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Background: 46,XY sex reversal is a rare disorder and familial cases are even more rare. The purpose of
the present study was to determine the molecular basis for a family with three affected siblings who
had 46,XY sex reversal.
Methods: DNA was extracted from three females with 46,XY sex reversal, two normal sisters, and both
unaffected parents. All protein coding exons of the SRY and NR5A1 genes were subjected to PCR-based
DNA sequencing. In addition, array comparative genomic hybridization was performed on DNA from
all seven family members. A deletion was confirmed using quantitative polymerase chain reaction.
Expression of SOX9 gene was quantified using reverse transcriptase polymerase chain reaction.
Results: A 349 kb heterozygous deletion located 353 kb upstream of the SOX9 gene on the long arm of
chromosome 17 was discovered in the father and three affected siblings, but not in the mother. The
expression of SOX9 was significantly decreased in the affected siblings. Two of three affected sisters
had gonadoblastomas.
Conclusion: This is the first report of 46,XY sex reversal in three siblings who have a paternally inherited
deletion upstream of SOX9 associated with reduced SOX9 mRNA expression.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Disorders of sex development are uncommon. 1 in 300 newborn
babies have some developmental abnormality to cause concern
and prompt further investigation. It is estimated that 1 in 4500
newborns have a serious abnormality of the external genitalia
whereby the sex of the baby cannot be determined by examination
alone (Romao et al., 2012). Even more rarely, children are born
with normal male or female genitalia and are raised appropriate
for the sex of the external genitalia, but are determined to have
complete sex reversal (either 46,XY female or 46,XX male) at a
later stage in their life.
Mutation in the SRY gene was first reported as a cause for 46,XY
sex reversal in 1990 (Jager et al., 1990). Subsequently multiple case
reports of the involvement of SRY in 46,XY sex reversal have been
published (Assumpcao et al., 2002). It is estimated that about
10–15% of cases of 46,XY sex reversal can be explained by muta-
tions in SRY gene (Romao et al., 2012; Ahmed et al., 2013). Muta-
tions in NR5A1 were first reported to cause 46,XY sex reversal in
1999 (Achermann et al., 1999). Single gene mutations other than
in the above two genes are considered rare causes for 46,XY sex
reversal (Ahmed et al., 2013).

Most cases of 46,XY sex reversal are sporadic and isolated.
Although rare, cases of familial 46,XY sex reversal have been
reported in the literature (Sarafoglou and Ostrer, 2000). It has been
recognized that these rare cases of familial 46,XY sex reversal may
be useful in furthering our understanding of the causes of sexual
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development. Decreased DNA binding activity of SRY protein with
variable penetrance, mosaicism in peripheral blood, and germ cell
mosaicism are some of the factors that have been shown to be
involved in the occurrence of familial 46,XY sex reversal
(Sarafoglou and Ostrer, 2000).

The SRY related SOX9 gene is involved in sex determination.
Mutations in this gene typically cause campomelic dysplasia in
addition to sex reversal(Wagner et al., 1994). A small proportion
of patients develop acampomelic dysplasia(Moog et al., 2001).
Here we report a family of five siblings who are all phenotypically
female. Three of these females are karyotypically 46,XY and SRY
positive. The purpose of the present study was to identify the
molecular basis of 46,XY sex reversal in this family.
2. Materials and methods

2.1. Patients

The index case III3 was a 19 year old Mexican female who pre-
sented with a left adnexal mass and primary amenorrhea (Fig. 1).
She was 5 feet 0 inches tall (and attained a final height of 5 feet
7 inches), and had Tanner stage 2 breasts with Tanner stage 2 pubic
hair. Normal female external genitalia without clitoromegaly, a
small cervix, and a large pelvic mass were observed on physical
exam. Serum FSH and LH were elevated at 49.5 mIU/mL and
27.4 mIU/mL initially and on several repeat occasions. CT scan of
the abdomen and pelvis revealed a large (11 � 7.4 � 6.6 cm) mass
in the cul-de-sac, an atrophic uterus, and normal kidneys bilater-
ally. A pre-operative pericentromeric FISH, prompted by the amen-
orrhea, revealed one X and one Y in each of the 200 cells examined,
and a full karyotype revealed 46,XY in 20 cells.

