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INTRODUCTION

Distorted sex determination and/or differentiation is
one of the most common causes of sexual maldevelop-
ment [1]. The male or intersexual phenotype and the
presence of testicular tissue in individuals lacking a
cytogenetically identifiable Y chromosome or its frag-
ments (karyotypes 46,XX; mos 45,X/46XX; rarely,
47,XX; and extremely rarely, 45,X) can be due to XX
sex reversal or true hermaphroditism [2–6]. In a few
cases, such individuals display chimerism or cryptic
mosaicism, including gonadal mosaicism, which is
characterized by the presence of a cell clone carrying
the Y chromosome [3].

The 

 

sex-determining region Y

 

 (

 

SRY

 

) gene codes for
the testis-determining factor (TDF) and is the key reg-
ulator determining male gonadal differentiation in
humans [1, 7–9]. The 

 

SRY

 

 gene belongs to the 

 

SOX

 

gene family and occurs in a single copy in the distal part
of the short arm of the Y chromosome (Yp11.3), close
to the boundary between pseudoautosomal region 1
(PAR1) and the male-specific region of the Y chromo-
some (MSY) [7]. TDF is involved in regulating tran-
scription of the genes that are responsible for Sertoli
cell differentiation and the development of testes from
indifferent (bipotential) gonads [1, 9].

The 

 

SRY

 

 gene is found in 70–80% of all patients
with the de la Chapelle (XX-male) syndrome (MIM
278850) and only in 10% of all true hermaphrodites,
lacking the Y chromosome in the karyotype [10]. As
Ferguson-Smith [11] assumed, most cases of XX sex
reversal are caused by translocation of a fragment con-
taining the 

 

SRY

 

 gene from the short arm of the Y chro-

mosome to the X chromosome as a result of ectopic X–
Y recombination during spermatogenesis in the father
[11–13].

Molecular genetic studies have shown that the size
of the Y-chromosome fragment varies among XX sex-
reversed patients, suggesting a difference in the breakpoint
location and the mechanisms of sex reversal [14–16]. All
Y-positive XX males preserve the 

 

SRY

 

 gene, which is
commonly translocated to the X chromosome [10, 13, 17].
Vergnaud et al. [14] have constructed a deletion map of
the Y chromosome and have divided all cases of XX sex
inversion into three classes differing in the size of the
preserved region of the Y-chromosome short arm and,
accordingly, having a breakpoint in different deletion
intervals of Yp. A mapping of the breakpoints in the
short arm of the Y chromosome has revealed that the
positions of gonosome breakpoints depend on the loci
involved in X–Y recombination [16]. The most com-
mon class is class 3 of Yp-positive (Yp+) XX sex inver-
sion, resulting from extopic X–Y recombination between
the 

 

PRKX

 

 and 

 

PRKY

 

 homologous genes [18–20].

MATERIALS AND METHODS

We examined 26 XX sex-inversed patients (15 chil-
dren and 11 adults) aged from 1 to 52 years. All patients
were earlier identified as males. The adults were sub-
jected to medical genetic examination because of
hypogonadism and/or infertility due to a severe sper-
matogenic disorder (secretory azoospermia or severe
oligozoospermia). The children displayed sexual
maldevelopment in the form of poor masculinization,
varying in extent from isolated hypospadia to dual
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Abstract

 

—Molecular genetic analysis was performed for 26 phenotypically male patients lacking the Y chro-
mosome in the karyotype. The 

 

sex

 

-determining region Y (

 

SRY

 

) gene was found in 77% of the patients. PCR
analysis of Y-specific loci in the 17 

 

SRY

 

-positive patients revealed Yp fragments varying in size in 16 cases and
cryptic mosaicism (or chimerism) for the Y chromosome in one case. The frequencies of class I, II, and III
(Yp+)XX sex reversals were 18.75, 25.25, and 56%, respectively. All of the class III (Yp+)XX sex-reversed
patients had a 3.5-Mb paracentric inversion flanked by inverted repeats 3 (IR3) on the short arm of the Y chro-
mosome.
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development (sex-indefinite structure) of the sex organs.
Of all patients, 22 had the 46,XX karyotype and 3 were
45,X/46,XX mosaics. In one case, the karyotype was ini-
tially identified as 45,X and then more precisely deter-
mined as mos 45,der(X)ins(X;Y)(p22.3;p11.3q12)/45,X.
This case has been described in detail previously [21].

