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Is the Y chromosome all that is required for sex determination?
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Abstrac

The gender identity of a person is the final result of genetic, hormonal and morphologic sex. Over a long period sex
determination, and, specifically, male sex determination, has been correlated to the presence of the Y chromosome,
which in turn has been the karyotype signal of the testes. However, research has provided data to convince that this
theory is only part of the truth. In addition to the Y chromosome, a multitude of other genes influence sex determina-
tion and are able to cause male to female sex-reversal and vice versa. It is of great interest that these genes are located
in more than one autosomal chromosomes or even in the X chromosome. It has become obvious that sex determina-
tion, according to the genetic sex, is a complicated matter that not only requires the presence of Y chromosome. This
fact triggered extensive research of the Y chromosome and led to great insight into its structure, origin, evolution and
eventual fate in humans. Hippokratia 2007; 11 (3): 120-123
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The gender identity of a person is the final result
of genetic, hormonal and morphologic sex. It also in-
cludes all behaviour, such as body gestures and manner-
isms, way of speech, sexual preferences and content of
dreams. Particularly, gender identity is the result of the
genetic sex, the gonadal sex, the internal genitalia, the
external genitalia, the secondary sexual characteristics
that appear in puberty and the social gender that is at-
tributed in accordance with the norms and the beliefs of
the social body.

Prenatally, sexual differentiation follows a specific
sequence. First, is determined the genetic sex and fol-
lows the gonadal differentiation, under the control of
the genetic sex and the hormonal signals. Subsequent-
ly, it is developed the internal duct system and then
it is formed the external genitalia. There is evidence
that the embryonic brain is also sexually differenti-
ated. The influence of the hormones on the central
nervous system has a potential effect on the patterns
of the hormone secretion and sexual behaviour on the
adult's.

Normal male sex differentiation

In human embryos, the gonads begin development
during the fifth week of gestation as protuberances over-
lying the mesonephric ducts. The migration of primordi-
al cells into these gonadal ridges occurs between weeks 4
and 6 of gestation. At 6 weeks of gestation (4 weeks after
ovulation) the gonads are indifferent, but bipotential,
possessing both cortical and medullary areas and capa-
ble of differentiation into either testes or ovaries. They
are composed of germ cells, special epithelia (potential

granulosa/Sertoli cells), mesenchyme (potential theca/
Leydig cells) and the mesonephric duct system. Wolffian
and Modllerian ducts exist side by side °. Subsequent sexual
differentiation requires direction by various genes, with
a single gene determinant on the Y chromosome, the
testes-determining factor (TDF), necessary for testicular
differentiation, beginning at 6-7 weeks of gestation’.

Testicular differentiation begins first with Sertoli
cells that aggregate to form spermatogenic cords, then
seminiferous tubules followed by Leydig cell formation a
week later. The Sertoli cells are the sites of the sex region
of the Y chromosome (SRY) expression. Therefore, the
Sertoli cells orchestrate the development of primordial
germ cells into testis. The molecular sequence of events
may start with the activation of the SRY, following the
early expression of the steroidogenic factor-1 (SF-1).
SRY expression raises SF-1 and SOX9 gene activity to
a critical level in the Sertoli cells, causing male differ-
entiation and activation of the antimdllerian hormone
(AMH) gene.

Human chorionic gonadotropin (hCG) stimulation
produces Leydig cell hypertrophy and peak fetal testos-
terone levels are seen at 15-18 weeks of pregnancy®. It
has been suggested that hCG stimulates steroidogenesis
in the early fetal testes, so that androgen production
will ensue and masculine differentiation can be accom-
plished’. However, normal masculine differentiation
occurs in mouse models lacking luteinising hormone
receptors (LH-r) and molecular evidence indicates that
fetal Leeydig cells respond to adrenocorticotropin hor-
mone (ACTH) as well as hCG™.

AMH is produced by Sertoli cells and after testicu-
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lar differentiation and is responsible for the ipsilateral
regression of the mdllerian ducts that proceeds in a cra-
niocaudal direction and is complete by 8 weeks, before
the emerge of testosterone (T) and stimulation of the
wolffian ducts'’. Testosterone is secreted by the fetal tes-
tes soon after Leydig cell formation and rapidly rises to
peak concentrations at 15-18 weeks of pregnancy. This
testosterone secretion stimulates development of the
wolffian duct system into epididymis, vas deferens and
seminal vesicles. As hCG declines, the LH assumes con-
trol of Leydig cell testosterone secretion.

