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PREFACE

Sexual reproduction, which is a characteristic of most living creatures and results in
increased genetic diversity, is a process through which the next generation inherits
genetic information contained in the parental chromosomes. The essential purpose of
sex determination or differentiation is to equip organisms with the necessary anatomy
and physiology to allow sexual reproduction to occur. Sex determination or
differentiation is thought to be extremely important and serve as the foundation of
species preservation. The genetic sex of the mammalian embryos is established at
fertilization, the point at which they inherit either an X or a Y chromosome from their
father. The indifferent gonads develop into either testes or ovaries depending on their
genotype, XY or XX, respectively. Further sexual development is then established by
endocrine function of the gonads.

In 1947, Alfred Jost reported that if XX and XY rabbit fetuses were castrated in utero
before sexual differentiation, they developed mullerian ducts and external genitalia of a
female pattern. Therefore, it is assumed that sex determination or differentiation in
mammals, including humans, does not operate according to individual male- and
female-type programs, but rather according to a default female-type program, with the
males being derived from the females. That is, the indifferent gonads differentiate into
testes only when the Y chromosome exists, and automatically differentiate into ovaries
when the Y chromosome is absent. Thus, XXY individuals develop testes [Jacobs and
Strong, 1959] and XO individuals develop ovaries [Ford et al., 1959].

The sex-determining region of the Y chromosome (SRY) (GenBank accession
number: NM_003140), which is located on the short arm of the Y chromosome, was
identified in 1990 [Sinclair et al., 1990]. This testis-determining gene [Sinclair et al.,

1990; Koopman et al., 1991] was shown to play a critical role in initiating testis



formation during gonadal development [Koopman et al., 1990, 1991]. In mice, Sry is
first expressed around 10.5 days post coitum (dpc), shortly after the emergence of the
genital ridges, its expression reaches peak levels at 11.5 dpc, and is extinguished by
12.5 dpc [Koopman et al., 1990; Hacker et al., 1995; Jeske et al., 1995]. In humans,
SRY is transiently expressed during fetal development and reaches peak levels at 44
days of gestation, when the testis cords are first visible [Hanley et al., 2000]; and then
its expression is vanishingly low. In other words, in mammals, sex determination or
differentiation is chromosomally controlled by regulation of the SRY gene.

Identification of the SRY gene seemed to promise rapid elucidation of the
mechanisms that underlie sex determination or differentiation, but it immediately
became apparent that these processes are not controlled by a single gene. For example,
many other genes, including SRY-box 9 (SOX9), fibroblast growth factor 9 (FGF9), and
desert hedgehog homolog (Drosophila) (DHH), participate in the male
sex-determination pathway [Wilhelm et al., 2007]. On the other hand, it is currently
believed that sexual development in females (ovary differentiation) occurs by default;
however, there is also genetic evidence of the existence of an “ovary organizer” (ovarian
determinant, Od) [Eicher and Washburn, 1986] and “anti-testis” activity (termed Z)
[McElreavey et al., 1993], which are thought to be necessary for ovary differentiation. It
was also suggested that wingless-type MMTV integration site family, member 4
(WNT4), dosage-sensitive sex reversal adrenal hypoplasia congenita (AHC) critical
region on the X chromosome, gene 1 (DAXT), and forkhead box L2 (FOXL?2) probably
participate in the early development of the ovary [Wilhelm et al., 2007]. In brief, it is
not until these sex-determining genes are normally expressed in a spatio-temporal
manner in the indifferent gonad that normal gonadal development is accomplished.

These sex-determining genes have been clarified following the development of new

molecular biological techniques as well as through case analysis of patients with



disorders of sex development (DSD). The term DSD encompasses different biological
status of sexual differentiation at any level, from the chromosomal to the hormonal.
Various types of DSD are known to occur in various mammalian species. For example,
DSD have been reported to occur in roe deer (Capreolus capreolus) [Pajares et al.,
2009], goats (Capra hircus), llama (Llama glama), sheep (Ovis aries), pigs (Sus scrofa),
lesser pandas (Ailurus fulgens), dogs (Canis familiaris), cats (Felis cattus), raccoon
dogs (Nyctereutes procyonoides), belugas (Delphinapterus leucas), moles (Talpa sp.),
rabbits (Oryctolagus cuniculus), grey kangaroos (Macropus giganteus), agile wallabies
(Macropus agilis), American opossums (Monodelphis domestica), horses (Equus
caballus), grass mice (Akodon sp.), voles (Microtus cabrerae), mice (Mus musculus),
wood lemmings (Myopus schisticolor), and humans (Homo sapiens) [reviewed by
Vaiman and Pailhoux, 2000]. DSD are thus far from rare and are especially prevalent in
humans. Disorders of sex determination or differentiation in humans lead to
malformations of the internal and/or external genitalia (resulting in an XY female, XX
hermaphrodite, and XX male or pseudohermaphrodite). DSD occur at a frequency of 1
in 2,000 or in approximately 0.2—-0.3% of the population [Fujimoto and Hayashi, 1983].
The pathophysiology of DSD is complex and includes numerical/structural aberrations
in sex chromosomes, mutations in genes associated with sex differentiation, disorders in
the formation/action of steroid hormones, and defects in androgen receptors and other
factors.

XY gonadal dysgenesis, first described in 1955 by Swyer, is estimated to occur at a
frequency of 1:20,000 [Robinson and Linden, 1993]. Individuals with this condition
appear to be normal females at birth, but they do not develop secondary sexual
characteristics at puberty, do not menstruate, and develop streak gonads. Mutations in
SRY are associated with XY females. The following types of mutations have been

detected in the SRY gene: missense [Hawkins et al., 1992a; Zeng et al., 1993; Imai et al.,



1999; Okuhara et al., 2000; Shahid et al., 2004], nonsense [Hawkins et al., 1992a;
Miiller et al., 1992; lida et al., 1994; Giuffr¢ et al., 2004], and frameshift mutations
[Jager et al., 1990; Kellermayer et al., 2005]. However, SRY mutations are found in
approximately 10-20% of XY females [Hawkins et al., 1992b; Lim et al., 1998]; this
suggests a need for a new approach to understand the underlying mechanisms of DSD.

Recently, it was suggested that gene expression is regulated via an epigenetic
mechanism. Epigenetic changes induce persistently altered gene expression in the
absence of gene mutations. In higher vertebrates, DNA methylation generally occurs at
the cytosine residue of CpG dinucleotides, and 60-70% CpGs are methylated
[Gruenbaum et al., 1981; Razin et al., 1984; Boyes and Bird, 1992]. Recently, it was
reported that in mice, Sry gene expression is epigenetically regulated by DNA
methylation-mediated gene silencing [Nishino et al., 2004]. In clinical cases, as a result
of a pericentric inversion, SRY is inverted to the middle of the heterochromatic region.
CpG methylation-mediated positional effect variegation (PEV) leads to SRY gene
silencing, resulting in the XY female [Gimelli ez al., 2006]. Furthermore, core histones
can be reversibly modified by acetylation, methylation, phosphorylation, ubiquitination,
or adenosine diphosphate (ADP) ribosylation. Modification of histones and remodeling
of chromatin structures play critical roles in the regulation of gene transcription and
chromosome replication [Strahl and Allis, 2000; Ng and Bird, 2000; Grunstein, 1997,
Kadonaga, 1998]. Epigenetic alteration of SRY seems to be one of the wide-ranging
pathogenetic mechanisms in the sex differentiation anomaly.

Meanwhile, studying an XY female with no detectable mutations in the SRY gene
may be relevant to understanding alterations in sex-determining genes located
downstream of SRY and/or in genes located on the X chromosome or autosomes
(including not only genes related to sex differentiation but also genes related to the

entire genome). Recently, the developments of both DNA microarray techniques and



bioinformatics have enabled analysis of the expression of several tens of thousands of
genes simultaneously, and novel biological interpretations have been made by
cross-checking existing databases. Given the complexity of DSD and our limited
understanding of its underlying pathogenetic mechanisms, it would be useful to
exhaustively analyze changes in the gene expression profiles between a normal adult
male and a DSD patient. In addition, it would be very useful to translate the information
on individual genes into a broader characterization by using systematic functional
annotation such as Gene Ontology (GO) analysis [Ashburner ef al., 2000] and Gene
Microarray Pathway Profiler (GenMAPP) [Dahlquist et al., 2002]. From a collective
and global perspective, analysis of changes in the expressions of individual genes could
provide an understanding of the differences that exist at the molecular level between
normal adult males and DSD patients.

Many unexplained phenomena have been encountered in clinical experience [Hoshi
et al., 1998a, b], and it might not be too much to say that even today, 20 years after the
SRY gene was identified [Sinclair ef al., 1990], investigators are still searching through
the clues to fully understand sexual determination and differentiation. In the present
study, I examined an idiopathic XY female by cytogenetic, histological, and molecular
analyses, including comprehensive bioinformatic analysis. In particular, emphasis was
laid on the association between the regulatory mechanism of SRY gene expression and
epigenetic alteration, and on the mutual interaction or coordinated action between
altered genes. In the final analyses, I attempted to reveal the changes occurring at the
molecular level that contribute to DSD and propose a novel mechanism to explain
disorders of sex differentiation in males. A study on the functional relationship between
related genes would provide novel perspectives on the molecular basis of DSD. My

results provide some insights into the functioning mechanisms leading to DSD.



Chapter I:

Abnormally prolonged SRY expression in the streak

gonads and skin of an adult XY female patient



INTRODUCTION

Disorders of human sex determination or differentiation trigger malformations of the
internal and/or external genitalia, ranging from genital ambiguity to complete sex
reversal such as the XY female and the XX male. DSD are not rare; they occur in
approximately 0.2-0.3% of the population [Fujimoto and Hayashi, 1983]. XY females
carry a Y chromosome but are phenotypically female. At birth, patients with the XY
female type of gonadal dysgenesis (Swyer syndrome) appear to be normal; however,
they do not develop secondary sexual characteristics at puberty, do not menstruate, and
have streak gonads. The incidence of Swyer syndrome is estimated at 1:20,000
[Robinson and Linden, 1993]. Mutations in SRY, a testis-determining gene [Sinclair et
al., 1990; Koopman et al., 1991], are associated with XY females. These mutations, in
most cases within the high mobility group (HMG) box, reportedly affect the gene’s
DNA-binding [Hawkins et al., 1992b], DNA-bending [Pontiggia et al., 1994], and
nuclear-localization activities [Li et al., 2001], resulting in DSD. However, SRY
mutations are found in approximately 10-20% of the XY females [Hawkins et al.,
1992b; Lim et al., 1998], suggesting that other factors influence sex differentiation.

