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ABSTRACT

There have been considerable advances concerning understanding of the early and later stages
of ovarian development; a number of genes have been implicated and their mutations have
been associated with developmental abnormalities. The most important genes controlling the
initial phase of gonadal development, identical in females and males, are Wilms’ tumor sup-
pressor 1 (WT1) and steroidogenic factor 1 (SF1). Four genes are likely to be involved in the
subsequent stages of ovarian development (WNT4, DAX1, FOXL2 and RSPOI1), but none is
yet proven to be the ovarian determining factor. Changes in nomenclature and classification
were recently proposed in order to incorporate genetic advances and substitute gender-based
diagnostic labels in terminology. The term “disorders of sex development” (DSD) is proposed
to substitute the previous term “intersex disorders”. Three main categories have been used to
describe DSD in the 46,XX individual: 1) disorders of gonadal (ovarian) development: ovotes-
ticular DSD, previously named true hermaphroditism, testicular DSD, previously named XX
males, and gonadal dysgenesis; 2) disorders related to androgen excess (congenital adrenal
hyperplasia, aromatase deficiency and P450 oxidoreductase deficiency); and 3) other rare
disorders. In this mini-review, recent advances concerning development of the genital system
in 46,XX individuals and related abnormalities are discussed. Basic embryology of the ovary
and molecular pathways determining ovarian development are reviewed, focusing on muta-
tions disrupting normal ovarian development. Disorders of sex development according to
the revised nomenclature and classification in 46,XX individuals are summarized, including
genetic progress in the field.
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the genetic control does not differ in either gender.
Regulatory genes controlling the development of the
genital ridge and the formation of the bipotent gonad
have been identified and developmental anomalies
resulting from gene mutations have been described.!
The differentiation of the bipotent gonad to an ovary
or testis follows and is also under genetic control.
Several genes affecting testicular differentiation have
been determined, whereas very little is known about
ovarian formation. Since a functioning ovary is not
necessary for female phenotype development, while a
testis is necessary for the male phenotype, the devel-
opment of the ovary has been incorrectly considered
a development by ‘default’. Since 2004, new findings
have suggested that specific genes are required for
the early development of the ovary and that muta-
tions in these genes influence ovarian development
and result in specific clinical syndromes.?

In 2006, the European Society for Pediatric Endo-
crinology (ESPE) and the Lawson Wilkins Pediatric
Endocrine Society (LWPES) reviewed the overall
management of intersex disorders and proposed
changes in terminology® (Table 1). Given the significant
advances in the understanding of molecular causes of
abnormal sexual development, it became necessary
to integrate current knowledge with the classifica-
tion of intersex disorders. Furthermore, there has
been dissatisfaction about existing nomenclature of
intersex disorders among both health professionals
and patients as to the gender-based diagnostic labels.’
The term ‘disorders of sex development’ (DSD) is now
proposed to define congenital conditions in which
a dysharmony between chromosomal, gonadal and
anatomical sex exists.> A new classification system for
the causes of DSD has been proposed based on the

TABLE 1. Previous and proposed revised nomenclature®

karyotype. This terminology, however, also includes
the term “sex” in the description of the specific devel-
opmental abnormality with the inevitable associated
connotation.*

The present mini-review focuses on the 46,XX
individual, with emphasis on recent advances in knowl-
edge pertaining to ovarian development and related
abnormalities. In the first part, basic embryology of
the ovary, genetic control of ovarian development
and relevant mutations are reviewed. In the second
part, the DSD in the 46,XX individual according
to the revised nomenclature and classification are
discussed. The latter part aims to familiarize the
clinician with recent changes in terminology and to
suggest how the new terms may be incorporated in
everyday practice.

BASIC EMBRYOLOGY OF THE OVARY
AND DUCTS

The urogenital ridge, from which the urogenital
system will derive, arises at approximately the 4" week
of gestation in the intermediate mesoderm.® The indif-
ferent gonad, identical in females and males, emerges
on the ventromedial surface of the mesonephros as a
derivative of the intermediate mesoderm. The indif-
ferent or bipotent gonad is formed by proliferation
of the coelomic epithelium and a condensation of
mesenchymal cells of mesonephric origin.® Primordial
germ cells (PGCs) derive from the epiblast, the outer
ectodermal layer of the embryo; they subsequently
move to the yolk sac wall and then migrate along the
dorsal mesentery of the hind gut to the gonadal ridge
(Figure 1).! During migration, PGCs undergo cell
division and, once in the genital ridge (by the end of

Previous

Proposed

Intersex
Male pseudohermaphrodite, Undervirilization of an XY male
Undermasculinization of an XY male

Female pseudohermaphrodite, Overvirilization of an XX female, Masculinization

of an XX female

True hermaphrodite

XX male or XX sex reversal
XY sex reversal

Disorders of sex development (DSD)

46,XY DSD
46,XX DSD

Ovotesticular DSD
46,XX testicular DSD
46,XY complete gonadal dysgenesis
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Figure 1. The gonad emerges on the ventromedial surface of
the mesonephros at the 4" week of gestation. The migration of
the primordial germ cells from the wall of the yolk sac along the
dorsal mesentery of the hind gut to the gonadal ridge is shown
as blue circles (reproduced and modified by permission of Pro-
fessor M. Kouloukoussa, Dept of Embryology and Histology,
University of Athens).

the 5" week), lose their motility, begin to aggregate
and continue to proliferate by mitosis.