The wolffian ducts receive testosterone signals di-
rectly from nearby Leydig cells as well as the general fe-
tal circulation. This local paracrine effect is essential to
the stimulation of ipsilateral differentiation into epidid-
ymis, vas deferens and seminal vesicles. The wolffian do
not form dihydrotestosterone (DHT), so the direct high
concentration of testosterone is crucial for normal de-
velopment!. The internal genitalia possess the intrinsic
tendency to feminize. In the absence of a Y chromosome
and a functional testis, the lack of AMH allows retention
of the mdllerian system. In the absence of testosterone,
the wolffian system regresses.

In the bipotential state, the external genitalia con-
sist of a genital tubercle, a urogenital sinus and two lat-
eral labioscrotal swellings. Unlike the internal genitalia
where both duct systems initially coexist, the external
genitalia are neutral primordia able to develop into ei-
ther male female structures depending on gonadal ste-
roid hormone signals. Normally, this differentiation is
under the active influence of androgen from the Leydig
cells of the testis. The genital tubercle forms the penis,
labioscrotal folds fuse to form a scrotum and folds of
the urogenital sinus form the penile urethra. The testis
begins androgen secretion by 8-9 weeks. Masculinization
of the external genitalia is manifest one week later and
is completed by 14 weeks. To achieve this morphologic
changes, external genitalia target tissue cells must con-
vert T to DHT by the intracellular enzyme Sa-reductase.
DHT mediates temporal hairline recession, growth of
facial and body hair, development of acne and develop-
ment of the external genitalia and prostate®.

The importance of the Y chromosome

In mammals, the genetic sex is established at fertil-
ization with the inheritance of an X or Y chromosome
of their father. This paternal pattern of sex determina-
tion was showed in studies of sexual ambiguity in hu-
mans'*. This fact triggered extensive research of the Y
chromosome and led to great insight into its structure,
origin, evolution and eventual fate in humans'®'. The
Y chromosome ability to determine sex, and specifically
to create males with its presence led to the speculation
that there was a testis determining factor (TDF), which
was later identified as the gene in the sex-determining
region of Y chromosome (SRY), because its absence in
XY mice leads to female development!*%,

Both the X and the Y chromosomes evolved from

autosomal ancestors in a 300 million years time line'.

Most of the ancestral genes on the Y chromosome de-
teriorated, leaving only a limited number of currently
active genes. The male-specific region of the Y chromo-
some (MSY) area encompasses almost all of the active
genes.

The Y chromosome presents two regions, the pseu-
doautosomal and the non-recombining region (NRY) or
better called male-specific region (MSY), according to
the existence of X-Y crossing over during meiosis I. The
MSY region comprises 95% of its length and it is flanked
on both sides by pseudoautosomal regions.

The SRY is a single exon gene located in the small
arm of the Y chromosome in the MSY region. It is ex-
pressed in the genital ridge only during the time that tes-
ticular cords form. It is deleted or mutated in cases of
human XY females. It is present in 46,XX males and it
can sex-reverse XX mice into males? .

Sequencing of the human SRY gene revealed that it
encoded a protein containing a region of 80 aminoacids
that shares homology with the abundant nuclear protein,
high mobility group of the family of the transcription
factors (HMG1) (24). The SRY protein can bind DNA
in a sequence-specific manner® and, like HMG, it can
induce a bend in DNA?. The action of SRY is thought
to trigger differentiation of the Sertoli cell lineage in the
testis.

Other genetic factors, which contribute to male sex
differentiation

Apart from the SRY gene, there is a number of other
genes that contribute dramatically to the sex determina-
tion, as it has been proven from sex reversal disorders.
The Wilm’s tumor-associated gene (WT1), which is lo-
cated in the short arm of the chromosome 11, is com-
prised of 10 exons and can give rise to 24 different pro-
tein isoforms. The +KTS and —KTS isoforms arise from
an alternative splicing event that incorporates or omits,
respectively, three aminoacids.

A research team? conducted an isoform-specific
knockout. Both male and female mice lacking the WT1
(-KTS) isoform had reduced gonadal size, but cells in
the gonads of male mice showed male-specific marker
gene expression, although reduced. Mice lacking WT1
(+KTS) had severe kidney defects and male mice were
completely XY sex-reversed.