SRY is located on the short arm of the Y chromosome and plays a critical role in
initiating testis formation during gonadal development [Koopman et al., 1990, 1991].
Although it was identified in 1990 [Sinclair et al., 1990], its mode of action remains
unknown. In humans, SRY mRNA is detectable at 41 days of gestation in XY embryos,
and the SRY levels peak at 44 days of gestation, when the testis cords are first visible
[Hanley et al., 2000]. By 52 days of gestation, the germ cells are surrounded by Sertoli
cells, which continue to express SRY mRNA at a low level [Hanley et al., 2000]. Other
factors, including the genes SOXY9, FGF9, and DHH, are also concerned with the male

sex-determination pathway. However, some mutations are not found in those genes, and



the cause of DSD is not simple. In addition, many unexplained phenomena have been
encountered in clinical practice.

Thus far, numerous studies on XY females have been conducted from the perspective
of point mutations [Biason-Lauber et al., 2009; Cost et al., 2009; Marchina et al., 2009]
or deletions [Smyk et al., 2007; van Silfhout ef al., 2009] in the sex-determining genes,
disorder of steroid formation or action [Radpour er al., 2009], sex chromosomal
disorder [Piccione et al., 2008], and histopathological characteristics of an isolated
gonad [Salas-Cortés et al., 2000]. However, the expression of the sex-determining genes
including SRY in both the classical organ developing through the sex-determining genes
(gonad) and the peripheral tissue (skin) of adult XY females is unknown. In this study, I
examined gonadal tissue and fibroblasts derived from a 17-year-old woman suspected
of having DSD by cytogenetic, histological, and molecular analyses, with particular

emphasis on the sex-determining gene expressions.



MATERIALS AND METHODS

Written informed consent was obtained from the patient and her parents. The study
was approved by the institutional ethical board of Hokkaido University Graduate School

of Medicine.

Subject

The patient, a 17-year-old Japanese woman (gravida 0, para 0) of normal height, was
born to healthy parents as a low-birth-weight infant (1,910 g) with normal female
external genitalia at 39 weeks of gestation. She was referred to our institution for
primary amenorrhea with lack of pubic and axillary hair as well as underdeveloped
breasts. Pelvic magnetic resonance imaging (MRI) disclosed a uterus of normal size and
shape, which appeared to be functional based on withdrawal bleeding in response to
administration of hormonal agents; ovaries were not identifiable, and there were no
signs of a mass on either side of the inguinal region. She had elevated gonadotropin
levels (LH = 117.1 mIU/mL, FSH = 417.5 mIU/mL) and extremely low levels of steroid
hormones (testosterone = 0.22 ng/mL, progesterone = 0.35 ng/mL, estradiol (E2) =
undetectable). Her medical history was notable for membranous nephropathy and an

inguinal hernia requiring surgical repair at age two.

Cell Culture

Primary cultures were established from the gonads and the skin of the elbows. A
human male cell line from skin fibroblasts of a normal young man was purchased from
Cell Systems (Kirkland, WA, USA) and used as a normal male control. The cells were
cultured in Minimum Essential Medium o (a-MEM; Invitrogen-Gibco, Carlsbad, CA,

USA) supplemented with 10% fetal bovine serum (FBS; Biowest, Nuaillé, France) and



incubated in 25 cm? cell culture flasks at 37°C in a humidified atmosphere with 5% CO..
The medium was changed regularly, and the cells were grown to confluence to

standardize the state of proliferation as much as possible.

Cytogenetics
Gonadal tissue, peripheral blood, and fibroblasts were cultured by routine techniques
and used in repeated chromosome analyses by the G- and Q-banding methods with

Leica CW4000 (Leica Microsystems Imaging Solutions Ltd., Cambridge, UK).

Fluorescent In Situ Hybridization (FISH)

FISH was performed to confirm the localization of SRY in the pericentrically inverted
chromosome. Hybridization of probes to chromosomal DNA from the patient was
performed as described previously [Hoshi et al., 1998b]. The probes (Vysis, Inc.,
Downers Grove, IL, USA) used in this study included SRY, alpha satellite Y-centromere

locus DYZ3, and Y-long arm terminal portion (Yq12)-specific DYZI.

DNA and RNA Extraction

Genomic DNA was extracted from cultured cells (AllPrep DNA/RNA mini Kkit;
Qiagen, Hilden, Germany) and peripheral blood (Wizard genomic DNA purification kit;
Promega, Madison, WI, USA). Total cellular RNA was extracted from cultured cells
using an AllPrep DNA/RNA mini kit (Qiagen) and treated with RNase-free DNase to

eliminate genomic DNA contamination.
DNA Analysis

For the peripheral blood, fibroblast, and gonadal DNA, I used a set of oligoprimers

representing eight different loci (PABY, SRY, AMGL, DYZ3, DYS139, DYSI132, DYSI,
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and DYZI) of the Y chromosome from the distal short arm to the distal long arm for
PCR amplifications with GoTaq Flexi DNA polymerase (Promega). The primer
sequences are listed in Table I-1. The thermal cycling conditions for this amplification
were as follows: initial denaturation at 94°C for 8 min; 33 cycles of denaturation at
94°C for 1 min, annealing at 57°C for 1 min, and extension at 72°C for 1 min; and final
extension at 72°C for 7 min. The PCR products were separated by electrophoresis on

2% agarose gel containing ethidium bromide.

Mutation Analysis

I analyzed the SRY sequence in the gonadal tissue and fibroblasts. The DNA was
amplified by PCR and specific primers, the sequences of which are listed in Table I-1.
The PCR conditions for this amplification were as follows: initial denaturation at 95°C
for 5 min; 30 cycles of denaturation at 95°C for 30 sec, annealing at 65°C for 30 sec,
and extension at 72°C for 1 min; and final extension at 72°C for 7 min. The PCR
products were sequenced with the Taq DyeDeoxy sequencing regents and analyzed on
an ABI Prism 3100 genetic analyzer (Applied Biosystems, Foster City, CA, USA)

[Sugawara et al., 1995].

Histological Analysis of Gonadal Tissue

Gonadal tissue from the patient was fixed in 10% neutral buffered formalin for 24 hr,
and processed tissue was embedded in paraffin. Sections were cut at 4 um thickness and
stained with hematoxylin and eosin (H&E; Merck & Co. Inc., Whitehouse Station, NJ,

USA) for general histological analysis.

Immunohistochemical Analysis of Gonadal Tissue

For the immunohistochemical analysis, deparaftinized gonadal sections were

-11 -



autoclaved at 121°C for 20 min in 10 mM sodium citrate buffer (pH 6.0) for antigen
retrieval, washed in 10 mM PBS, and then treated with 3% H,O, dissolved in 100%
methanol to inactivate endogenous peroxidase activity. The primary antibody for SRY
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was diluted at ratios of 1:100 in
10 mM PBS and incubated over the sections in a humidified chamber for 14 hr at 4°C.
The immunohistochemical analysis for SRY was conducted using DakoCytomation
EnVision" System-HRP Labeled Polymer (Dako, Glostrup, Denmark). The
immunoreactions were visualized with 3,3'-diaminobenzidine solution (Dako)

containing 0.03% H,0, and light counterstaining with Mayer’s hematoxylin.

Quialitative and Quantitative RT-PCR

One microgram of total RNA was reverse-transcribed to cDNA using a Super Script
First-Strand Synthesis System (Invitrogen).

The expression of SRY mRNA was examined in gonadal tissue by qualitative RT-PCR.
The cDNA was amplified by PCR with the specific primer set. The primer sequence for
SRY is listed in Table I-2. The thermocycling program for this amplification was as
follows: initial denaturation at 95°C for 5 min; 36 cycles of denaturation at 95°C for 30
sec, annealing at 65°C for 30 sec, and extension at 72°C for 1 min; and final extension
at 72°C for 7 min. The PCR products were separated by electrophoresis on 2% agarose
gel containing ethidium bromide.

The mRNA expressions of SRY, SOX9, FGF9, WNT4, Wilms tumor 1 (WTI), DAXI,
GATA binding protein 4 (GATA4), Miillerian-inhibiting hormone (MI1S), DHH,
steroidogenic factor 1 (SFI), androgen receptor (4R), estrogen receptor o (ERa), and
p300/CBP-associated factor (PCAF) were examined in fibroblasts by quantitative
RT-PCR. The cDNA was amplified by PCR with the specific primer set (Table 1-2).

Real-time PCR was performed by using a LightCycler rapid thermal cycler system

-12 -



(Roche Diagnostics Ltd., Lewes, UK) with LightCycler FastStart DNA Master’ ">
SYBR Green I mix (Roche Diagnostics Ltd.). The amplification protocol consisted of
one cycle at 95°C for 10 min followed by the appropriate number of cycles of 95°C for
10 sec, 60°C for 5 sec, and 72°C for 20 sec. Amplification of glyceraldehyde-
3’-phosphate dehydrogenase (GAPDH) mRNA was used as an internal positive control,
and the amounts of each mRNA were normalized to the GAPDH mRNA levels in each
sample. The PCR results were analyzed by using the 27" method [Livak and

Schmittgen, 2001].

Chromatin Immunoprecipitation (ChIP) Assay

To examine the acetylation status in the SRY region of the fibroblasts, ChIP was
performed by using a ChIP assay kit (Upstate Cell Signaling Solutions, Charlottesville,
VA, USA). In brief, DNA was cross-linked to the associated proteins with formaldehyde,
followed by sonication. Immunoprecipitations were carried out with anti-acetylated
histone H3 antibodies (3 pg). The formaldehyde cross-links were then reversed, and
DNA was purified by phenol/chloroform extraction and ethanol precipitation. PCR was
performed to amplify the DNA bound to the immunoprecipitated histone by using the
primers listed in Table I-1. I used Primer3 (Massachusetts Institute of Technology) to
design the specific primers. Input DNA, before immunoprecipitation, was also subjected
to PCR as a control. The thermal profile for this amplification was as follows: initial
denaturation at 95°C for 5 min; 30 cycles of denaturation at 94°C for 30 sec, annealing
at 57°C for 30 sec, and extension at 72°C for 1 min; and final extension at 72°C for 7
min. The PCR products were separated by electrophoresis on 2% agarose gel containing
ethidium bromide. The intensity of the ethidium bromide luminescence was measured

with the CS Analyzer software (ATTO Corporation, Tokyo, Japan).
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Microarray Analysis

For gene expression analysis of the fibroblasts, I used a GeneChip system with
Human Expression Array U133A spotted with 22,283 probe sets (Affymetrix, Santa
Clara, CA, USA). Sample preparation for the array hybridization was carried out, and
biotin-labeled cRNA probes were generated from 5 pg of DNase-treated total RNA.
After fragmentation, the biotinylated cRNA probe was hybridized to arrays at 45°C for
16 hr. The arrays were washed, stained with streptavidin—phycoerythrin, and scanned
with a probe array scanner. The scanned chip was analyzed by using the GeneChip
Analysis Suite software (Affymetrix). The hybridization intensity data were converted
into a presence or absence call for each gene, and changes in gene expression between
the experiments were detected by comparison analysis. The data were further analyzed
by using the GeneSpring software (Agilent, Santa Clara, CA, USA) to extract the

significant genes [Tabuchi et al., 2006].