In the female embryos, PGCs differentiate to oo-
gonia and continue to divide by mitosis. Shortly before
and during the arrival of PGCs, the epithelium of the
genital ridge proliferates and the epithelial cells pen-
etrate the underlying mesenchyme forming the primi-
tive sex cords,® which surround the oogonia. During
the 7" week the proliferating epithelium gives rise to a
second generation of cords, the cortical cords.® At the
10" week some oogonia will arrest their division and
differentiate to oocytes. In the 4™ month the cortical
cords split into clusters surrounding one or more of
the oocytes and the earliest primary follicles appear
(Figure 2). The oocytes increase rapidly in number
and by the 5" month of gestation the total number of
oocytes in the ovary reaches its maximum. However,
most oocytes undergo apoptosis, their number dimin-
ishes and many follicles become atretic. At birth, the
total number of oocytes is estimated to range from
600,000 to 800,000; subsequently the majority of
follicles will become atretic and at the beginning of
puberty approximately 400,000 follicles will remain
and less than 500 will proceed to ovulation.’

Surface epithelium

Degenerating
medullary

cords Primary oocyte

Follicular cells

Ductuli
efferantes

Paramesonephric duct

Mesonephric duct

Figure 2. Ovary and genital ducts at the 5% month. The med-
ullary cords are degenerating, the cortical zone of the ovary
contains groups of oogonia surrounded by follicular cells (re-
produced by permission).®

In the bipotent embryonic stage both Miillerian
(paramesonephric) and Wolffian (mesonephric) ducts
are present. Miillerian ducts are formed by an invagi-
nation of a tube from the surface coelomic epithelium
of the mesonephros.® In females, the Wolffian duct
regresses and the Miillerian duct differentiates into
oviduct, uterus and upper vagina.

MOLECULAR PATHWAYS OF SEX
DETERMINATION IN THE 46,XX INDIVIDUAL

Genes important for the formation
of the bipotent gonad

Genes important for the initial formation of the
genital ridge include Wilm’s tumor suppressor 1 (WT1)
and steroidogenic factor 1 (SF1).!

The WTI gene located on chromosome 11p13
(OMIM#67102) is expressed in the urogenital ridge,
mesonephros, kidney, gonad and in the granulosa
cells in females. It encodes a transcriptional factor
playing a role in gonadal development.'®* Mutations
in the WTI gene occurring in the XY genotype are
associated with both gonadal dysgenesis and renal
anomalies (Frasier Syndrome, Deny’s-Drash syndrome
and WAGR syndrome)."” By contrast, the same mu-
tations of the WTI gene in the XX individual have
no effect on gonadal development, thus resulting in
a normal female with associated renal anomalies
(focal segmental sclerosis) and a predisposition to
Wilm’s tumor.!*!!
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Another important gene in early gonadal devel-
opment is SFI (located on 9q33, OMIM #184757),
which is expressed in the developing urogenital ridge,
hypothalamus, the anterior pituitary gland and the
adrenal glands.'? It encodes a transcription factor
regulating the expression of a number of genes that
participate in sexual development, including all the
cytochrome P-450 steroid hydroxylase enzymes and
the 3B-hydroxysteroid dehydrogenase. SF1 knockout
mice fail to develop adrenal glands and gonads and
die at birth." In humans, heterozygous mutations in
SF1 can lead to adrenal and gonadal failure in XY
individuals with a variety of phenotypic combinations,
including adrenal failure with variable degrees of
testicular failure and normal adrenal function with
complete sex reversal.'*!> Heterozygous partial loss
of function mutations in SFI have been described in
a cohort of boys with bilateral anorchia (vanishing
testis syndrome) and in 46,XY patients with severe
undervirilization without adrenal insufficiency.!*
Thus the phenotypic spectrum of genetic defects in
the SFI gene is broad and depends on the specific
mutation.”® It ranges from complete testicular dys-
genesis with maintenance of Miillerian structures
to severe penoscrotal hypospadias with or without
adrenal insufficiency. A heterozygous mutation of
SF1 was detected in a 46,XX prepubertal individual
presenting with adrenal insufficiency and apparently
normal ovarian differentiation.”