 

Molecular analysis.

 

 DNA was isolated from periph-
eral blood lymphocytes by the standard technique. To
detect various sequences of the X and Y chromosomes
in genomic DNA, the corresponding loci were ampli-
fied in the polymerase chain reaction (PCR). At the first
step, we tested genomic DNA for the 

 

SRY 

 

and 

 

AMELX

 

sequences of the Y-chromosome short arm, using the
latter as an internal control. If the 

 

SRY

 

 gene was
detected, DNA was tested for Yq sequences (second
step) and the breakpoint in the short arm of the Y chro-
mosome was localized by examining several Yp-spe-
cific loci (third step). The analysis included three mul-
tiplex PCRs addressing

 

 SRY 

 

(sY14), 

 

AMELY

 

 (sY70),

 

ZFY

 

, and 15 Y-specific STSs (sY2062, sY1248, sY211,
sY1240, sY716, sY1241, sY1219, and sY1209 for Yp
and sY84, sY86, sY615, sY127, sY134, sY254, and
sY255 for Yq). Amplification with primers directed to
the X-specific sequences 

 

AMELX

 

 and 

 

ZFX

 

 was used as
an internal control.

The reaction mixture contained 20 ng of genomic
DNA, 0.25 

 

µ

 

M each primer, and 250 

 

µ

 

M each dNTP in
25 

 

µ

 

l of 1

 

×

 

 PCR buffer (67 mM Tris–HCl, pH 8.8,
16.6 mM 

 

(NH

 

4

 

)

 

2

 

SO

 

4

 

, 0.01% Tween-20). The mixture
was supplemented with 1.5 units of thermophilic DNA
polymerase and 20–30 

 

µ

 

l of mineral oil. Amplification
included initial denaturation at 95

 

°

 

C for 2 min; cycling
with 94

 

°

 

C for 45 s, 65

 

°

 

C for 45 s, and 72

 

°

 

C for 45 s;
and last synthesis at 72

 

°

 

C for 7 min. The products were
separated in 7% PAAG and stained with 0.1 

 

µ

 

g/ml
ethidium bromide in 1

 

×

 

 TBE.

RESULTS

Y-specific sequences were found in 20 (77%) out of
the 26 patients examined (Fig. 1). The 

 

SRY

 

 gene was

detected in 11 (73.3%) patients aged below 18 and in
nine (81.8%) adults. These cases included 16 out of 22
patients with karyotype 46,XX, all three X/XX mosa-
ics, and the boy with karyotype 45,X (Fig. 1). The 

 

SRY

 

gene was not found in two phenotypically normal adult
males and four boys varying in extent of hypogonadism
and masculinization deficit. One patient with karyotype
46,XX and a severe gonadal masculinization deficit
(cryptorchism and urogenital sinus) had all of the Yp-
and Yq-specific loci under study. It is clear that the male
phenotype in this case is determined by cryptic mosa-
icism or chimerism and the presence of a clone carrying
the Y chromosome. A lack of the 

 

AMELY

 

 gene and Yq-
specific sequences was observed in all of the other 19

 

SRY

 

-positive cases, suggesting the translocation or Yp+
form of XX sex reversion.

The breakpoints of the Y chromosome were local-
ized in 15 (Yp+)XX males and the patient with
45,der(X)ins(X;Y)(p22.3;p11.3q12)/45,X mosaicism.
The patients varied in the size of the retained Y-chromo-
some fragment (Fig. 2). Eight out of the 15 adult males
had all but one (

 

AMELY

 

) locus specific for deletion
intervals 1–3 of the Y chromosome [14]. The other
seven patients had STSs mapping to deletion intervals
1 and 2 of the Y chromosome. The breakpoint was
between subintervals 1A1B and 1A2 in two cases, 1A2
and 2A in one case, and 2A and 3A (subintervals 2B–2C)
in the other four cases [15]. In the patient with mosa-
icism for the rearranged X chromosome containing a
fragment of region Yp11.3, the breakpoint was between
subintervals 1A2 and 2A (1B–1E), as characteristic of
class I (Yp+)XX sex reversal.