Statistical Analysis

The values are presented as the mean + SE. Statistical analyses were performed with
StatView for Windows (version 5.0; SAS Institute, Inc., Cary, NC, USA), using
Student’s #-test, and p values less than 0.05 were regarded as indicating a significant

difference.
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RESULTS

Karyotyping

Chromosomal examinations of the patient’s gonadal tissue, peripheral blood, and
fibroblasts revealed a male 46,XY karyotype, and the short arm of the Y chromosome
was longer than that of a normal Y chromosome. The G- and Q-banding revealed the
structural anomalies. An atypical G-banding-positive chromosomal segment was
observed in the short arm of the Y chromosome (Fig. I-1A), and the Q-banded
karyotype of the Y chromosome showed brilliant fluorescence only in the long arm
(q12), not the short arm (Fig. I-1B). Thus, the patient’s Y chromosome was

inv(Y)(pll.2q11.2) (Fig. I-1E).

FISH Findings

Dual-color FISH analysis of the metaphase chromosome revealed that two signals
(DYZ3 and DYZ1) were located nearby (Fig. I-1C) and that two signals (SRY and
DYZ1) were completely separated and in their specific positions (Fig. I-1D). Therefore,

SRY still remained in the distal portion of the short arm of the Y chromosome.

Deletion Analysis

The eight different loci (PABY, SRY, AMGL, DYZ3, DYS139, DYS132, DYSI, and
DYZI) of the Y chromosome from the distal short arm to the distal long arm were all
present (Table 1-3). No large segments of the Y chromosome were deleted in the

samples from peripheral blood, fibroblasts, and gonadal tissue.

SRY Sequencing

DNA sequence analysis of SRY in the fibroblasts and gonads disclosed no substantial
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changes from the reference sequence. A previously identified synonymous single
nucleotide polymorphism (SNP) (rs11575897. ¢.465C>T; p.S155S) was found in
homozygous form (Fig. I-1F). This SNP is described in dbSNP (http://www.
ncbi.nlm.nih.gov/SNP/) as occurring at position 613 in SRY mRNA. No other mutation

associated with functional abnormality was detected.

Histological Findings of Gonadal Tissue

The patient’s gonadal tissues consisted of fibrous stroma without germ cells and
neither a testicular nor an ovarian differentiation pattern (Fig. I-2A). Histological review
of the gonadal tissues yielded a diagnosis of streak gonad, including Leydig-like cells
with eosinophilic cytoplasm (Fig. I-2B) and formation of duct-like structures (Fig. I-2C).
This was undifferentiated gonadal tissue that had lost its germ cells and undergone

fibromatous involution.

SRY mRNA Expression and Immunohistochemical Findings in the Streak Gonads
RT-PCR revealed SRY mRNA as a 270-bp band (Fig. I-3A). The mRNA was
expressed in the streak gonads. SRY immunoexpression was detected in the irregularly
shaped nucleus of parenchymal cells in the streak gonadal tissue (Fig. I-3B), which also
had SRY-negative cells. SRY was strongly expressed throughout the streak gonads,
mostly in the fibrous stroma (Fig. I-3B). The negative control sections treated with
nonimmunized rabbit sera in place of the primary antibody did not show nonspecific

staining (data not shown).

Expression of Sex-determining Genes in the Fibroblasts

The expressions of SRY (p < 0.01), WNT4 (p < 0.0001), and WTI (p < 0.001) mRNA

were scarcely detected in the normal male fibroblasts (Fig. [-4A). The levels of DHH (p
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<0.01), SFI (p <0.0001), and ERa (p < 0.005) in the fibroblasts from the patient were
significantly higher than those in the normal male control. In contrast, the levels of
SOX9, FGF9, and AR mRNA expression in the patient were significantly lower than
those in the normal male (p < 0.05). GATA4 mRNA expression in the patient was
scarcely detected (p < 0.05). There was no clear difference in the expression levels of
MIS and DAX]I mRNAs between the patient and the normal male; MIS tended to be

lower in the patient (p = 0.0677).

Histone H3 Acetylation by ChIP Assay
Histone H3 in the SRY region was acetylated in both the fibroblasts from the patient
and those derived from the normal male control (Fig. [-4B). However, histone H3 of

SRY in the fibroblasts from the patient was significantly hyperacetylated (p = 0.0021).

Gene Expression Analysis by Microarrays

I identified 1,366 probe sets (786 upregulated and 580 downregulated) showing
significant differences in transcription levels between the patient and the normal male,
revealing striking differences in the gene expression profiles (data not shown). The gene
expressions on autosomal chromosomes were altered remarkably relative to those on the
Y chromosome with pericentric inversion. Of these altered probe sets, a change in the
expression level of PCAF was included as a possible candidate involved in the histone
hyperacetylation of SRY. Other factors that can acetylate the histone protein were not
detected. Real-time RT-PCR (n = 3) of PCAF revealed a 3.7-fold higher level in this
patient than in the normal male control (Fig. [-4A). The trend in expression level of
PCAF gene detected by real-time RT-PCR was consistent with the result obtained from

microarrays.
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DISCUSSION

The prevalence of males with pericentric inversion of the Y chromosome that does
not influence the phenotype is approximately 1:1000 in the general population [Zeuthen
and Nielsen, 1973; Téth ef al., 1984; Schmid 1985; Krishna Murthy et al., 1989]. In
contrast, there are reported instances in which pericentric inversion of the Y
chromosome caused XY females: if SRY is inverted and relocated to the center of the
heterochromatic region (Yql2), this positional variegation will lead to SRY gene
silencing, inducing XY female development [Gimelli et al., 2006]. Detailed cytogenetic
analysis using repeated chromosomal examination by the G- and Q-banding methods
with the gonadal tissue, peripheral blood, and fibroblasts revealed that this patient had
the 46,X,inv(Y)(p11.2q11.2) karyotype, and no large segments of the Y chromosome
were deleted, showing a whole Y chromosome. In addition, SRY was not inverted and
relocated to the heterochromatic region but rather was located in the original position
(Yp11.3). Therefore, the previously reported case does not apply to the patient. This
study describes the first gene expression analysis using both the gonadal tissue and skin
of an adult XY female with pericentric inversion of the Y chromosome but without
functional mutation in SRY. I conducted the study to reveal the possible molecular
context contributing to this condition.

In the streak gonads of this patient, Leydig-like cells with eosinophilic cytoplasm and
formation of duct-like structures were detected. Furthermore, there were strongly
SRY -immunopositive cells in a mostly fibrous stroma. Primary cultures established
from the gonadal biopsies of this patient obviously expressed SRY mRNA, suggesting
that SRY expression was still in progress in the streak gonads. Spermatogonia, round
spermatids, and Sertoli cells of adult testes reportedly express SRY [Clépet ef al., 1993;

Olesen et al., 2001; Salas-Cortés et al, 1999, 2001; Modi et al., 2005]; however, in the
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streak gonads of this patient, the SRY-immunopositive cells were evidently not those
cells. SRY immunoexpression in streak gonads showing 46,XY gonadal dysgenesis
without mutation in SRY has been reported by Salas-Cortés et al. [2000], and my
findings support those of the previous study. In humans, the SRY mRNA levels
essentially peak at 44 days of gestation, when the testis cords are first visible, and are
then continuously expressed at a low level [Hanley et al., 2000]. The finding of an XY
female with prolonged SRY expression in the streak gonads implies that appropriate
regulation of SRY expression was impaired.

RT-PCR performed with total RNA extracted from the fibroblasts revealed that SRY
mRNA was significantly overexpressed, relative to the normal male, which is an
unexpected result because such high expression is seen only in the genital primordium
during the fetal period [Hanley et al., 2000]. I consider that the difference in the SRY
mRNA expression levels between this patient and the normal male may hold important
clues to understanding the genetic pathogenesis of DSD. I focused my attention on
chromatin modification as a possible explanation for the increased SRY expression.
Chromatin modification is one of the principal methods of gene-expression regulation.
In general, histone H3 acetylation is concerned with the activation of transcription
[Wolfte and Pruss, 1996; Grunstein, 1997]. ChIP assay is used to analyze chromatin in
its native environment in living cells, increasing our understanding of the impact of
epigenetic modifications of nucleosomal histones on transcriptional regulation. Relative
to the normal male control, the acetylated histone levels in the patient’s fibroblasts were
high in the SRY region. SRY mRNA overexpression was attributable to histone
hyperacetylation. To my knowledge, this is the first case of DSD associated with SRY
mRNA overexpression and highly acetylated histones.