A number of other genes are required to achieve
normal development of the bipotent gonad in mice.
These include empty-spiracles homeobox gene 2
(EMX2), a member of the polycomb group M33, and
Lim homeobox gene 9 (LHX9). Mutations in the genes
encoding these proteins have not yet been associated
with gonadal abnormalities in humans.?

Genes involved in the development of the ovary

Despite extensive investigation with regard to
ovarian development, the number of related genes
so far identified is still limited. Four genes (WNTH4,
DAX]I, FOXL2 and RSPOI) are likely to be involved
in the early development of the ovary (Figure 3).
However, despite their importance in the development
of the ovary, none has been proven to be the ovarian
determining factor.

WNT4 (wingless-related mouse mammary tumor
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Figure 3. Genes likely involved in the development of the ovary
and testis.

virus integrated site 4), located on chromosome
1p36.23-p35.1 (OMIM#603490), is expressed in the
mesonephric mesenchyme, the coelomic epithelium,
the female gonad and the mesenchyme surrounding
the Miillerian ducts.® In mice, WNT4 is important
for the development of several organs, including the
kidney, fallopian tubes, uterus and ovaries, as well
as the mammary glands. WNT4 suppresses testo-
sterone biosynthesis in the female mouse, inhibits
the formation of the male-specific vascularization
in the ovary and represses migration of endothelial
and steroidogenic cells from the mesonephros and
adrenal anlagen to the ovary, this suggesting an
anti-testis and pro-ovary function.?’-?> Furthermore,
WNTH4 is likely to play a role in follicle development
and maturation.”* WNT4 seems to exert its func-
tions via the upregulation of follistatin, a signaling
molecule that binds to members of the transforming
growth factor § family of proteins, as suggested by
expression and null mutation analysis.” In humans,
female patients carrying a heterozygous mutation of
the recently identified WNT4 gene present Miillerian
duct abnormalities along with clinical and biological
evidence of hyperandrogenism, implying that WNT4
gene plays an important role in the development of
the female phenotype.?*2

DAXI (dosage sensitive sex reversal adrenal hypo-
plasia congenital critical region of the X chromosome
genel), a gene located on chromosome Xp21.3-p21.2
(OMIM#300473), encodes a peculiar nuclear receptor,
lacking a classic DNA-binding domain, is considered
to play a role in both testicular and ovarian develop-
ment.””?® DA X1 mutations are associated with X-linked
primary adrenal insufficiency and hypogonadotropic
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hypogonadism.? Duplication of the region coding
for this gene caused 46,XY individuals to develop
as females, a situation that led to the hypothesis that
DAXI might be the ovary determining gene.*® How-
ever, its inactivation in mice does not impair ovarian
development or other aspects of female differentia-
tion, while it impairs spermatogenesis, suggesting
that DAX1 is not an ovarian determining gene but
rather plays a critical role in spermatogenesis.’* DAX1
acts as an anti-SRY factor in the process of gonadal
sex differentiation and is upregulated by WNT%, its
activation being mediated via the WNT/B-catenin
pathway.*

FOXL2 is amember of a large family of folkhead/
winged helix transcriptional factors. The FOXL2 gene
is located on chromosome 3q23 (OMIM#605597).
It is expressed in the gonads, pregranulosa and later
in granulosa cells and is essential for granulosa cell
differentiation and ovary maintenance.*> FOXL2
plays a role in the XX sex reversal phenotype of the
polled intersex syndrome in goats, characterized by
complete female to male sex reversal.*> More than
130 mutations in FOXL2 have been associated with a
human congenital disease, the blepharophimosis-pto-
sis-epicanthus inversus syndrome (BPES).* Mutations
leading to a significantly shortened FOXL?2 protein
often cause BPES type I, which is characterised by
eyelid abnormalities and premature ovarian failure,
thus indicating a functional role in ovarian devel-
opment or maintenance.® Interestingly, inducible
deletion of FOXL2 in adult ovarian follicles in the
mouse model leads to immediate upregulation of
testis-specific genes, including the critical SRY target
gene SOX9 (located on chromosome 17q24.3-q25.1,
OMIM#608160).% It has been shown that ablation
of FOXL?2 results in somatic sex reprogramming of
adult ovaries leading to testis development, thus im-
plying that FOXL2 has an additional crucial role in
maintaining femaleness, at least in mice.