By laparotomy, a 10 cm left adnexal mass was removed, which
was reported to be a dysgerminoma. Lymph nodes were negative
for metastasis. The right streak gonad, which was also removed,
was noted to have a small focus of gonadoblastoma as well as dys-
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Fig. 1. Family pedigree and the associated deletions and duplications identified by
array CGH. 46,XY sex reversal patients are indicated by shaded squares. The arrow
indicates the index case. Roman numerals indicate the different generations. The
numbers within the square and circle in generation II indicate the number of
brothers and sisters of the index case’s father.
germinoma (Fig. 2A–D). The uterus appeared small but normal. She
underwent three cycles of chemotherapy for stage IB ‘ovarian’
cancer. III3 was otherwise healthy and had no medical problems.
She had an X-ray of the femur that showed no significant bowing.

Patient III3 had 4 siblings who were all female and were karyo-
typed—III1 (23 yrs), III2 (22yrs), III4 (17 yrs) and III5 (15 yrs). Older
sister III1 (23 years) was a healthy, phenotypic female of 5 feet 6
inches height who had Tanner 1 breasts, primary amenorrhea,
and a 46,XY karyotype (20 cells). No bone deformities were noted.
A pelvic sonogram revealed a small uterus (5.3 � 1.6 � 2 cm) with
a 1.3 � 1.1 cm right gonad; the left gonad was not visualized. She
underwent laparoscopic bilateral gonadectomy. Histopathological
examination revealed bilateral streak gonads. III2 (22 years, 5 feet
2 inches tall) and III4 (17 years, 5 feet 3 inches tall) were healthy
females who had attained menarche at 12–13 years age, were
without bone deformities, and were both 46,XX. III2 subsequently
gave birth to a normal male child and III4 to a normal son and a
normal appearing daughter. III5 (15 years) had Tanner stage 1
breasts, primary amenorrhea, and a 46,XY karyotype [20cells].
She was 5 feet 9 inches tall and had no bone deformities. A pelvic
sonogram revealed a small uterus (3.9 � 1.2 � 1.7 cm) and neither
gonad was visualized. She underwent a laparoscopic bilateral
gonadectomy. Histopathological examination revealed a streak
gonad on the right and a small gonadoblastoma on the left.

In this Mexican family (Fig. 1), both parents attained puberty at
a normal age and were not related. There is no history of bone
deformities in either parent. Her mother had one sister who had
normal children. The proband’s maternal grandfather was alive at
72 years age, but the maternal grandmother died of unknown
cause. The proband’s father had six sisters and three brothers.
The paternal grandfather was alive at 92 years age and the grand-
mother was deceased secondary to complications from diabetes.
There were no reported abnormalities in the extended family,
including bone deformities. All 46,XX females apparently attained
menarche at a normal age.

2.2. Methods

The Institutional Review Board approvals were obtained and
each patient signed a consent. Blood was drawn from all seven
subjects for genomic DNA extraction from the white blood cells
using previously described techniques (Bhagavath et al., 2007).
The single exon SRY gene (NM_003140.1) was amplified as one
fragment by PCR and sequenced using the BIG-DYE Termination
method on an ABI Prism 310 automated DNA sequencer (Applied
Biosystems, Foster city, CA). Similarly, the protein coding
exons (exons 2–7] and the flanking splice sites of NR5A1
(NM_004959.4) were subjected to PCR-based DNA sequencing
(Lin et al., 2007). DNA sequence from this family was compared
to the SNP database and 1000 Genomes Database to exclude
polymorphisms.