To explore the possible etiologies of these results, I performed gene expression

profiling studies to characterize the genetic differences broadly between this patient and
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the normal male, and searched for associated candidate genes that can induce histone
H3 acetylation. Interestingly, a change in the expression level of PCAF, a transcriptional
coactivator with intrinsic histone acetyltransferase activity [Yang et al., 1996], was
included as a possible candidate; other factors that can acetylate the histone protein
were not detected. Real-time RT-PCR revealed a 3.7-fold higher level of PCAF
expression in this patient than in the normal male control; the elevated levels suggest a
possible mechanism for the activation of SRY expression via histone H3 acetylation.
Unexpectedly, the expressions of sex-differentiation genes such as SOX9, FGF9,
WNT4, WTI1, GATA4, DHH, SF1, AR, and ERo were significantly changed in the
fibroblasts of this patient relative to those of the normal male. SRY is epistatic to these
genes in the sex-determination pathway, and prolonged high SRY mRNA expression
induces a destabilizing effect on the expressions of the downstream sex-determining
genes. In fact, the other genes related to sex differentiation—prolactin receptor (PRLR),
activin A receptor type IIA (ACVR2A), fibroblast growth factor 2 (FGF2), homeo box
A10 (HOXA10), homeo box All (HOXAII), and bone morphogenetic protein 8b
(BMP-8B)—were also detected by the microarray analysis as the genes with
significantly changed expressions in comparison with those of the normal male (data
not shown). In the streak gonads, which continue to express SRY mRNA, a similar
phenomenon may be suggested. The correct regulation of SRY mRNA expression is
essential for normal sex differentiation, and a disturbance might inhibit diversion into
the masculinization cascade, thereby tilting the sexual fate toward the feminization
cascade, the default pathway in mammals, even if SRY is translated normally. The
findings in this study provide an opportunity to understand the importance of
appropriate regulation of SRY expression in humans. Further investigation is required to
evaluate the relationship between prolonged high SRY expression and DSD by a

reconstitution experiment using laboratory animal models.
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In conclusion, the sex-determining genes were expressed not only in the gonads but
also in the skin of the adult 46,XY female patient as a vestige of sex differentiation
anomalies in the fetal period. In normal ontogenetic development, SRY expression,
involved in the first step of the male sex differentiation (depending on coordinated
expression of specific genes), is regulated in a strictly temporal and spatial manner. This
patient with prolonged activity of SRY provides a new insight into DSD and may help to

reveal the cause of human XY gonadal dysgenesis.
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SUMMARY

In normal ontogenetic development, the expression of the SRY gene, involved in the
first step of male sex differentiation, is spatiotemporally regulated in an elaborate
fashion. SRY is expressed in germ cells and Sertoli cells in adult testes. However, only
few reports have focused on the expressions of SRY and the other sex-determining genes
in both the classical organ developing through these genes (gonad) and the peripheral
tissue (skin) of adult XY females. In this study, I examined the gonadal tissue and
fibroblasts of a 17-year-old woman suspected of having disorders of sexual
differentiation by cytogenetic, histological, and molecular analyses. The patient was
found to have the 46,X,inv(Y)(pll.2q11.2) karyotype and streak gonads with
abnormally prolonged SRY expression. The sex-determining gene expressions in the
patient-derived fibroblasts were significantly changed relative to those from a normal
male. Furthermore, the acetylated histone H3 levels in the SRY region were significantly
high relative to those of the normal male. As SRY is epistatic in the sex-determination
pathway, the prolonged SRY expression possibly induced a destabilizing effect on the
expressions of the downstream sex-determining genes. Collectively, alterations in the
sex-determining gene expressions persisted because of disorders of sexual
differentiation not only in the streak gonads but also in the skin of the patient. The
findings suggest that correct regulation of SRY expression is crucial for normal male sex

differentiation, even if SRY is translated normally.
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Fig. I-1

(A) Metaphase of cultured gonadal tissue and peripheral blood from the patient by G-banding. An atypical
G-banding-positive chromosomal segment was observed in the short arm of the Y chromosome. The circle
indicates the Y chromosome with pericentric inversion. (B) Metaphase of cultured gonadal tissue and peripheral
blood from the patient by Q-banding. The Q-banded karyotype of the Y chromosome showed brilliant
fluorescence in the long arm (q12). (C) Metaphase FISH with the DYZ3 and DYZ1 probes. Dual-color FISH
(arrow) analysis of the metaphase chromosome revealed that two signals (DYZ3, centromere of the Y
chromosome, yellow; DYZ1, Y-long arm terminal portion [Yql2], green) were located nearby. (D) Metaphase
FISH with the SRY and DYZ1 probes. Dual-color FISH analysis using an SRY-specific probe (red) and a
DYZ1-specific probe (green) showed that the two signals were completely separated and in their specific
positions (arrow). (E) Schematic of the mechanism of Y chromosome pericentric inversion
—46,X,inv(Y)(p11.2q11.2). (F) DNA sequencing of SRY in the gonadal tissue and fibroblasts. A previously
identified synonymous SNP (rs11575897. ¢.465C>T; p.S155S) was found in homozygous form and is described
in dbSNP (http://www. ncbi.nlm.nih.gov/SNP/) as occurring at position 613 in SRY mRNA.
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Fig. I-2

(A) Representative histological image of the gonadal tissue from the patient showing
fibrous stroma without germ cells and neither a testicular nor an ovarian
differentiation pattern. (B) Leydig-like cells with eosinophilic cytoplasm
(arrowheads) were recognizable. (C) Formation of duct-like structures (arrowheads)
was also recognizable. This was undifferentiated gonadal tissue that had lost its germ
cells and undergone fibromatous involution. The histological investigation of the
gonadal tissues yielded a diagnosis of streak gonads.
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Fig. I-3

(A) Qualitative RT-PCR analysis of SRY mRNA expression (at 270 bp) in the
streak gonads. M, size marker; lane 1, negative control (-DNA); lane 2, the streak
gonadal tissue. (B) SRY expression found in the parenchymal cells of the
patient’s streak gonads (arrowheads). The inset shows a higher magnification of
the parenchymal cells.
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Fig. I-4

Quantitative RT-PCR analysis of the mRNA expressions of the sex-determining genes
and PCAF in the fibroblasts. The data were analyzed using Student’s #-test and
represented as the mean £ SE (n = 3). **p < 0.01 and *p < 0.05 versus the normal
male. (B) Acetylation status of histone H3 in SRY (p = 0.0021). The
immunoprecipitated DNA was subjected to PCR. Input DNA, before
immunoprecipitation, was used as the control. The data were analyzed using Student’s
t-test and represented as the mean + SE (n = 3). p <0.01 versus the normal male.
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Table I-1 Primer design

Target gene

) Product
Primer
size (bp)

Annealing

Number of

temperature (‘C) PCR cycles

DNA analysis
PABY

Forward
Reverse

SRY
Forward
Reverse
AMGL
Forward
Reverse
DYZ3
Forward
Reverse
DYS139
Forward
Reverse
DYS132
Forward
Reverse
DYSI
Forward
Reverse
DYZ1
Forward
Reverse
Sequencing
SRY
Forward
Reverse
ChIP assay
SRY
Forward

Reverse

(Nakahori ef al. 1991)

5’-GTACTACCTTTAGAAAACTAGTATTTTCCC-3”
5’-CTGCAGAAACAAGCTCATCAGCGTGACTAT-3’
5’-GAATTCTTAACAGGACCCATTTAGGATTAA-3’

Y=947
X=771

5’-CAGTGTGAAACGGGAGAAAACAGT-3’
5’-CTTCCGACGAGGTCGATACTTATA-3’

270

5’-CTGATGGTTGGCCTCAAGCCTGTG-3’
5’-TAAAGAGATTCATTAACTTGACTG-3’

Y=788
X=977

5’-ATGATAGAAACGGAAATATG-3’
5’-AGTAGAATGCAAAGGGCTCC-3’

170

5-ATTTCCTTGTCCAATTATCTTCT-3’
5’-AGTTCCATCCTTTATATAACTGT-3’

1650

5’-TAGGTGGTGGTGTTGGCTGA-3’
5’-ACTCTGAGGTGCAGTTAGCC-3’

420

5’-AATAGAGCCTTATCAGCAGC-3’
5’-AGTCAGTCTGGATGTTTCAG-3’

820

5’-AATTTGAGCATTCGTGTCCATTCT-3’
5’-AATGCCCTTGAATTAAATGGACT-3’
(Gimelli et al. 2006)

1024

5’-GAATCTGGTAGAAGTGAGTTTTGGA-3’
5’-TAAGAAAGTGAGGGCTGTAAGTTATCGT-3’

780

5’-TACAGGCCATGCACAGAGAG-3’
5S-TCTTGAGTGTGTGGCTTTCG-3'

179

\

65

57

33

30

30
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Table I-2 Primers used in real-time RT-PCR

Target gene Primer Reference
Forward 5’-CAGTGTGAAACGGGAGAAAACAGT-3’
SRY Nakahori et al. 1991
Reverse 5’-CTTCCGACGAGGTCGATACTTATA-3’
Forward 5’-ATCTGAAGAAGGAGAGCGAG-3’ .
SOX9 Kojima et al. 2008
Reverse 5’-TCAGAAGTCTCCAGAGCTTG-3’
Forward 5’-GCAGCTATACTGCAGGACTG-3’
FGF9 Knower et al. 2007
Reverse 5’-CAGTTCAGGTACTTTGTCGG-3’
Forward 5’-GCTGGAACTGCTCCACACTCG-3 B
WNT4 Kojima et al. 2008
Reverse 5’-CCCGCATGTGTGTCAGGATGG-3’
Forward 5’-GGCATCTGAGACCAGTGAGAA-3’ 3
WT1 Kojima et al. 2008
Reverse 5’-GAGAGTCAGACTTGAAAGCAGT-3’
Forward 5’-CCGCTTGCAGTTCGAGACTGTG-3’ .
DAX1 Kojima et al. 2008
Reverse 5’-CTCATGGTGAACTGCACTACTG-3’
Forward 5’-CTGGCCTGTCATCTCACTACG-3’ B
GATA4 Kojima et al. 2008
Reverse 5’-GGTCCGTGCAGGAATTTGAGG-3’
Forward 5’-CTATGAGCAGGCCTTCCTGG-3’ B
MIS Kojima et al. 2008
Reverse 5’-CCTCCAGGTGTAGGACCAC-3’
Forward 5’-CTACTACGAGTCCCGCAACC-3’
DHH Knower et al. 2007
Reverse 5’-CGCCAAAACCCAGTCTCC-3’
Forward 5’-ACGCTGCTGCAGAACTGCTGG-3’ .
SF1 Kojima et al. 2008
Reverse 5’-TTGCGGGGCATCTCGTTGCCC-3’
AR Forward 5’-GGTGAGCAGAGTGCCCTATC-3’
Reverse 5’-GAAGACCTTGCAGCTTCCAC-3’
ER Forward 5’-CAGGTGCCCTACTACCTGGA-3’
a —
Reverse 5’-TCCTTGGCAGATTCCATAGC-3’
Forward 5’-AGAACATTGCTTCGCTCGG-3’ )
PCAF Kurebayashi et al. 2000
Reverse 5’-TGCCTCAAGTCCAGAAGAGG-3’
Forward 5’-CATGGAGAAGGCTGGGGCTC-3’
GAPDH Truong et al. 2006
Reverse 5’-CACTGACACGTTGGCAGTGG-3’

—: I designed specific primers using Primer3.
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Table I-3 Summary of DNA analysis

Locus Normal male Patient
Blood Skin Gonad

PABY +

SRY + + +
AMGL + + + +
DYZ3 + + + +
DYS139 + + + +
DYS132 + + + +
DYS1 + + + +
DYZ1 + + + +

+: present

Eight different loci (PABY, SRY, AMGL, DYZ3, DYS139, DYS132, DYSI, and DYZI) of the Y
chromosome encompassing the distal short arm to the distal long arm were all present. Y

chromosome deletion was not noted in samples from peripheral blood, skin, and gonadal tissue.
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Chapter II:

Global gene profiling and comprehensive bioinformatics

analysis of a 46,XY female with pericentric inversion of the Y

chromosome
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INTRODUCTION

Disorders of human sexual determination/differentiation trigger malformations of the
internal and/or external genitalia ranging from genital ambiguity to complete sex
reversals such as those in the XY female and the XX male. DSD are not rare; they occur
in approximately 0.2-0.3% of the population [Fujimoto and Hayashi, 1983]. The
pathophysiology of DSD is complex, including numerical/structural sex chromosome
aberrations, sex differentiation-related gene mutations, disorders of steroid
formation/action, defects of androgen receptors, and other factors, and many
unexplained phenomena have been encountered in clinical experience [Hoshi et al.,
1998a, 1998b].