R-spondins are a recently characterized small
family of growth factors which are thought to play
an essential role in ovarian development. R-spondins
interact with f-catenin and may also synergize with
WNT proteins,” possibly through positive regula-
tion of WNT4 signaling.®® R-spondinl and FOXL2
act in two distinct cellular types during goat ovarian
differentiation.*” This interaction appears critical for

early genital development and ovarian determination.
Mutations in the R-spondinl (RSPOI) gene have been
associated with 46, XX testicular DSD in the absence
of the testis-determining gene SRY, as well as with
ovotesticular DSD in a 46,XX individual.*** Palmo-
plantar hyperkeratosis, predisposition to squamous
cell carcinoma of the skin, congenital bilateral corneal
opacities, onychodystrophy and hearing impairment
were additional findings in such cases.*>*! Therefore,
the RSPOI gene (located on chromosome 1p34.3,
OMIM#609595) appears to be directly involved in
ovarian determination.

DISORDERS OF SEX DEVELOPMENT (DSD) IN
THE 46,XX INDIVIDUAL (TABLE 2)

A brief description of each condition is described
below, with special emphasis on the pathophysiology
and relevant advances in genetics.

A. Disorders of gonadal (ovarian) development

1. Ovotesticular DSD, previously named true her-
maphroditism. It is a very rare disorder defined by
the presence of both ovarian and testicular tissue in
the same individual (Figure 4). In infancy the gonads
appear to have normal ovarian tissue with numerous
follicles and normal testicular tissue with seminifer-
ous tubules containing germ cells. However, as time
passes the ovarian tissue usually becomes functional
and the testicular tissue regresses, becoming dys-

Table 2. Classification of disorders of sexual differentiation in the
46,XX individual using the new terminology.

Disorders of sex development (DSD) in the 46,XX individual
A. Disorders of gonadal (ovarian) development:

1. ovotesticular DSD

2. testicular DSD (SRY+, dup SOX9, RSPO1)

3. gonadal dysgenesis

B. Androgen excess:

1. fetal (21-hydroxylase deficiency, 11-hydroxylase deficiency,
3p-hydroxysteroid dehydrogenase 2 deficiency, glucocorti-
coid receptor mutations)

2. fetoplacental (aromatase deficiency, POR [P450 oxidore-
ductase])
3. maternal (luteoma, exogenous, etc)
C. Other: cloacal exstrophy, vaginal atresia, MURCS (Miille-

rian, renal, cervicothoracic somite abnormalities), other rare
syndromes.
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Figure 4. Histology of the gonad of a 46,XX ovotesticular DSD
neonate showing a part of the gonad containing primary fol-
licles and another part containing testicular tissue with sper-
matogonia (from the Pediatric Endocrinology Department of
the “P. & A. Kyriakou” Children’s Hospital in Athens).

genetic and showing interstitial fibrosis and lack of
spermogonia.*** Besides the presence of ovotestis,
ovary and testis may be found separately.*> Ovarian
tissue is most often found on the left side and testicular
tissue on the right side.* There may be a mixture of
Miillerian and Wolffian derivatives; in most patients
uterus or unicornus uterus is observed. The external
genitalia are ambiguous with various degrees of viri-
lization, while, rarely, normal female genitalia may be
present.*** The SRY gene (located on chromosome
Ypl1.3, OMIM#480000) in 46,XX ovotesticular pa-
tients is present in approximately 1/3 of the cases.****
In the SRY negative cases the mechanism responsible
for the presence of testicular tissue is unclear. It may
be that some patients have Y sequences confined to
testicular tissue (therefore escaping detection via
analysis of leucocyte DNA), there may be autosomal
or X linked mutations in unknown genes controlling
testicular development or there may have been an early
presence of SRY sufficient to differentiate testicular
tissue but vanishing later on.**® A mosaicism with a

Y bearing cell line in the gonad is another possibility,
as the SRY gene is expressed in the ovotestes of XX
ovotesticular DSD.*