All seven subjects were also tested for copy number variants
(CNV) by array comparative genomic hybridization with the use
of Agilent 244K arrays (Santa Clara, CA) as described previously
(Miller et al., 2012), and compared with the Database of Genomic
Variants to exclude known copy number variants known to occur
in healthy population. These arrays contain 244,000 CNV probes
spaced with three unique probes per 20 kb distance. Quantitative
PCR was performed on genomic DNAs from all seven subjects
and one control male to confirm the deletion upstream of SOX9.
The experiments were performed three times to confirm reproduc-
ibility and to account for variation. Primers used for the amplifica-
tion of the deleted region are following: forward 50-TCTAGGGT
ACACTCCTGTTAGG-30 and reverse 50-GAAGGTGAGGGTCTCTGT
AATC-30. A primer set for the amplification of GAPDH exon 5 region
was used for the internal control: forward 50-GATCATCAG
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Fig. 2. (A) Gross Pathology of left gonad of III3 with 46,XY sex reversal. (B) Medium
power view of the left dysgerminoma from III3 with the lymphocytic infiltrate
characteristic of dysgerminoma/seminoma. (C) High power view, representative
image of the 9 � 7 � 4 cm, almost completely necrotic left ovarian mass from III3.
The cells are undergoing coagulative necrosis. Note the nucleolar prominence. (D)
Right gonad from III3 with 0.4 cm focus of gonadoblastoma (White Arrow). Note
nests of tumor cells composed of large germ cells with clear cytoplasm and smaller
sex-cord type cells that surround the germ cells. Deposits of eosinophilic basement
membrane material can be seen. Within this gonad, a 3 mm area of dygerminoma
was also found (not shown).
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CAATGCCTCCT30 and reverse 50-ATGGCATGGACTGTGGTCAT-30. A
total of 10 ng of genomic DNA was mixed with Power SYBR Green
PCR Master Mix (Applied Biosystems, Carlsbad, CA) and primers.
Quantitative PCR was performed for the amplification of the tar-
geted region utilizing a 7500 Real-Time PCR system (Applied Bio-
systems, Carlsbad, CA). The PCR reactions were cycled 40 times
after initial denaturation (95 �C, 10 min) with the following param-
eters: denaturation at 95 �C for 15 s and annealing/extension at
60 �C for 1 min. The levels of GAPDH amplification were used to
normalize relative levels of DNA.

Transcription of SOX9 was then quantified on lymphoblast RNA
reverse transcription-quantitative PCR (RT-qPCR) from all seven
subjects and one control male. The experiments were performed
three times to confirm reproducibility and to account for variation.
Total RNA was extracted from the pellet using RNeasy Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol.
RNA (2 lg) was reverse transcribed and converted into complemen-
tary DNA (cDNA) using the RevertAid First Strand cDNA synthesis
kit (Thermo Scientific, Waltham, MA). The following are primer
sequences used for amplification of SOX9 and GAPDH; SOX9 for-
ward 50-TCTGGAGACTTCTGAACGAGAG-30 and reverse 50-CGCGGCT
GGTACTTGTAATC-30; GAPDH forward 50-GATCATCAGCAATGCCTC
CT-30 and reverse 50-ATGGCATGGACTGTGGTCAT-30. The cDNAs
were mixed with Power SYBR Green PCR Master Mix (Applied
Biosystems, Carlsbad, CA) and primers. All samples and loading
controls were plated in triplicate and centrifuged briefly. RT-qPCR
was performed for the amplification of SOX9 and GAPDH utilizing
a 7500 Real-Time PCR system (Applied Biosystems, Carlsbad, CA).
The PCR reactions were cycled 40 times after initial denaturation
(95 �C, 10 min) with the following parameters: denaturation at
95 �C for 15 s and annealing/extension at 60 �C for 1 min. Expression
of GAPDH was used to normalize relative expression of SOX9 mRNA.
DDCT was automatically calculated by the 7500 Real-Time PCR
system (Schmittgen and Livak, 2008).