XY females are rare individuals who carry a Y chromosome but are phenotypically
female. The occurrence of XY gonadal dysgenesis, first described in 1955 by Swyer, is
estimated at 1:20,000 [Robinson and Linden 1993]. Individuals with this condition
appear to be normal females at birth, but they do not develop secondary sexual
characteristics at puberty, do not menstruate, and have streak gonads.

SRY, a testis-determining gene [Sinclair et al., 1990; Koopman et al., 1991], is
located on the short arm of the Y chromosome and plays a critical role in initiating testis
formation during gonadal development [Koopman et al., 1990, 1991]. However, the
mode of SRY action is poorly understood, even though 20 years have passed since the
SRY gene was identified in 1990, and the presence of missense mutation [Hawkins et al.,
1992a; Zeng et al., 1993; Imai et al., 1999; Okuhara et al., 2000; Shahid et al., 2004],
nonsense mutation [Hawkins et al., 1992a; Miiller et al., 1992; lida et al., 1994; Giuffre
et al., 2004], or frame shift mutation [Jéager et al., 1990; Kellermayer et al., 2005] in the
SRY gene has been detected in only about 10-20% of XY females [Hawkins et al.,

1992b; Lim et al., 1998]. Therefore, the cause of DSD has been highly controversial.
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Studying an XY female with no detectable mutations in the SRY gene may be relevant to
understanding the alterations in genes downstream of SRY and/or in X chromosomal or
autosomal genes in the sex-determining pathway. To that end, it is necessary to clarify
any differences in gene expression between XY females and normal males for the entire
genome, and not only those genes related to sex differentiation.

To tackle this problem, I compared gene expression patterns in cultured fibroblasts
from a normal adult male to those from the patient, an XY female with a pericentric
inversion of the Y chromosome but without functional mutation in SRY, using
Affymetrix GeneChip technology representing 22,283 distinct human genes.
Microarray-based gene expression profiling enables us to simultaneously profile the
expression of all genes expressed in an individual organism. Given the complexity of
DSD and our limited understanding of its pathogenetic mechanisms, I considered that
an exhaustive analysis of the changes occurring in the gene expression profile between a
normal adult male and a DSD patient would be very useful. In itself, however,
microarray analysis of the alterations in gene expression is not sufficient. It is also
necessary to translate the information on individual genes into a broader
characterization using systematic functional annotation. For example, GO analysis
[Ashburner et al., 2000] including three independent ontologies—the Biological Process,
Molecular Function and Cellular Component ontologies—enables us to annotate altered
genes biologically, while GenMAPP [Dahlquist et al., 2002] is a new tool for viewing
and analyzing microarray data on biological pathways. It is important to analyze the
changes in individual gene expressions from this collective, global perspective, and |
therefore considered that GO-based or pathway-based mapping of the gene expression
changes in a DSD patient could provide an understanding of the molecular-level
differences between normal adult males and individuals with DSD.

In the present study, using a comprehensive bioinformatics analysis, I attempted to
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reveal the molecular-level changes that contribute to DSD. Global genes profiling
analysis is very important in the analysis of several birth defects including defects in
sexual differentiation, and the findings of my study provide some insight into the

mechanisms leading to DSD.
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MATERIALS AND METHODS

Written informed consent was obtained from the patient and her parents, and the
study was approved by the institutional ethics board of Hokkaido University Graduate

School of Medicine.

Subject

The patient, a 17-year-old Japanese woman (gravida 0, para 0) of normal height, was
born to healthy parents as a low-birth-weight infant (1,910 g) with normal female
external genitalia at 39 weeks of gestation. She was referred to our institution for
primary amenorrhea with neither pubic nor axillary hair and underdeveloped breasts.
Pelvic MRI disclosed a uterus of normal size and shape which appeared to be functional
based on withdrawal bleeding in response to administration of hormonal agents. Ovaries
were not identified on MRI scans, and there were no signs of a mass on either side of
the inguinal region. She had elevated gonadotropin levels (LH = 117.1 mIU/mL, FSH =
417.5 mIU/mL) and extremely low levels of steroid hormones (testosterone = 0.22
ng/mL, progesterone = 0.35 ng/mL, estradiol (E2) = undetectable). Her past history was
notable for membranous nephropathy and an inguinal hernia requiring surgical repair at
age two. Detailed cytogenetic analysis revealed that she had the 46X,
inv(Y)(pl1.2q11.2) ish inv(Y)(SRY+,DYZ3+,DYZ1+) karyotype and a whole Y
chromosome. The sequence of the open reading frame of the SRY gene had a
synonymous SNP (c.465C>T; p.S155S), but no other mutation associated with a
functional abnormality was detected. Histologic examination of gonadal tissues yielded

a diagnosis of streak gonad. There were SRY-positive cells in a mostly fibrous stroma.
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Cell Culture

Primary cultures were established from the elbow skin and gonadal tissue. A human
male cell line from skin fibroblasts originating from a normal young man was purchased
from Cell Systems (Kirkland) and used as a normal male control. Cells were cultured in
a-MEM (Invitrogen-Gibco) supplemented with 10% FBS (Biowest) and incubated in
25 ¢cm?® cell culture flasks at 37°C in a humidified atmosphere with 5% CO,. The
medium was changed regularly, and cells were grown to confluence to standardize the

state of proliferation as much as possible.

RNA Extraction
Total cellular RNA was extracted from cultured skin and gonadal fibroblast cells
using an AllPrep "DNA/RNA Mini kit (Qiagen). Then, RNA samples were treated with

RNase-free DNase to eliminate genomic DNA contamination.

Gene Expression Profiling

For gene expression analysis of skin and gonadal fibroblasts, I used a GeneChip®
system with a Human Expression Array U133A spotted with 22,283 probe sets
(Affymetrix). The samples were prepared for the array hybridization as follows.
Biotin-labeled cRNA probes were generated from 5 pg of DNase-treated total RNA.
After fragmentation, the biotinylated cRNA probe was hybridized to HG-U133A arrays
at 45°C for 16 hr. The arrays were washed, stained with streptavidin-phycoerythrin, and
scanned with a probe array scanner. The scanned chip was analyzed using GeneChip
Analysis Suite software (Affymetrix). A representative signal value and detection p
value for each probe set were calculated with the Microarray Suite version 5 (MASS;
Affymetrix) algorithm [Tabuchi et al., 2006].

Data were imported into GeneSpring software version GX7.3.1 (Agilent), and the
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following normalizations were applied: data transformation setting measurements less
than 0.01 to 0.01 and per-chip normalization (total chip normalization to the 50th
percentile). The GeneChip control probes designed by Affymetrix, which are denoted by
IDs containing AFFX-, were eliminated from all probes. The flags (present, marginal, or
absent) were assigned by Affymetrix treatment of the arrays. A value of p > 0.06
indicates that the gene is not detected at a level significantly different from background
and is thus designated as absent; a value of p between 0.06 and 0.04 results in a
designation of marginal; and a value of p < 0.04 indicates that a gene is present. Only
signals designated present or marginal in at least three of four chips were used in further
analysis. This procedure facilitated the elimination of transcripts with very low signals
in both treatments (these transcripts were designated absent).

I extracted those genes whose expression levels differed between the patient and a
normal male (n = 2). A Welch’s #-test used to compare the expression levels between
the patient and the normal male, and p values less than 0.05 were regarded as
significant.

Gene annotation for Affymetrix platforms (U133A) was obtained from the
Affymetrix — NetAffyx Analysis Center (http://www.affymetrix.com/analysis/index.
affx), NCBI Entrez Gene (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene), GO
(http://www.geneontology.org/index.shtml), GenMAPP pathway (http://www.genmapp.
org/) and TRED (Transcriptional Regulatory Element Database; http://rulai.cshl.edu/
cgi-bin/TRED/tred.cgi?process=searchTFGeneForm).

To identify significantly over-represented GO categories in differentially expressed
genes, Fisher’s exact test was performed using the GeneSpring GO browser tool, which
iterates over all GO terms. P values less than 0.05 were regarded as significant. The
resulting statistically significant GO terms included in the Biological Process ontology

were grouped according to the GO classification defined in the L2L Microarray
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Analysis Tool (http://depts.washington.edu/12l/about.html).

To examine the signaling network in differentially expressed genes, I utilized a list of
the genes and their functions, cellular locations and signaling relations in the human
signaling network as reported by Cui et al. [2007], and the network visualization was
done by using the Cytoscape program (http://www.cytoscape.org/) [Shannon et al.,
2003]. The cerebral (Cell Region-Based Rendering And Layout) plug-in was used for
the layout with subcellular localization annotation (http://www.pathogenomics.ca/
cerebral/) [Barsky et al., 2007].

In order to detect significant differences at the level of functional categories, such as
pathway genes and transcriptionally regulated genes with a cis-regulatory element in the
promoter, I performed Parametric Analysis of Gene Set Enrichment (PAGE) as reported
by Kim and Volsky [2005]. This test was implemented by calculating a Z score for each
gene set, which measures the deviation of the average log-ratio for genes in the category
from the genome-wide average, in units of the standard deviation. The Z score for each

category was calculated as follows:

z=(-p)llo/n) .

where x4 and o represent the mean and the standard deviation of the total fold
change values of quality controlled genes in a given microarray data set, respectively,
x 1is the mean of the fold change values of genes for a given gene set and n is the
size of a given gene set. The predefined gene sets were created from GenMAPP and
TRED. I used Excel2003 (Microsoft, Redmond, WA, USA) to obtain the Z score and

the corresponding p value.
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RESULTS

Gene Expression Profile by Microarray Technology

Exhaustive analysis using DNA microarrays representing 22,283 different probe sets
showed striking differences in the gene expression profiles between a normal male and
the patient. When only those genes with significantly different expression levels (p <
0.05) were selected, a total of 1,820 probe sets were identified as showing significantly
differential expression between the skin fibroblasts of the patient and the normal male.
Of these 1,820 transcripts, 988 were upregulated and 832 were downregulated in the

patient vs. the normal male.