2. Testicular DSD (SRY+, dup SOX9, RSPO1),
previously named XX males or XX sex reversal

It is a rare syndrome affecting 1 in 20,000-25,000
newborn males.*® The majority of the cases are phe-
notypically normal males but in some cases there
is genital ambiguity. Approximately 10-15% show
various degrees of hypospadias.* Subjects with tes-
ticular 46,XX DSD differ from 46,XX ovotesticular
individuals, as they have no ovarian tissue. They are
often short, with azoospermia and with a high inci-
dence of maldescended testes.” They often display
hypogonadism and gynaecomastia. Y chromosomal
material including the SRY gene is detected in 90%
of the cases. Y sequences are usually translocated
to the distal tip of the short arm of the paternal X
chromosome or to an autosome.****3! However, in
10% of subjects with testicular DSD, SRY is negative,
although patients present with different degrees of
masculinization. The etiology of sex reversal in these
cases is still unclear: mutations in a yet unknown
X-linked or autosomal gene involved in testis dif-
ferentiation or a hidden Y chromosome mosaicism
limited to the gonad have been suggested.” A newborn
infant with severe penile/scrotal hypospadias and
46,XX,dup(17)(q23.1q24.3)/46,XX karyotype has
been described.>® The duplicated SOX9 gene was on
the maternally derived rearranged chromosome 17,
suggesting that the SOX9 gene is important for testis
formation and its duplication is sufficient to initiate
testis differentiation in the absence of SRY.> Partial
duplication of chromosome 22q (duplication of bands
from 22q11.2-22q13) or overexpression of the SOX10
gene at 22q13 (OMIM#602229) can also lead to
testicular DSD in 46,XX subjects in the absence of
SRY.>* Furthermore, mutations in the RSPOI gene,
as previously mentioned, have been associated with
testicular DSD in 46,XX subjects, in the absence
of SRY, together with palmoplantar hyperkeratosis
and predisposition to squamous cell carcinoma of
the skin.** However, with the exception of these few
cases, SRY negative testicular DSD remains largely
unexplained. The presence of familial 46,XX testicular
DSD and familial 46,XX ovotesticular DSD in the
same pedigree remains unexplained. These familial
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cases, in which XX ovotesticular DSD coexist with
testicular DSD in the same sibship, provide evidence to
support the hypothesis that these disorders constitute
variable manifestations of the same genetic defect
with differences in the expression and penetrance of
the mutant gene.*® It should also be mentioned that
an unknown interplay between several genes could be
modified by still unidentified environmental factors,
known as endocrine disruptors.’’

3. Gonadal dysgenesis

In gonadal (ovarian) dysgenesis with normal XX
karyotype, patients present with a female phenotype
but fail to proceed to puberty and do not develop
female secondary characteristics. They have elevated
gonadotrophins and streak gonads.*® The streak
gonads are similar to those found in patients with
Turner syndrome; however, patients with gonadal
dysgenesis do not have short stature or other stigmata
associated with Turner syndrome.***? The condition
is heterogeneous, most likely comprising several dif-
ferent etiological entities. In many cases it is inherited
as an autosomal recessive trait, while the rest of the
cases appear sporadic.” In some forms the defect is
restricted to the gonads, whereas in others affected
females show neurosensory hearing loss (Perrault
syndrome).®>®! In a subset of patients with ovarian
dysgenesis, mutations in the FSH receptor gene
were detected.”” Gonadal dysgenesis has also been
associated with major X chromosome abnormalities.
Genetic studies in such cases have identified several
loci at Xq (including the BMPI5 gene, the FMR1
gene and possibly the QM gene) and Xpl11.2-p.22.1
whose function is related to ovarian development.t3-6°
Other chromosomal abnormalities such as 47, XXX
karyotype and Xq deletions more often cause pubertal
arrest, as a result of premature ovarian failure, than
absent pubertal development.®’6¢

B. Androgen excess, previously named female
pseudohermaphroditism

1. Fetal (congenital adrenal hyperplasia,
glucocorticoid receptor mutations)

Congenital adrenal hyperplasia

Congenital adrenal hyperplasia (CAH), a group of
autosomal recessive disorders of cortisol biosynthesis
with variable genetic background, is one of the most

common inherited metabolic disorders, the clinical
consequences of which include genital ambiguity.®

Three forms of CAH lead to ambiguity of the
external genitalia in 46,XX patients: 21-hydroxylase
deficiency, 11-hydroxylase deficiency and 3f-hy-
droxysteroid dehydrogenase 2 deficiency. Mutations
in enzymes involved in adrenal steroid biosynthesis
lead to glucocorticoid deficiency, with consequent in-
crease in ACTH, resulting in adrenal androgen excess
and adrenal hyperplasia. Female patients with CAH
have intact female internal genitalia. The formation
of the external genitalia from the common primordia
is completed by the 16" week. Thus, increased andro-
gens secreted from the adrenal glands in the female
embryo with CAH during this critical period causes
virilization of the external genitalia (Figure 5). The
excess of the adrenal androgen leading to virilization
of the external genitalia in the newborn females also
leads to accelerated growth and hyperandrogenemia
later in life in patients not adequately treated.

21-hydroxylase deficiency (CYP21A42) accounts
for approximately 90-95% of all cases of CAH. The
classic form of 21-hydroxylase deficiency occurs in
about 1 in 5,000 to 1 in 15,000 live births, whereas
heterozygous mutations of the 21-hydroxylase gene
occur in approximately 1 in 60.7%”" The CYP21A2

Figure 5. a. The 46,XX neonate with congenital adrenal hy-
perplasia should be distinguished from b. the XY neonate with
partial androgen insensitivity syndrome and palpable testes. c.
The 46,XX neonate with congenital adrenal hyperplasia with
complete fusion of the labioscrotal folds and penile urethra
should be distinguished from d. the XY neonate with bilateral
cryptorchidism and hypospadias. (From the Pediatric Endo-
crine Unit in Nicosia, Cyprus).
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enzyme is a P450 type I enzyme located on the micro-
somes and requiring electron transfer from NADPH
via the electron donor enzyme P450 oxidoreductase
(POR). CYP21A2 is encoded by the 21-hydroxylase
gene (CYP21A2) located on chromosome 6 (6p21.3)
(OMIM#201910).