The method of linear contrasts was used to compare the mean
expression of SOX9 in the control with that in the father, the three
XY siblings (III1, III3, III5) treated as a group, the two unaffected
siblings (III2, III4) treated as a group, and the mother (Kutner
et al., 2005; Bryhn and Dimberg, 2011). Adjustment was made
for the fact that there were replicated observations for each sub-
ject. All analyses were performed using SAS 9.3 (SAS Institute
Inc., Cary, NC, 2010).
3. Results

No exonic deletions were identified in any of the subjects or
unaffected family members. SRY sequence was normal in the father
and the three 46,XY sex reversed siblings. NR5A1 sequence was
normal in all three affected 46,XY sex reversal patients., Array
CGH revealed a 349 kb deletion at 17q24.3, which is 353 kb
upstream of SOX9. This deletion was observed in the father and
all three XY siblings (III1, III3 and III5), but not in the two XX sib-
lings (III2 and III4) or mother (Fig. 3). In addition, III1 (XY), III4 (XX)
and III5 (XY) had a 333 kb duplication at5p13.2, which was inher-
ited from their father. III4 (XX) had a 195 kb deletion at 7q31.1
inherited from her father. All five siblings had a 30 kb duplication
at 1p31.1 seen in both the father and the mother. The mother
had no other deletions or duplications detected. Except for the
349 kb deletion, none of the other CNVs segregated with 46,XY
sex reversal in this family (Fig. 1).

Quantitative PCR of genomic DNA confirmed the deletion
upstream of SOX9 in the father and all three XY siblings (III1, III3
and III5) (Fig. 4). The PCR products were approximately 50%
reduced compared with the control male, the mother, and the
two unaffected siblings (III2 and III4). RT-qPCR demonstrated



Fig. 3. A 349 kb deletion at 17q24.3 involving the father (II3) and three affected siblings (III1, III3, III5), but not the mother (II4) or the two 46,XX siblings (not shown).
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Fig. 4. Quantitative PCR performed on genomic DNA to confirm del17q24.3 in the
father (II3) and the three affected siblings (III1, III3, III5) compared with a control
male and 46,XX members of the family. See Section 2 for details.
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Fig. 5. RT-qPCR of SOX9 expression in the family and a control male. See Section 2
for details.
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reduced mRNA expression of SOX9 in all three XY siblings (III1, III3
and III5) compared to the control and the father (Fig. 5). Transcript
levels were also decreased compared with the mother and the two
unaffected siblings (III2 and III4). Table 1 contains summary statis-
tics for the mean expression of SOX9 in each of the eight study sub-
jects. Table 2 contains a summary of the linear contrast analyses
comparing the control with the father (II3), the three XY siblings
treated as a group, the two unaffected siblings treated as a group,
and the mother. As indicated, the father did not differ significantly
from the control. The overall mean expression for the three XY sib-
lings was significantly lower than the control (p < 0.0001), whereas
the overall mean expression for the two unaffected siblings was
significantly higher than the control (p = 0.0002). Mean expression
of SOX9 in the mother was also significantly higher than the control
(p = 0.0019).



Table 1
Summary statistics for mean expression of SOX9 in eight study subjects.

Subject n Mean Standard deviation Minimum Maximum

Control 9 1.001 0.040 0.95 1.07
Father (II3) 9 0.949 0.106 0.81 1.15
Mother (II4) 9 1.182 0.088 0.98 1.29
III1 9 0.819 0.139 0.66 1.00
III2 9 1.369 0.185 1.13 1.62
III3 9 0.612 0.127 0.45 0.80
III4 9 1.013 0.086 0.87 1.15
III5 9 0.673 0.122 0.56 0.92

Table 2
Summary of results for linear contrasts of mean expression of SOX9 vs. control.

Individual or group Mean
difference

Standard
error

t d.f. p-Value

Father (II3) �0.052 0.045 �1.16 16 0.2638
Mother (II4) 0.181 0.045 4.02 16 0.0010
XY siblings (III1, III3,

III5)
�0.300 0.037 �8.14 16 <0.0001

Unaffected siblings
(III2, III4)

0.190 0.039 4.87 16 0.0002
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4. Discussion

The genetic cause for sex reversal can be identified in approxi-
mately 50% of cases. Mutations in SRY are present in about 10–15%
of cases (Ahmed et al., 2013), and there are case reports of SRY
mutations being inherited from the father (Sarafoglou and Ostrer,
2000; Hines et al., 1997). Therefore, although the father was not
affected, SRY was first analyzed and determined to be normal in
all the family members with a Y chromosome. Initial reports of
an association between mutations in NR5A1 and sex reversal were
described in patients with coexistent adrenal dysfunction
(Achermann et al., 1999). A mutation in NR5A1 was later identified
in approximately 15% of sex reversal patients without any adrenal
involvement (Lin et al., 2007). Therefore, NR5A1 was sequenced,
but somewhat surprisingly (given the phenotypic normalcy of
the affected siblings), no mutations were identified.

