Gruenwald, P. The relation of the growing Mullerian duct to
the Wolffian duct and its importance for the genesis of
malformations. Anat. Rec. 81, 1-19 (1941).

Igarashi, P. et al. Ksp-cadherin gene promoter. II.
Kidney-specific activity in transgenic mice. Am. J. Physiol.
277,599-610 (1999).

Shao, X., Somlo, S. & Igarashi, P. Epithelial-specific Cre/lox
recombination in the developing kidney and genitourinary
tract. J. Am. Soc. Nephrol. 13, 1837-1846 (2002).

Shao, X., Johnson, J. E., Richardson, J. A., Hiesberger, T. &
Igarashi, P. A minimal Ksp-cadherin promoter linked to

a green fluorescent protein reporter gene exhibits
tissue-specific expression in the developing kidney and
genitourinary tract. J. Am. Soc. Nephrol. 13, 1824-1836
(2002).

Nef, S. & Parada, L. F. Hormones in male sexual
development. Genes Dev. 14, 3075-3086 (2000).

This review nicely describes how male development is
regulated by testis-secreted hormones, including
testosterone, MIS and InsI3.

Forsberg, J. G. Cervicovaginal epithelium: its origin and
development. Am. J. Obstet. Gynecol. 115, 1025-1043
(1973).

95.

96.

97.

98.

99.

100.

101.

102.

S

108.

10

10

101

107.

108.

109.

&

a

=

Cunha, G. R. The dual origin of vaginal epithelium. Am. J.
Anat. 143, 387-392 (1975).

Drews, U., Sulak, O. & Schenck, P. A. Androgens and the
development of the vagina. Biol. Reprod. 67, 1353-1359
(2002).

Carroll, T. J. & Vize, P. D. Synergism between Pax-8 and
lim-1 in embryonic kidney development. Dev. Biol. 214,
46-59 (1999).

Roberts, L. M., Hirokawa, Y., Nachtigal, M. W. &
Ingraham, H. A. Paracrine-mediated apoptosis in
reproductive tract development. Dev. Biol. 208, 110-122
(1999).

Zhao, Y. & Potter, S. S. Functional comparison of the
Hoxa 4, Hoxa 10, and Hoxa 11 homeoboxes. Dev. Biol.
244, 21-36 (2002).

Post, L. C. &Innis, J. W. Infertility in adult hypodactyly mice
is associated with hypoplasia of distal reproductive
structures. Biol. Reprod. 61, 1402-1408 (1999).

Dai, X. et al. The ovo gene required for cuticle formation and
oogenesis in flies is involved in hair formation and
spermatogenesis in mice. Genes Dev. 12, 3452-3463 (1998).
Katsanis, N. et al. Mutations in MKKS cause obesity, retinal
dystrophy and renal malformations associated with
Bardet-Bied!| syndrome. Nature Genet. 26, 67-70 (2000).
Slavotinek, A. M. et al. Mutations in MKKS cause
Bardet-Bied| syndrome. Nature Genet. 26, 15-16 (2000).
Griffin, J. E., Edwards, C., Madden, J. D., Harrod, M. J. &
Wilson, J. D. Congenital absence of the vagina. The
Mayer—Rokitansky-Kuster—-Hauser syndrome. Ann. Intern.
Med. 85, 224-236 (1976).

Duncan, P. A., Shapiro, L. R., Stangel, J. J., Klein, R. M. &
Addonizio, J. C. The MURCS association: Mullerian duct
aplasia, renal aplasia, and cervicothoracic somite dysplasia.
J. Pedliatr. 95, 399-402 (1979).

van Haelst, M. M. et al. Lymphangiectasia with persistent
Mullerian derivatives: confirmation of autosomal recessive
Urioste syndrome. Am. J. Med. Genet. 104, 65-68 (2001).
Beliini, C. et al. Persistence of Mullerian derivatives and
intestinal lymphangiectasis in two newborn brothers:
confirmation of the Urioste syndrome. Am. J. Med. Genet.
104, 69-74 (2001).

Footz, T. K. et al. Analysis of the cat eye syndrome critical
region in humans and the region of conserved synteny in
mice: a search for candidate genes at or near the human
chromosome 22 pericentromere. Genome Res. 11,
1053-1070 (2001).

Fryns, J. P, Moerman, F., Goddeeris, P., Bossuyt, C. &
Van den Berghe, H. A new lethal syndrome with cloudy
corneae, diaphragmatic defects and distal limb deformities.
Hum. Genet. 50, 65-70 (1979).

Acknowledgements
We thank M. Renfree for helpful comments. This work was
supported by a National Institutes of Health grant to R.R.B.

Competing interests statement
The authors declare that they have no competing financial interests.

&) Online links

DATABASES

The following terms in this article are linked online to:
FlyBase: http://www.flybase.bio.indiana.edu

ems | prd | wg

LocusLink: http://www.ncbi.nim.nih.gov/LocusLink

AMH | Ar| Bmpria | Emx2 | Hoxa9 | Hoxa10 | Hoxa11 | Hoxa13 |
Hoxd13 | Lhx1 | Ltap | MKKS | Mmp2 | NrOb1 | Nr5aT | Pax2 |
Pax8| RARa1 | RARB2 | RARy| RXRed | Sox9 | Sry | TCF2 |
Wht4 | Wnt7a | Wt1

OMIM: http://www.ncbi.nlm.nih.gov/Omim

cryptorchidism | Hand-foot-genital syndrome | maturity-onset
diabetes of the young type 5 | Mayer-Rokitansky—Kster-Hauser
(MRKH) syndrome | McKusick-Kaufman syndrome | Millerian
aplasia | MURCS association | Persistent Millerian duct syndrome
| postaxial polydactyly | Urioste syndrome

WormBase: http://www.wormbase.org

apr-1| bar-1|egl-38| lin-1111in-39 | mab-5

Access to this interactive links box is free online.

980 | DECEMBER 2003 | VOLUME 4

www.nature.com/reviews/genetics