21-hydroxylase deficiency leads to an accumulation
of 17-hydroxyprogesterone (170HP) and consequently
to an increase of 21-deoxycortisol and A4 andros-
tenedione (A4 A). Assessment of 170HP, A4 A and
21-deoxycortisol can be useful markers for diagnosing
and for follow-up of the patients,’”” although the latter
is not commonly used. The major adrenal androgens,
androstendione and DHEA can be metabolized into
testosterone and DHT (dihydrotestosterone), resulting
in masculinization of the female fetus.*

The classic form of 21-hydroxylase deficiency
presents either as the simple virilizing (non-salt los-
ing) or the salt-losing form, reflecting the degree of
cortisol and aldosterone deficiency.”! Female infants
with classic 21-hydroxylase deficiency have ambiguous
genitalia of various degree. The salt-losing form of
21-hydroxylase deficiency also presents with symptoms
related to glucocorticoid and aldosterone deficiency.
A life-threatening adrenal crisis (‘salt-losing crisis’),
due to severe renal salt loss, may occur in the neo-
natal period usually between the 7" and 21* days of
life.”” The milder, nonclassic or late-onset form of 21-
hydroxylase deficiency is more frequent (from 1:100
to 1:500 in various Caucasian populations) than the
classic form. Most girls are asymptomatic at birth and
may present later on with premature pubarche during
childhood, hirsutism and/or menstrual irregularities
during adolescence, subfertility in later life or a phe-
notype resembling polycystic ovary syndrome.”"7>"
Several mutations in the CYP21A42 gene have been
described with a broad overlap with regard to the de-
gree of virilization and a variable genotype-phenotype
correlation.The concordance between phenotype and
genotype varies in the different forms, being 100%
in the salt-losing variety.””

11B-hydroxylase deficiency (CYPI1BI) represents
about 5-8% of CAH cases and occurs in 1 out of
200,000 live births.” It is caused by mutations in
the 11B-hydroxylase gene, located on chromosome
8q21 (OMIM #610613). 11p-hydroxylase catalyses

the conversion of 11-deoxycortisol (S) to cortisol and
the conversion of 11-deoxycorticosterone (DOC) to
corticosterone.”” 11B-hydroxylase deficiency leads
to decreased cortisol secretion, accumulation of
11-deoxycortisol and DOC, resulting in significant
hypertension. Additionally, increased production of
adrenal androgens results in virilization of the external
genitalia in newborn females.*® A nonclassic form of
110HD has also been described in female patients
born with normal genitalia and signs of androgen
excess during childhood or adulthood.”

3p-hydroxysteroid dehydrogenase (HSD3B2) type 2
deficiency is the least common form, representing less
than 2% of all CAH cases.™ There are two isoforms
of 3B-hydroxysteroid dehydrogenase, 3gHSD type 1
and 3pHSD type 2, which are encoded by the HSD3B1
and HSD3B2 genes, respectively.”” The HSD3B2
gene is located on chromosome 1 (1p13.1, OMIM
#201810) and is mainly expressed in the adrenal
and the gonad.” 3HSD catalyses steroid synthesis
via three pathways, the conversion of the As steroids
(Pregnenolone, 17-hydroxypregnenolone (17Preg)
and DHEA) to the A, steroids (Progesterone, 170HP
and Androstenedione, respectively), thereby affecting
all three biosynthetic pathways (mineralcorticoids,
glucocorticoids, sex steroids). AS-steroids (DHEA,
17Preg and their metabolites) are raised and there
is a high ratio of A5 to A4 steroids.

Classic 3 beta-HSD deficiency is a rare form of
congenital CAH that impairs steroidogenesis in both
the adrenals and gonads causing varying degrees
of salt loss in both sexes and incomplete masculi-
nization of the external genitalia in genetic males.
Female patients are not severely masculinized dur-
ing fetal life due to the weak androgenic actions of
DHEA and may present with clitoridomegaly or even
normal external genitalia. The clinical spectrum is
broad and includes a variable disease expression; a
severe salt-wasting, simple virilization or a nonclassic
phenotype (hirsutism and menstrual irregularities).”
In the non-classic form of the disease, women often
present with infertility because of oligo-ovulation,
which is reversed by dexamethasone.