Additional candidate genes such as WT1 (Saylam and Simon,
2003) or SOX9 (Wagner et al., 1994; Foster et al., 1994) also play
a major role in the sex determination pathway., It was also appar-
ent that many other genes (Ahmed et al., 2013) including GATA4
(Lourenco et al., 2011), DHH (Liao et al., 2011; Das et al., 2011),
CBX2 (Biason-Lauber et al., 2009) and ATRX (Ion et al., 1996) should
be considered and therefore, at this point in the investigation, an
array CGH was used to screen the genome for CNVs. Having
excluded a mutation in SRY, it was hypothesized (just as Benko
et al. (2011) did) that the mutation must be maternally inherited
with a male ‘permissive’ gene to have affected the children but
spared the father. It was a surprise therefore to find the deletions
in the father and affected siblings. The deletion on 17q24.3, which
is 353 kb upstream of SOX9, could explain the phenotype as it was
present in the father, all three affected sex reversal patients, and in
none of the unaffected members (mother and normal XX sibs).

In the family described in our study, several CNVs were identi-
fied. Interestingly they were all inherited from the father to his
children except the 1p31.1 duplication of 30 kb, which was found
in both the mother and father. Of the candidate regions, the
333 kb duplication in chromosome 5p13.2 is highly unlikely to
play any role in the pathogenesis of sex reversal in this family as
only two (III1 and III5) of the three affected siblings as well as an
unaffected sister III4 had this particular CNV. Similarly, the 30 kb
duplication in 1p31.1 was excluded because it was present in all
seven family members (both parents and five siblings). The
195 kb deletion in 7q31.1 was found only in a normal 46,XX sibling
III-4. Only the 349 kb deletion segregated with the three affected
siblings, the father from whom they inherited the deletion and
was not detected in any unaffected family members.

Initially, SOX9 did not seem to be a prime candidate gene, as
there were no bone deformities in the any of the affected individ-
uals. However, the consistent deletions upstream of this gene in all
three affected siblings led us to investigate the possibility that this
could be the causative of sex reversal in this family. We confirmed
the deletion by performing quantitative PCR on genomic DNA and
demonstrating an approximately 50% reduction in the father and
the three affected siblings. We hypothesized that mRNA expression
of SOX9 in these subjects could be decreased compared with con-
trols secondary to the deletion. RT-qPCR confirmed a statistically
significant reduction in the expression of RNA in the three affected
siblings.

Mutations in SOX9 gene usually result in campomelic dysplasia,
which consists of short bowed lower extremities and other defects
such as talipes equinovarus, congenital hip dislocation, mid-facial
hypoplasia, dolichocephaly, and ambiguous genitalia. Familial
cases have been described and ascribed to somatic mosaicism with
mutations (Wagner et al., 1994), whole gene deletion (Smyk et al.,
2007), and germ line mutation (Cameron et al., 1996). It should be
noted that all of these patients had campomelic dysplasia as well.

Pfeifer and coworkers had shown that deletions and transloca-
tions involving a region 140–950 kb proximal to the SOX9 gene on
chromosome 17 was the cause for campomelic dysplasia and XY
sex reversal in three patients (Pfeifer et al., 1999). After studying
a 1.5 Mb deletion 380 kb upstream of SOX9 in one patient, Pop
and co-workers postulated that these rearrangements most likely
involve one or more cis-regulatory elements (Pop et al., 2004). Of
note, our 349 kb deletion upstream of SOX9 lies within this region.