The males with class I (Yp+)XX sex reversal dif-
fered in the location of the Y-chromosome breakpoint
(Fig. 2). The breakpoint was proximal of the 

 

RPS4Y1

 

gene between the sY2062 and sY1248 loci in two cases
and in the 

 

TGIF2LY

 

 gene region between the sY1248
and sY211 loci in the other two cases. In all of the four
cases with class II (Yp+)XX sex reversal, the break-
point was between the sY211 and sY1240 loci and,
possibly, distal of the 

 

PCDH11Y

 

 gene. All of the

 

M

 

1 2 3 4 5 6 7

 

K+ K–

sY1241 (502 bp)

sY1248 (376 bp)
sY1219 (308 bp)
sY1209 (271 bp)
sY716 (217 bp)
sY2062 (180 bp)
sY211 (160 bp)
sY1240 (144 bp)

 

Fig. 1. 

 

Electrophoresis of the multiplex PCR products obtained with primers to several loci of the short arm of the Y chromosome.
M, molecular weight markers. Lanes

 

 1–7

 

, DNAs of seven 

 

SRY

 

-positive XX sex-reversed patients; C+, positive control (DNA of a
fertile male); C–, negative control (reagent mixture without DNA). Specimens 

 

1–3

 

 and 

 

5

 

 contain all of the loci examined; specimens

 

4, 6

 

, and 

 

7

 

 lack some loci of the Y-chromosome short arm.
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patients with class III (Yp+)XX sex reversal displayed
an interruption of the MSY region according to the
modern map of the Y chromosome [22, 23]. This is
explained by an extended paracentric inversion
between inverted repeats 3 (IR3) in the proximal region
of the short arm of the Y chromosome. We did not
detect a size variation of the Y-specific region present in
the patients. The breakpoints were between the sY1219
and 

 

AMELY

 

 loci, probably, in the 

 

PRKY

 

 gene region
(subintervals 3F–3G) (Fig. 2).

DISCUSSION

Recombination between the X and Y chromosomes
is normally restricted to the pseudoautosomal regions.
In rare cases, the recombination region extends proxi-
mally of the PAR1 boundary so that a Yp fragment con-
taining the 

 

SRY

 

 gene can be translocated to the X chro-
mosome. The Y-chromosome fragment is translocated
to the short arm of the X chromosome in most of such
cases and, extremely rarely, to its long arm. Such
ectopic X–Y recombination events are facilitated by
numerous homologous sequences, various repeats

(e.g., 

 

Alu

 

), inversions, and other microstructural rear-
rangements [13]. The difference in the positions of the
X- and Y-chromosome breakpoints among XX males
suggests different mechanisms of microstructural rear-
rangements [16, 24]. Xp–Yp translocations are associ-
ated with breakpoints arising in Xp22.3, proximal to
the PAR1 boundary in most cases or, more rarely,
within the pseudoautosomal region; in the latter case,
the PAR1 genes are partly triplicated in the affected XX
males [25].

According to the pooled data of several large studies
aimed at detail molecular analysis of the Y chromo-
some in XX males, the frequencies of class I, II, and III
XX sex reversals are 18, 26, and 56%, respectively [14,
15, 24]. Similar frequencies were obtained for our sam-
ple: 18.75, 25.25, and 56%, respectively. These data
indicate that ectopic X–Y recombination most com-
monly involves the regions that are far away from the

 

SRY

 

 gene.
In contrast to the class I and II cases, class III

(Yp+)XX sex reversal was characterized by a high sim-
ilarity in breakpoint location. The lack of the 

 

AMELY

 

locus was observed in all of our patients with class I–III
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Fig. 2. 

 

Map of the short arm of the Y chromosome. The positions are shown for (a) intrachromosomal repeats, (b) some genes,
(d) STSs, (c) the MSY region and its fragments detected in 16 

 

SRY

 

-positive patients, and (d) deletion intervals. The paracenric inver-
sion flanked by inverted repeats 3 (IR3) is shown at the top. Classes I–III of XX sex reversal, differing in size of the present Yp
region, are indicated on the left. The karyotypes of the patients are shown on the right. Black bar, present Y-chromosome fragment;
dashed line, absent Y-chromosome fragment; gray bar, fragment whose presence or absence is questionable. Two thin crosshatched
lines indicate the boundaries of the paracentric inversion. A thick crosshatched line, passing through the 

 