P450 oxidoreductase deficiency (POR) is a novel
form of CAH, classified as a DSD of fetoplacen-
tal androgen excess. It is not caused by mutations
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in genes encoding steroidogenic enzymes but in a
gene encoding for an electron donor enzyme, there-
fore indirectly affecting several enzymes involved
in steroidogenesis, including CYP17A1, CYP21A2
and CYP19A1 which require electron transfer from
NADPH via POR for catalytic activity.”””” The POR
gene is located on the long arm of chromosome 7
(7q11.2, OMIM#124015). POR deficiency leads to
partial deficiency of both 17a-hydroxylase and 21-
hydroxylase activities. 170HP is raised, but not to the
extent observed in 21-hydroxylase deficiency. DHEA,
DHEAS and androstendione are low to normal be-
cause of the partial 17a-hydroxylase deficiency. In
most cases there is no mineralcorticoid deficiency.””
Basal values of cortisol are usually normal or nearly
normal but do not respond normally to ACTH stimu-
lation, indicating chronically compensated adrenal
insufficiency. ACTH values may be high.

Affected girls may present with significant virili-
zation of the external genitalia, indicating prenatal
androgen excess.”””” However, there is no progression
of postnatal virilization and circulating androgen
concentrations are low or low normal. Maternal viri-
lization may occur, manifesting with acne, hirsutism
and sometimes voice deepening usually around mid-
gestation, followed by prompt reversal after delivery.
In order to explain the paradox of prenatal androgen
excess (virilized genitalia in affected girls and mater-
nal virilization during pregnancy) and the finding of
low or low normal circulating androgens in affected
patients postnatally, an alternative pathway towards
androgen synthesis, present only during fetal life, has
been proposed.”

During early adolescence, patients may present
with primary amenorrhea, polycystic ovaries or large
ovarian cysts with a tendency to rupture. Affected
patients may also have skeletal malformations, in-
cluding craniofacial malformations, craniosynostosis,
arachnodactyly, clinodactyly, radiohumeral synostosis
and bowed femora, the pathogenesis of which remains
unknown.”””” Given that most drugs are metabolized
by a number of hepatic P450 enzymes, there is a
potential for altered drug metabolism of important
clinical consideration in these patients, which is under
assessment.”’

Glucocorticoid receptor mutations

Glucocorticoid resistance is a rare familial or
sporadic disorder characterized by increased cortisol
secretion without clinical evidence of hypercortisolism
but with manifestations of androgen and mineral-
corticoid excess.””*” Mutations of the glucocorticoid
receptor gene cause inadequate transduction of the
glucocorticoid signal in glucocorticoid target tissues
and compensatory elevations in circulating corti-
sol and ACTH concentrations. Although adequate
compensation is achieved by the elevated cortisol
concentrations, in the majority of patients with this
disorder, the excess ACTH secretion often results
in increased production of adrenal steroids with
androgenic and/or mineralcorticoid activities. The
clinical spectrum of the condition is broad, ranging
from completely asymptomatic to severe hyperandro-
genism, fatigue and/or hypertension with or without
electrolyte abnormalities. Glucocorticoid resistance
may also be the cause of ambiguous genitalia in female
infants who have elevated cortisol levels at baseline
and after dexamethasone.”

2. Fetoplacental (aromatase deficiency)

Aromatase deficiency (CYP19A1: P450.10m)

Aromatase (P450,.om) catalyses the conversion of
androgens (C19 steroids) to estrogens (C18 steroids),
which is the key step in estrogen biosynthesis. P4504rom
is encoded by the CYPI9 gene localized on chromo-
some 15p21.1 (OMIM#107910).8' This enzyme is
mainly located in the endoplasmic reticulum of estro-
gen producing organs such as the ovary, the placenta,
breast, and bone.®! Aromatization of fetal adrenal
androgens is essential for production of estrogens
during pregnancy by the human placenta, the principal
products of which are estriol, estrone and estradiol.
Therefore, a placental defect in aromatization results
in low estrogen production during pregnancy.

Aromatase deficiency is rare and leads to viriliza-
tion of the mother during pregnancy and exposure
of the female fetus to adrenal androgens with conse-
quent ambiguous genitalia, elevated androgens and
undetectable estrogens at birth.5% At a later stage,
aromatase deficiency is associated with lack of breast
development, primary amenorrhea, tall stature and
multicystic ovaries, developing not only in adolescent
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girls but also during infancy and childhood.?234 It has
been proposed that multicystic ovaries are secondary
to high serum gonadotrophins concentrations and low
serum estradiol levels, which are required to restrain
FSH and LH secretion.*> Aromatase mutations can
produce variable or “nonclassic” female phenotypes
including genital ambiguity at birth, but with variable
breast development at puberty (B2-B4), and absent
puberty with minimal androgenization at birth, sug-
gesting that low residual aromatase activity may be
sufficient for breast and uterine development at pu-
berty despite significant androgenization in utero.®
Furthermore, aromatase insufficiency may have wider
implications in the general female population, as
polymorphic variability within the aromatase locus
has been associated with hyperandrogenismin younger
women and variations in bone mineral density and
fracture risk in postmenopausal women.*>-5

3. Maternal (luteoma, exogenous)

In the past, some of the synthetic progestins pre-
scribed to women with recurrent miscarriages exerted
some androgenic activity with concomitant viriliza-
tion of the external genitalia of the female fetuses.
Today such progestins are no longer prescribed and
modern progesterone preparations do not have such
strong androgenic effects, therefore cases of iatrogenic
virilization of the external genitalia of the female
fetuses are now extremely rare.