Feature Extraction of Altered Genes by GO analysis

The genes differentially expressed between the patient and the normal male were
subjected to functional clustering according to the GO classification. I first grouped the
genes belonging to the GO Biological Process category into 18 major categories
according to the L2L. Microarray Analysis Tool. This pie chart was able to represent at a
glance the entire spectrum of cellular functions associated with the Biological Process
ontology in the patient, and thus there was not much difference in feature extraction by
means of GO classification defined in the L2L Microarray Analysis Tool between the
upregulated genes and the downregulated genes in the patient (Fig. II-1A, B).

Next I viewed each of the GO categories separately (Biological Process, Molecular
Function, and Cellular Component). The results for the Biological Process category are
shown in Tables II-1 and II-2. The GO terms were ranked by p value, and only the top
20 GO terms from the lists of both the significantly upregulated and downregulated
genes were included in Table II-1. It is striking that GO terms categorized in the

development category of the Biological Process ontology were included in the list of
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upregulated genes (shown in bold) but not included in the list of downregulated genes.
Table II-2 represents only those GO terms that were included in the development
category and whose p values were less than 0.01. The sex determination was included
(shown in bold). The results for the Molecular Function ontology are shown in Table
II-3. Only GO terms whose p values were less than 0.001 in the significance lists for
both upregulated and downregulated genes were included in Table II-3. GO terms of the
transcriptional repressor activity, transcription corepressor activity, transcription
cofactor activity and transcription factor binding were included in the list of upregulated
genes (shown in bold). The results for the Cellular Component ontology are shown in
Table II-4. Only GO terms whose p values were less than 0.001 in the significance lists
for both upregulated and downregulated genes were included in Table II-4. A GO term
of the MHC class I protein complex was included in the list of upregulated genes
(shown in bold) and GO terms of the condensed chromosome, pericentric region and the
chromosome, pericentric region were included in the list of downregulated genes

(shown in bold).

Altered Gene Network

The genes differentially expressed between the patient and the normal male were
used to construct a gene network by referring to the data reported by Cui et al. [2007].
Because the up- and downregulated proteins interacted with each other, I included both
up- and downregulated genes in a single gene network. This network included 85
proteins connected by 151 interactions (Fig. 1I-2). The nodes of KIT, KITLG, GRB10,
ID1, ID2, ID3, ID4, HES1, DAB2 and TGFBR1 were evident in this network. These

genes were connected to each other and a series of genes was shown to be upregulated.
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Pathway Changes

Normalized genes were grouped into functional categories using PAGE and the
pathway data from GenMAPP, forming 79 functional pathways. The up- or
downregulation of these functional pathways in the patient (compared to the normal
male) was targeted and p values less than 0.05 were regarded as significant. The patient
showed 25 altered pathways, 13 of which were significantly decreased, and 12 of which
were significantly increased (Fig. I1I-3). The transforming growth factor-f (TGF-B)
signaling pathway was increased, while the electron transport chain pathway and Wnt

signaling pathway were decreased.

Significant Changes of Transcription Factors

In order to determine whether or not each transcription factor was active in the
patient, I utilized PAGE and the data from TRED. 63 transcription factors were
extracted and filtered to include only those with p values less than 0.05, which were
regarded as statistically significant. As a result, 32 transcription factors (12 decreased
and 20 increased) were found to be significantly different between the patient and the
normal male (Fig. 1I-4). Interestingly, ESR1 and WT1, which are associated with sex

development, were included.
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DISCUSSION

It has been reported that the prevalence of males with pericentric inversions of the Y
chromosome is approximately 1:1,000 in the general population [Zeuthen and Nielsen,
1973; Toth et al., 1984], and pericentric inversion of the human Y chromosome is
considered a structural variant that does not influence phenotype [Schmid 1985; Krishna
Murthy et al., 1989]. Therefore, I considered that the patient could have had the same
XY cells as normal males at the cellular level. If so, despite the XY cells being identical
in origin, what changes could have occurred at the molecular level between a normal
male and an XY female?

In the present study, using comprehensive bioinformatics analyses, I tried to provide a
molecular-level comparison between a normal XY male and an XY female. This study
was performed using human skin fibroblasts derived from an XY female with a
functional SRY and pericentric inversion of the Y chromosome, and the results were
compared with those for a normal male. Skin fibroblasts were used for the following
reasons: 1) it is difficult to obtain normal male gonads as a control; ii) chromosome
examinations indicated that the skin and gonadal fibroblasts of this patient had an
identical karyotype; and iii) SRY was expressed in both skin and gonadal fibroblasts of
this patient (data not shown). My objective was to further clarify the overall changes in
gene expression and to provide clues for exploring the complex pathogenesis of XY
females without SRY functional mutation. For that purpose, several methods of analysis
were used to examine different aspects of gene expression.

Exhaustive analysis using DNA microarrays revealed striking differences in the gene
expression profiles between a normal male and the patient. Of these 22,283 probe sets, I
identified 1,820 probe sets (988 upregulated and 832 downregulated) that showed

significant differences in transcription levels between the patient and the normal male.
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Interestingly, not only genes on the Y chromosome in which pericentric inversion
occurred, but also numerous genes on autosomal or X chromosomes were altered in the
patient. In order to untangle the complex changes and extensive interaction among the
differentially expressed genes, in-depth analyses using a data mining technique were
required. Here I describe results with a focus on genes associated with not only sex
determination/differentiation but also development and morphogenesis, and genes
which were localized near the inversion breakpoints of chromosome Y.

Using a gene network to study the functional relationship between related genes
offers novel perspectives on the molecular basis of the phenomenon in question. The
genes differentially expressed between the patient and the normal male were used to
generate a gene network by referring to the data of Cui et al. [2007]. The nodes of KIT,
KITLG, GRB10, ID1, ID2, ID3, ID4, HES1, DAB2 and TGFBR1 were connected to
each other and the increased expression of a series of genes was revealed. Signaling
from the KIT receptor tyrosine kinase is essential for primordial germ cell growth both
in vivo and in vitro, and most cell-cell interactions during embryonic development
involve the receptor tyrosine kinase and TGF-f pathways [Pires-daSilva and Sommer,
2003]. The membrane-bound protein encoded by TGFBR1 binds TGF-f and forms a
heterodimeric complex with the TGF-p II receptor [Franzén et al., 1993; Johnson et al.,
1995] for activation of their kinase (signaling) function. Pathways which were involved
in primordial germ cell growth and/or embryo development were altered.

The GO Consortium [Ashburner ef al., 2000] includes three independent ontologies
that respectively describe biological processes, molecular functions and cellular
components. The goal of the GO Consortium is to produce a dynamic, controlled
vocabulary that can be applied to all eukaryotes even as our knowledge of the roles of
cellular genes and proteins continues to accumulate and change. Using the GO

classification system, I tried to extract the features of the altered genes in this patient.
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As a result, I determined that numerous genes in the development category of the
Biological Process ontology were upregulated. Notably, these upregulated genes
included several genes for sex determination. It was significant for this patient, and for
DSD patients generally, that the GO term of sex determination was extracted as one of
the features of the altered genes. In other words, the precise GO term which would be
expected to represent the cause of DSD was altered. In the Molecular Function ontology,
genes associated with transcriptional repressor activity, transcription corepressor
activity, transcription cofactor activity and transcription factor binding, which were
transcription-associated GO terms, were upregulated, and these changes could play a
role in the expression of a huge number of genes either directly or indirectly. In the
Cellular Component ontology, genes related to the MHC class I protein complex were
upregulated. It has been reported that engagement of CD99 induces upregulation of an
MHC class I molecule on the surface of human thymocytes [Choi et al., 1998]. The
CDY99 gene was expressed at a 2.198-fold higher level in this patient than in the normal
male control (p = 0.0179). Therefore, the upregulation of the MHC class I protein
complex may be attributed to the elevated levels of CD99 expression. In addition, CD99
is located on the distal part of Yp, namely, Ypter-Yp11.2 [Buckle et al., 1985], which
means that CD99 was located adjacent to the chromosomal position at which the
inversion occurred [inv(Y)(pl1.2q11.2)]. The pericentric inversion of the Y
chromosome may affect the expression of CD99. Upregulation of the MHC class I
protein complex induced by upregulation of CD99 may be the event which came under
the direct influence of the pericentric inversion of the Y chromosome. Meanwhile, the
genes for condensed chromosome, pericentric region and chromosome, pericentric
region were downregulated. Surprisingly, however, neither of these sets of genes
included the genes on the Y chromosome. Instead, they included the genes on

chromosomes 1, 2, 4, 10, 15, 17, and X (data not shown). It was interesting that
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pericentric inversion of the Y chromosome may affect the pericentric regions of other
chromosomes.

PAGE [Kim and Volsky, 2005] is a useful microarray analysis method. It is
statistically sensitive and requires less computation than many other programs. It can
identify biological themes that are significantly changed from a microarray data set
irrespective of the microarray data analysis methods or microarray platforms used, and
it is useful for comparing multiple microarray data sets. Meanwhile, GenMAPP
[Dahlquist ef al., 2002] is a new tool for viewing and analyzing microarray data on
biological pathways. It displays gene expression data on pathways by color-coding the
genes based on data and criteria provided by the investigator, and also has graphics
tools for constructing and modifying pathways. In addition, it provides access to
annotation for genes and a connection with pathway experts. In this study, normalized
genes were grouped into functional categories using PAGE and the pathway data from
GenMAPP, forming 25 (13 decreased and 12 increased) altered functional pathways in
the patient (compared to a normal male). The functional gene pathway analysis (PAGE)
revealed that not only at the gene level, but also at the pathway level, there were clear
differences between the patient and the normal male. For example, the electron
transport chain pathway was significantly decreased. This pathway includes the ANT3Y
gene. The ADP/ATP translocase gene (ANT3) is located on the pseudoautosomal region
of the X (Xp22.32) and Y (Ypll.3) chromosomes, escapes X inactivation, and is
transcribed from the Y chromosome and from both the active and the inactive X
chromosome [Slim et al., 1993]. This was the alteration of the pathway involving the Y
chromosome with pericentric inversion, and this alteration may have been affected by
the pericentric inversion. At the same time, it is interesting that the TGF-f signaling
pathway and Wnt signaling pathway were altered, because it has been reported that only

a few signaling pathways are required to generate the bewildering number of cell types
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and patterns, and most cell-cell interactions during embryonic development involve the
Hedgehog, Wnt, TGF-B, receptor tyrosine kinase, Notch, JAK/STAT and nuclear
hormone pathways [Pires-daSilva and Sommer, 2003].