Consistent with the latter study, XY patients with
Frasier syndrome develop as females and display uro-
genital malformations. Analysis of these patients has
showed that donor splice mutations in WT1 with loss of
the +KTS isoform are associated with this syndrome?.
According to the findings of a study, mutations in WT1
(+KTS) could lead to sex reversal because of a deficien-
cy in the precursors of Sertoli cells®.

Steroidogenic factor 1 (SF1) is a member of the sub-
family of nuclear receptors, the orphan receptors, for
which no activating ligand has been found. SF1 gene
expression is specifically associated with the gonad and
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the adrenal as they arise and is a good marker for these
cells*. The gene that encodes for SF1 is located in the
long arm of the chromosome 9. Mutation in this gene
provoke male to female sex reversal®!.

The gene named SOX9 encodes a transcription fac-
tor that contains a SRY-related HMG box**. It is located
in the long arm of the chromosome 17. Expression stud-
ies in mice revealed that SOX9 is present in both sexes
genital ridges, but after the initial development, is up-
regulated in males and switched off in females®. SOX9
is expressed in Sertoli cells throughout life, but not in the
ovary. This characteristic is consistent with the upregula-
tion of SOX9 being a direct effect of SRY action. It also
suggests that is involved in determination of Sertoli cell
fate. Significantly, heterozygotes for mutations in SOX9
show male to female sex reversion®*.

According to the latter study, the protein has to
reach a critical threshold to be effective, thus an addi-
tional copy of SOX9 can stimulate female to male sex re-
versal. SRY and SOXO9 are functionally related, perhaps
ensuring the male development. SOXO is also necessary
for the activation of gene which encodes for the anti-
Mullerian hormone (AMH).

Another sex reversal event is observed when the
Dosage Sensitive Sex Reversing Adrenal Hypoplasia
Congenita critical region on the X (DAXI) gene is
partially duplicated in males. The DAXI1 is located on
the short arm of the X chromosome™®. The single X
chromosome in the male is active, but a translocated
region from the female X (or a partial duplication of
the male X) results in two active alleles of the DAX]
gene when only one occurs normally. This gene dosage
feminising effect is sufficient to counteract the effect
of SRY?.

The action of DAX1 gene has resulted to its char-
acterization as an anti-testes gene. Another anti-testes
gene is the WNT4. In humans, its duplication causes
male to female sex-reversal®. This effect indicates
that both DAX1 and WNT4 can override the effect of
SRY.

Finally, there is one more gene that interferes with sex
determination, the Doublesex and Mab-3 Related Tran-
scription factorl (DMTR1). DMTRI lies on the short
arm of the chromosome 9. Mutation or partial deletion of
this gene provokes male to female sex reversal ¥, Two
functioning copies of DMRT1 are therefore required to
support testis development in mammals*.

Conclusions

Over a long period sex determination, and specifi-
cally male sex determination, has been correlated to the
presence of the Y chromosome, which in turn has been
the karyotype signal of the testes. However, research has
provided data to convince that this theory is only part of
the truth. In addition to the Y chromosome, a multitude
of other genes influence sex determination and are able
to cause male to female sex-reversal and vice versa. It
is of great interest that these genes are located in more

than one autosomal chromosomes or even in the X chro-
mosome.

It has become obvious that sex determination, ac-
cording to the genetic sex, is a complicated matter that
not only requires the presence of Y chromosome. But, is
only the genetic sex that defines gender? What about the
internal genitalia, which after all specify the reproduc-
tive ability of a person? It is known that testes formation
require the presence of two hormones: testosterone and
AMH. So, a mutation of their gene or of their receptor
gene results in feminization of the internal genitalia de-
spite the presence of the Y chromosome.

And what about the first impression of the embryo
sex? Impressions can be deceptive? Well, external geni-
talia are very important for the gender determination,
as it can be inferred from the sex confusions that are
registered just after the labour. The development of the
male external genitalia depends on dehydrotestosterone
(DHT). Two molecules of testosterone are converted to
DHT by the intracellular enzyme Sa-reductase. Muta-
tion of the enzyme or its receptor leads to DHT defi-
ciency and, subsequently, to female external genitalia,
in spite of the Y chromosome. DHT contributes, also,
to the morphologic sex, as it formed by the secondary
sexual characteristics of the male.
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