Masculinization of the external genitalia of female
fetuses has been described in pregnancies of moth-
ers harboring a virilizing adrenocortical, ovarian or
Krukenberg (an ovarian metastasis of a primary tumor
derived from abdominal or retroperitoneal organs)
tumor or a luteoma of pregnancy.?”% Luteoma of
pregnancy is a non-neoplastic hormone-dependent
tumor-like lesion of the ovary that occurs during
pregnancy and regresses after delivery. Although
luteomas are usually asymptomatic, in 25% of cases
they are hormonally active, with secretion of andro-
gens, resulting in masculinization of mothers and
virilization of the external genitalia of female infants
of varying degrees.®

Untreated CAH of the mother may lead to virili-
zation of the external genitalia of the female infant;
however, careful management and monitoring leads
to normal female infants with nonvirilized external

genitalia, which points to the importance of good
control during pregnancy of women with CAH.?**!

C. Other abnormalities [cloacal exstrophy,
vaginal atresia, MURCS (Miillerian, renal,
cervicothoracic somite abnormalities), other
syndromes]

This category includes anomalies such as vaginal
atresia, cloacal exstrophy, uterine anomalies, (Miille-
rian agenesis/hypoplasia), labial adhesions.

Mayer-Rokitansky-Kiister-Hauser (MRKH) syn-
drome (OMIM#277000). This syndrome is charac-
terized by aplasia of the uterus and the upper part
of the vagina in an individual with a normal 46,XX
karyotype, normal ovarian function and hence normal
development of secondary sexual characteristics dur-
ing puberty.”? The incidence of the MRKH syndrome
has been estimated at 1 in 4,500 female births. The
majority of cases are sporadic; however, familial cases
have also been described. The first clinical manifes-
tation is primary amenorrhea in patients presenting
with normal function of the ovaries and no signs of
androgen excess. Isolated utero-vaginal aplasia with
normal Fallopian tubes is referred to as Rokitansky
sequence or type I (isolated) MRKH syndrome. In-
complete uterine aplasia with hypoplasia or aplasia
of one or the two tubes and/or other malformations is
generally referred to as MURCS association or type
II MRKH syndrome (OMIM# 601076). Type II or
MURCS is associated with renal (unilateral renal
agenesis, ectopia of kidneys or horseshoe kidney),
skeletal and, in particular, vertebral anomalies, hearing
defects and, more rarely, cardiac and digital anoma-
lies. Although several genes with a broad spectrum
of activity during early development (such as WT1I,
PAX2, HOXA7 to HOXA13 and PBX1) have been sug-
gested as candidates, the etiology of type Il MRKH
syndrome remains unknown. WNT4 mutations in XX
women lead to a syndrome characterized by absence
of Miillerian duct derivatives and hyperandrogenism
with or without renal anomalies, which is close to but
is considered different from MRKH syndrome.?

CONCLUSIONS

The new nomenclature, as proposed by the con-
sensus statement, has resulted in a more etiologically
precise classification system, which has the significant
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advantage of incorporating both the karyotype and
molecular abnormalities. Of some concern is the fact
that, although socially stigmatising terms are largely
avoided, the new terminology still carries the term
‘sex disorders’, which may be considered pejorative by
the patients.* Nevertheless, while the new terminol-
ogy may not be perfect, it provides more clarity, thus
enhancing understanding of DSD and their manage-
ment, and is gradually being accepted and included
in standard endocrine textbooks.”

There is still much to learn about DSD disorders,
this evidenced by the fact that, though the process of
ovarian development is under intense investigation,
many aspects of sex determination and differentia-
tion in the 46,XX individual remain unknown. DSD
disorders in the 46,XX individual are rare, the com-
monest being CAH. Impressive advances in the field of
genetics are producing an expanding list of disorders
in the 46,XX individual, as briefly discussed in this
review, which now includes very rare disorders such
as aromatase deficiency and POR deficiency. While
rapid progress in disclosing impaired pathways has
been achieved, much more research is needed for the
full understanding of pathogenetic mechanisms, which
will lead to improvement in diagnostic procedures
and management.
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