In order to understand gene regulation, accurate and comprehensive knowledge of
transcriptional regulatory elements is essential. TRED can provide good training
datasets for further genome-wide cis-regulatory element prediction, assist in detailed
functional studies, and facilitate the deciphering of gene regulatory networks. In order
to determine whether or not each transcription factor was active in this patient, I utilized
PAGE and the data from TRED. Analysis of the gene sets regulated by transcription
factors (PAGE) revealed that 32 transcription factors (12 decreased and 20 increased)
were significantly different between the patient and the normal male. The expression
levels of all of these transcription factors were altered, a level of change which would
have an incalculable impact on gene expression in any organism. Interestingly, ESR1
[Corbo et al., 2007] and WT1 [Klattig et al., 2007], which were associated with sex
development, were also included among the altered transcription factors.

I observed consistent and characteristic differences in the gene expression patterns
between the DSD patient and a normal male control. Only the most important
conclusions taken from these data were discussed, in brief, above. It was of special
interest to me that alterations of genes associated with development, including sex
determination and organ morphogenesis genes, were observed in the patient and that
alterations of the functional pathways in which most cell-cell interactions during
embryonic development are involved were observed in the patient. The alterations of
gene expression may have been related in some way to the inversion of the Y
chromosome, because the present patient had only inversion but no deletion of the Y
chromosome; that is, the gene dosage was unchanged. Several aspects of my analyses

may be widely extensible, and gene-profile comparisons between a patient and a normal
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male control provide an interesting way to explore the complex pathophysiology of XY
females.

In conclusion, alterations in the expression of numerous genes at the developmental
stage—including alterations at both the gene and pathway levels—may persist as a
vestige of anomalies of sex differentiation that presumably began in the fetal period.
This study indicates that a data mining technique using bioinformatics contributes to
identification of not only genes responsible for birth defects but also DSD-specific
pathways, and that this kind of analysis is an important tool for clarifying the
pathophysiology of human idiopathic XY gonadal dysgenesis. These findings could
serve as one of the basic data set which will be used for future investigations, because
the accumulation of differences in gene expression between patients and normal control
leads to understanding of the pathogenic mechanism of DSD. My approach suggests a

number of important avenues for future follow-up research.
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SUMMARY

XY females are rare individuals who carry a Y chromosome but are phenotypically
female. In approximately 80-90% of these cases, there are no mutations in the SRY gene,
a testis-determining gene on the short arm of the Y chromosome, and the
pathophysiology of XY females without SRY mutation remains unclear. In this study, I
used a molecular data mining technique to analyze the pathophysiology of an XY
female with functional SRY and pericentric inversion of the Y chromosome, and
compared the results with those for a normal male. Interestingly, upregulations of
numerous genes included in the development category of the Biological Process
ontology, including genes associated with sex determination and organ morphogenesis,
were seen in this patient. Additionally, the TGF- signaling pathway and Wnt signaling
pathway, in which most cell-cell interactions during embryonic development are
involved, were altered. In conclusion, alterations in the expression of numerous genes at
the developmental stage—including alterations at both the gene and pathway
levels—may persist as a vestige of anomalies of sex differentiation that presumably
began in the fetal period. This study indicates that a data mining technique using
bioinformatics contributes to identification of not only genes responsible for birth
defects but also DSD-specific pathways, and that this kind of analysis is an important
tool for clarifying the pathophysiology of human idiopathic XY gonadal dysgenesis. My
findings could serve as one of the basic data set which will be used for future follow-up

investigations.
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Fig. II-1

The proportion of the genes associated with the major GO terms which are included
in the Biological Process ontology.

The pie charts show that the expression of some genes was significantly increased
(A) and that of others was significantly decreased (B) in the patient (p < 0.05).
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Fig. 1I-2
Gene network of 85 proteins from the up- and downregulated genes in the patient.
This network is connected by 151 interactions. The nodes of KIT, KITLG, GRB10, ID1,
ID2, ID3, ID4, HES1, DAB2 and TGFBR1 were evident in this network (shown in
bold). These genes were connected to each other, revealing that a series of genes was

upregulated. FC indicates Fold Change.
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PAGE (GenMAPP)

Pathway Name Number of Genes

Id Signaling Pathway 66
Inflammatory Response Pathway 29
Adipogenesis 139
Hypertrophy model 27
Cholesterol Biosynthesis 27
* TGF Beta Signaling Pathway 64
Kit-Receptor 74
Focal adhesion 220
Nuclear receptors in lipid metabolism and toxicity 13
Triacylglyceride Synthesis 16
Circadian Exercise 68
Tryptophane Metabolism 36
Apoptosis 102
Glycolysis and Gluconeogenesis 40
Eicosanoid Synthesis 14
Ovarian Infertility Genes 22
mRNA processing 224
TNF-alpha-NF-kB 252
* Electron Transport Chain 114
GPCRDB Class A Rhodopsin-like 25
Cell Cycle-G1 to S control 75
Prostaglandin synthesis regulation 25
* wnt 138
DNA replication 44
Cell cycle 92
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Fig. II-3

Significant changes of pathways between a normal male and the patient.
Significantly altered genes in the normal male and the patient were clustered into
functional pathways. In the patient, there were 25 significantly altered pathways, of
which 12 pathways were significantly upregulated and 13 pathways were
significantly downregulated, compared to pathways in the normal male. Number of
genes represents the number of altered genes included in each pathway. The
pathways which were picked up in this study (*) are highlighted.
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PAGE (TRED)
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Fig. II-4

Significant changes of transcription factors between a normal male and the patient.
Significantly altered genes between the normal male and the patient were classified
under functional transcription factors. 32 transcription factors were significantly
different between the patient and the normal male. 20 transcription factors were
significantly upregulated and 12 transcription factors were significantly
downregulated. Number of genes represents the number of altered genes regulated
by each transcription factor. The transcription factors which were picked up in this
study (*) are highlighted.
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Table II-1 Top 20 Gene Ontology Biological Process terms statistically significantly altered in the patient

Genes in

Genes in List

GO ID GO Term Category _in Category p-value
Upregulated in the patient
GO:0050852 T cell receptor signaling pathway 30 12 531 %107
GO:0008354  Germ cell migration 13 8 2.81 %107
GO:0050858  Negative regulation of antigen receptor mediated 5 5 0.000000251
signaling pathway
GO:0050860  Negative regulation of T cell receptor signaling 5 5 0.000000251
pathway
GO:0050851  Antigen receptor-mediated signaling pathway 42 12 0.000000399
GO0:0009887  Organ morphogenesis 747 62 0.0000174
GO:0050856  Regulation of T cell receptor signaling pathway 9 5 0.0000269
GO:0006817  Phosphate transport 115 17 0.0000334
GO:0007179  Transforming growth factor beta receptor signaling 83 14 0.0000369
pathway
G0:0030334  Regulation of cell migration 128 18 0.0000393
GO0:0001568  Blood vessel development 303 31 0.0000602
GO:0007178  Transmembrane receptor protein serine/threonine 133 18 0.0000658
kinase signaling pathway
GO0:0030335  Positive regulation of cell migration 39 9 0.0000742
GO:0048513  Organ development 1472 102 0.0000883
GO:0001944  Vasculature development 311 31 0.0000979
GO0:0042675  Cone cell differentiation 3 3 0.00011
GO:0048712  Negative regulation of astrocyte differentiation 3 3 0.00011
GO:0051281  Positive regulation of release of sequestered 3 3 0.00011
calcium ion into cytosol
GO0:0046549  Retinal cone cell development 3 3 0.00011
GO0:0042670  Retinal cone cell differentiation 3 3 0.00011
Downregulated in the patient
GO0:0050875  Cellular physiological process 13554 611 0.000000831
GO0:0006979  Response to oxidative stress 130 19 0.00000175
GO:0012501  Programmed cell death 1219 82 0.00000903
GO:0008219  Cell death 1301 86 0.0000105
GO0:0000278  Mitotic cell cycle 565 46 0.0000106
GO:0009117  Nucleotide metabolism 259 27 0.0000109
GO0:0051641  Cellular localization 984 69 0.0000129
GO0:0045210  FasL biosynthesis 5 4 0.0000143
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Table II-1 (Continued)

Genes in

Genes in List

GO ID GO Term Category _in Category p-value
G0:0042752 Regulation of circadian rhythm 5 4 0.0000143
GO:0016265 Death 1313 86 0.0000148
GO:0051649 Establishment of cellular localization 959 67 0.0000195
GO:0045454 Cell redox homeostasis 69 12 0.000024
G0O:0006800 Oxygen and reactive oxygen species metabolism 169 20 0.0000245
GO:0006915 Apoptosis 1208 79 0.0000358
GO0:0006259 DNA metabolism 1061 71 0.0000445
G0O:0006790 Sulfur metabolism 100 14 0.0000645
G0:0008104 Protein localization 1094 71 0.000115
G0O:0008632 Apoptotic program 176 19 0.000135
GO:0044248 Cellular catabolism 870 59 0.00014
G0:0000226 Microtubule cytoskeleton organization and 111 14 0.000202

biogenesis

‘Genes in Category’ represents number of genes included in the GO category; ‘Genes in List in

Category’ represents number of altered genes in the GO category. GO terms are ranked by p value.