Comparison of duplications in the upstream region of SOX9 in
46,XX sex reversed patients as well as the deletion in two 46,XY
patients (cousins related by their mothers who were sisters) led
Benko and co-workers to conclude that there is a specific, small
region they called RevSex upstream of SOX9 (Benko et al., 2011).
They identified this 78 kb region to be located 595–517 kb
upstream of SOX9. They speculated based on comparison to other
cases of larger duplications that involved much of the upstream
region of SOX9, that a permissive ‘male’ chromatin environment
is important for SOX9 activity with regards to development of the
undifferentiated gonad into testis. This explained why the mothers
with the deletion upstream of SOX9 had normal gonadal function
whereas the affected children had streak gonads. They cite a
similar description involving the Hoxd locus in support of their
argument.

A more recent report of two patients with acampomelic cam-
pomelic dysplasia described balanced translocations involving
chromosome 17 near the SOX9 gene. One of the patients had a nor-
mal male phenotype and the translocation break point was located
within 601–585 kb upstream of SOX9 gene. This eliminates another
10 kb (595–585) from the RevSex region and further narrows it
down to the region 585–517 kb upstream of SOX9 (Fig. 6)
(Fonseca et al., 2013). In support of Benko et al. (2011), this specific
RevSex region is contained in the deletion found in the three sib-
lings and the father described in our study. In Benko’s cases, the
deletions were maternally transmitted and the paternal allele of
SOX9 gene was presumably still active. Since the mothers could
not be affected, their ‘permissive chromatin environment’ theory
seemed plausible. In contrast, in the family described in this study,
the father had the same deletion and did not exhibit a sex-reversed
phenotype whereas all three XY children exhibited the same sex
reversal phenotype. The ‘permissive chromatin environment’ the-
ory cannot explain why the father is not affected in this family.
Alternative explanations were considered.
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Since SOX9 gene expression is decreased in the affected mem-
bers of the family, we have to consider the possibility that a critical
level of expression of SOX9 is needed for induction of the male sex-
determining pathway. It is possible that although affected, the
father did not have the critical reduction in SOX9 expression to
be affected. The three affected siblings on the other hand may have
decreased levels beneath this threshold and therefore have sex
reversal. An alternative explanation is also possible and should
be considered based on an elegant experiment performed in mice
which showed that a combination of imprinting and maternal
effect genes has control over expression of SOX9 genes (Poirier
et al., 2004). OdsSex mice show complete female-to-male sex
reversal due to a tyrosinase transgene insertion 980 kb upstream
of Sox9. In contrast, if there is paternal transmission of the trans-
gene combined with a maternal-effect locus, sex reversal can be
suppressed in these mice.

We postulate that SOX9 expression in humans is also controlled
in a complex manner, similar to that in mice as shown by Poirier
et al. (2004). This could explain why the father with the XY karyo-
type and the same 349 kb deletion at 17q24.3 located 353 kb
upstream of SOX9 was not affected and did not develop 46,XY
sex reversal. We hypothesize that he had a different allele from
his mother that was able to overcome the effects of this deletion
in one of his chromosomes. The three children on the other hand
inherited the deletion from their father and might not have inher-
ited the protective gene from their mother resulting in sex reversal.
Imprinting effects, however, cannot be excluded.

Evidently, the SOX9 function essential for bone formation was
not disrupted in the affected individuals in this study as there
was no campomelic dysplasia. This supports the existence of prox-
imal and distal campomelic dysplasia breakpoint clusters (which
also happen to be proximal and distal to the SexRev region)
involved in promotion of bone formation independent of the sex
determination pathway (Miller et al., 2012). It is interesting that
two of three affected sex reversed females had gonadoblastomas.
These findings suggest that deletions upstream to SOX9 could
predispose to gonadoblastoma and subsequent germ cell tumor
risk. This will have to be confirmed in future studies.
5. Conclusion

Familial 46,XY sex reversal can be paternally inherited. To our
knowledge this is the first report of a familial 46,XY sex reversal in
three siblings caused by paternally inherited deletion in the region
upstream of SOX9. Our report further confirms that a 67 kb region
upstream of SOX9 gene is critical for the development of testis
from the indeterminate gonad. Small deletions confined around
this region can result in sex reversal without campomelic or
acampomelic dysplasia and could predispose to gonadoblastoma.
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