PRKY

 

 gene region, shows
the breakpoint hot spot of the short arm of the Y chromosome in patients with class III (Yp+)XX sex reversal [18–20]. PAR1,
pseudoautosomal region 1 (its size and genes are not shown); Ycen, pericentric region of the Y chromosome.
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(Yp+)XX sex reversal. In published XX sex-reversed
cases with the preserved 

 

AMELY

 

 locus, the breakpoints
are distal of deletion interval 3, which may be associ-
ated with cryptic mosaicism for the Y chromosome
[15]. The MSY fragment was interrupted in all of our
patients with (Yp+)XX sex reversal because the trans-
location occurred in the presence of a paracentric inver-
sion of the short arm of the Y chromosome [23]. The
inversion polymorphism is found in about one-third of
the total Caucasoid male population [22, 26]. It is clear
that the 3.5-Mb inversion flanked by IR3 was present in
our cases of class III (Yp+)XX sex reversal [22, 23, 27].
The breakpoints arising in such cases are close to the

 

PRKX

 

 and 

 

PRKY

 

 homologous genes [6, 19, 20].

It was earlier believed that the presence of the 

 

SRY

 

gene and the size of the Y-chromosome fragment play a
key role in determining the extent of masculinization in
XX sex-reversed patients [28]. However, distinct geno-
typic–phenotypic correlations were not found [29].
There are reports of phenotypically normal (apart from
infertility) males and male fetuses lacking the 

 

SRY

 

gene, as well of a substantial difference between sibs
(XX males and true hermaphrodites) with the same
sizes of the preserved Y-chromosome regions [17, 30–32].
The lack of the Yq genes (the total AZF region), con-
trolling male germline cell differentiation, leads to an
almost complete absence of the germinative epithelium
in seminal ducts and, consequently, nonobstructive
azoospermia and infertility in all XX males [2–4]. Our
patients similarly did not display an association
between the size of the present Y-chromosome frag-
ment and the phenotype. Three 

 

SRY

 

-positive cases (two
children with sexual maldevelopment and one infertile
adult male) displayed X/XX mosaicism, which was
probably due to a postzygotic alteration of sex chromo-
some conjugation and/or sex chromosome nondisjunc-
tion, since one of the X chromosomes was rearranged
as a result of an X–Y translocation. We believe that
such gonadal mosaicism and, especially, the proportion
of the clone with the 45,X karyotype and the ratio
between the X chromosomes having or lacking the 

 

SRY

 

gene are one of the most important factors determining
the character of gonad differentiation. It is possible that
some other patients also had cryptic 45,X/46,XX mosa-
icism.

Recent studies have focused on the effects of selec-
tive X-chromosome inactivation in XX sex-reversed
patients. It is important that the X chromosome carry-
ing the 

 

SRY

 

 gene remains active [33, 34]. The extent of
X inactivation has been associated with the size of the
Y-chromosome fragment [24]. It is possible that the X
lionization pattern depends to a substantial extent on
the breakpoint location in the rearranged X chromo-
some, which is determined by the mechanism of
ectopic X–Y recombination.

The development of the reproductive system and the
extent of masculinization strongly depend on the activ-
ity of the main genes regulating gonadal differentiation

(

 

SRY, WT1, DAX1, SF1, SOX9

 

, etc.), which are located
on both sex chromosomes and several autosomes. 

 

SRY

 

-
negative cases of XX sex reversal clearly demonstrate
that testicular tissue can develop even in the absence of
all Y-chromosomal genes. Such a situation is observed
upon duplication of the 

 

SOX9

 

 gene, 22q duplication, or
Xp deletion [35, 36]. In addition, 

 

SRY

 

-negative XX sex
reversal is associated with several genetic syndromes
[37]. In some cases, the causes of the de la Chapelle
syndrome remain unknown in spite of comprehensive
molecular analysis [32].

The key cell events initiating the male developmen-
tal pattern of the gonads is differentiation of Sertoli
cells from bipotential precursors (supporting cells) and
proliferation of epithelial cells [1, 9]. It is probable that
hyperactivity and/or disbalance of the key genes regu-
lating these processes disturb gonadal differentiation,
in particular, in 

 

SRY

 

-negative XX sex reversal. Further
molecular genetic studies are necessary for clarifying
the causes and mechanisms of testicular development
in the presence or absence of the 

 

SRY gene, as well as
analysis of the genetic interactions taking place during
the morphogenesis of the male reproductive system.
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