GO terms categorized into development are shown in bold.
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Table II-2 Statistically significantly upregulated Gene Ontology terms categorized into development
(Biological Process) in the patient (p < 0.01)

GO ID GO Term g;;egsoi_r; Cl?zrlcejtir;(l)}i;t p-value
G0:0009887  Organ morphogenesis 747 62 0.0000174
GO0:0001568  Blood vessel development 303 31 0.0000602
GO0:0048513  Organ development 1472 102 0.0000883
G0:0001944  Vasculature development 311 31 0.0000979
GO:0042675  Cone cell differentiation 3 3 0.00011
GO:0048712  Negative regulation of astrocyte differentiation 3 3 0.00011
GO:0046549  Retinal cone cell development 3 3 0.00011
GO0:0042670  Retinal cone cell differentiation 3 3 0.00011
GO:0007507  Heart development 139 17 0.000359
GO:0050793  Regulation of development 335 31 0.000369
GO:0050767  Regulation of neurogenesis 91 13 0.000387
GO:0048514  Blood vessel morphogenesis 264 25 0.000947
GO0:0007275  Development 3662 211 0.0014
GO0:0045665  Negative regulation of neuron differentiation 12 4 0.00191
GO0:0048708  Astrocyte differentiation 6 3 0.00197
GO:0048710  Regulation of astrocyte differentiation 6 3 0.00197
GO0:0042483  Negative regulation of odontogenesis 2 2 0.0023
G0:0042489  Negative regulation of odontogenesis (sensu 2 2 0.0023

Vertebrata)
GO:0001525  Angiogenesis 240 22 0.00279
GO0:0007517  Muscle development 256 23 0.00293
GO0:0043353  Enucleate erythrocyte differentiation 7 3 0.00333
GO0:0048592  Eye morphogenesis 42 7 0.00353
G0:0045995  Regulation of embryonic development 14 4 0.00357
GO0:0008544  Epidermis development 174 17 0.00426
G0:0007498  Mesoderm development 58 8 0.00619
G0:0042481  Regulation of odontogenesis 3 2 0.00667
G0:0007398  Ectoderm development 197 18 0.00668
GO0:0030033  Microvillus biogenesis 9 3 0.00743
GO:0050768  Negative regulation of neurogenesis 37 6 0.00777
GO:0007530  Sex determination 27 5 0.00839
GO:0050770  Regulation of axonogenesis 38 6 0.00887

‘Genes in Category’ represents number of genes included in the GO category; ‘Genes in List in

Category’ represents number of altered genes in the GO category. GO terms are ranked by p value.

An arbitrary significant GO term is shown in bold.
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Table II-3 Gene Ontology Molecular Function terms statistically significantly altered in the patient (p < 0.001)

Genes in

Genes in List

Go1b GO Term Category  in Category p-value
Upregulated in the patient
GO:0047115  Trans-1,2-dihydrobenzene-1,2-diol 6 5 0.00000136
dehydrogenase activity
GO:0016564  Transcriptional repressor activity 361 38 0.00000362
GO0:0003714  Transcription corepressor activity 179 24 0.00000411
GO0:0004883  Glucocorticoid receptor activity 4 4 0.000005
GO:0008195  Phosphatidate phosphatase activity 8 0.0000117
GO0:0005201  Extracellular matrix structural constituent 143 20 0.0000136
GO0O:0030106  MHC class I receptor activity 36 9 0.0000341
GO0:0004857  Enzyme inhibitor activity 318 32 0.0000508
G0:0047026  3-alpha-hydroxysteroid dehydrogenase 3 3 0.000106
(A-specific) activity
GO0O:0004033  Aldo-keto reductase activity 19 6 0.000177
G0O:0004866  Endopeptidase inhibitor activity 160 19 0.000209
GO:0030414  Protease inhibitor activity 161 19 0.000227
GO:0008201  Heparin binding 136 17 0.00024
GO0:0003712  Transcription cofactor activity 501 41 0.000484
GO0:0004030  Aldehyde dehydrogenase [NAD(P)+] activity 10 4 0.000835
GO:0008134  Transcription factor binding 683 51 0.000893
GO0:0016628  Oxidoreductase activity, acting on the CH-CH 25 6 0.000906
group of donors, NAD or NADP as acceptor
Downregulated in the patient
GO0O:0016728  Oxidoreductase activity, acting on CH2 groups, 4 4 0.00000289
disulfide as acceptor
G0:0004748  Ribonucleoside-diphosphate reductase activity 4 4 0.00000289
G0:0047485  Protein N-terminus binding 85 14 0.00000928
GO:0005515  Protein binding 9920 466 0.0000111
GO0O:0003918  DNA topoisomerase (ATP-hydrolyzing) activity 5 4 0.000014
GO:0016860  Intramolecular oxidoreductase activity 57 11 0.000018
GO0:0016725  Oxidoreductase activity, acting on CH2 groups 7 4 0.0000914
GO0:0003824  Catalytic activity 6300 306 0.000211
GO:0015038  Glutathione disulfide oxidoreductase activity 4 3 0.000272
GO0:0048027 mRNA 5'-UTR binding 4 3 0.000272
GO:0015037  Peptide disulfide oxidoreductase activity 4 3 0.000272
GO0O:0004667  Prostaglandin-D synthase activity 4 3 0.000272
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Table I1-3 (Continued)

GO ID GO Term (Cj}ztzfgi)il; Ci};rg:t:;;tt p-value

GO0:0016655 Oxidoreductase activity, acting on NADH or 43 8 0.000327
NADPH, quinone or similar compound as
acceptor

G0:0016862 Intramolecular oxidoreductase activity, 17 5 0.000484
interconverting keto- and enol-groups

G0:0046870 Cadmium ion binding 10 4 0.000496

G0:0003916 DNA topoisomerase activity 10 4 0.000496

‘Genes in Category’ represents number of genes included in the GO category; ‘Genes in List in

Category’ represents number of altered genes in the GO category. GO terms were ranked by p value.

Arbitrary significant GO terms are shown in bold.
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Table I1-4 Gene Ontology Cellular Component terms statistically significantly altered in the patient (p < 0.001)

Genes in

Genes in List

GO ID GO Term Category  in Category p-value
Upregulated in the patient
GO:0005581  Collagen 76 15 0.00000232
GO:0005578  Extracellular matrix (sensu Metazoa) 748 62 0.0000135
G0:0042611  MHC protein complex 78 14 0.0000159
GO:0031012  Extracellular matrix 757 62 0.0000194
GO:0005583  Fibrillar collagen 22 7 0.0000481
G0:0005586  Collagen type I1I 3 3 0.000106
GO:0016011  Dystroglycan complex 12 5 0.000142
GO:0001527  Microfibril 7 4 0.000157
GO0:0016012  Sarcoglycan complex 8 4 0.000302
GO0:0001772  Immunological synapse 102 14 0.000322
GO0:0042612  MHC class | protein complex 50 9 0.000507
GO:0005604 Basement membrane 122 15 0.000663
GO:0005605 Basal lamina 52 9 0.000684
Downregulated in the patient

GO:0005622  Intracellular 13108 580 0.000000182
GO:0005737  Cytoplasm 8736 412 0.000000594
GO:0005635  Nuclear membrane 313 31 0.00000308
GO:0005694  Chromosome 505 42 0.00000569
GO:0015630  Microtubule cytoskeleton 547 44 0.00000799
GO:0005874  Microtubule 305 29 0.000014
G0:0005654 Nucleoplasm 1096 70 0.0000594
G0:0043232  Intracellular non-membrane-bound organelle 2299 127 0.0000646
G0:0043228 Non-membrane-bound organelle 2299 127 0.0000646
GO:0005819  Spindle 120 15 0.0000841
GO:0043229 Intracellular organelle 10447 464 0.000108
GO:0043226  Organelle 10447 464 0.000108
GO0O:0016235  Aggresome 4 3 0.000244
GO0:0043231  Intracellular membrane-bound organelle 9339 417 0.000318
GO0:0043227 Membrane-bound organelle 9339 417 0.000318
GO:0000777  Condensed chromosome kinetochore 36 7 0.000468
GO0:0030496  Midbody 18 5 0.000548
GO0:0000779  Condensed chromosome, pericentric region 38 7 0.00066
GO0:0000775 Chromosome, pericentric region 103 12 0.000802

‘Genes in Category’ represents number of genes included in the GO category; ‘Genes in List in

Category’ represents number of altered genes in the GO category. GO terms were ranked by p value.

Arbitrary significant GO terms are shown in bold.
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CONCLUSION

In the mammalian sex differentiation, two steps have been distinguished [Jost et al.,
1973]: the first step from the chromosomes to the formation of the gonads (controlled
by sex-determining genes) and the second step from the gonads to the phenotype (by
production of gonadal hormones). DSD occur by disorders in these processes. It has
been reported that DSD occur both in humans and in domestic animals—goats, 1lama,
sheep, pigs, dogs, cats, rabbits, and horses. The identification of SRY in 1990 was the
first crucial step towards a general understanding of sex determination or differentiation.
Now, after 20 years of research in this field, analysis of individuals with DSD has led to
the identification of several new genes in the sex-determination cascade. Furthermore,
substantial information has been obtained by studying the following model animals with
DSD—such as (1) C57BL/6J (B6) mice carrying a Y chromosome of Mus domesticus

. . . . P
poschiavinus origin (XY 08

), which develop either as females with exclusively ovarian
tissue or as true hermaphrodites with ovarian and testicular tissues [Eicher ef al., 1996],
and (2) M33 (homologous to the Drosophila polycomb genes) mutant mice showing XY
sex reversal [Katoh-Fukui et al., 1998]. However, many of the interactions between
these sex-determining genes/proteins remain to be elucidated, and certainly, other
sex-determining genes and proteins remain to be identified.

This study involved a 17-year-old XY female. The results of clinical analysis
indicated that SRY mRNA, which essentially reaches peak levels at 44 days of gestation
in the testis cord, was highly expressed not only in her gonads but also in her skin
fibroblasts. In addition, alterations—at the gene and/or pathway levels—in the
expression of numerous genes acting at the developmental stage (including

sex-determining genes) were detected, and these alterations may have persisted as a

vestige of anomalies of sex differentiation that presumably began in the fetal period.
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In normal ontogenetic development, SRY expression, involved in the first step of sex
differentiation in males (depending on the coordinated expression of specific genes), is
regulated in a strictly spatio-temporal manner. Therefore, delayed Sry expression
[Bullejos and Koopman, 2005]; insufficient Sry expression [Albrecht et al., 2003;
Washburn ef al., 2001]; and delayed downregulation of the SRY protein, which must be
downregulated in close association with testis cord organization [Taketo et al., 2005],
are associated with sex reversal in mice. The current finding of prolonged activity of
SRY strongly suggests that accurate regulation of SRY mRNA expression is essential for
normal sex differentiation. A disturbance in SRY regulation might inhibit diversion into
the male sex-determination cascade, thereby tilting the sexual fate toward the female
sex-determination cascade—the default pathway in mammals—even in the case of
normal SRY translation.

Recently, epigenetics has been considered to be a novel area of research and is
expected to be extensively investigated. The alteration of SRY expression in the case of
the XY female in my study suggested a possible mechanism for the activation of SRY
expression via histone H3 acetylation. A high rate of morphological and
histopathological abnormalities has been reported in cloned animals [Wells et al., 1999;
Renard et al., 1999; Ono et al., 2001], and epigenetic instability is thought to be
causally related to these various abnormalities [Humpherys et al., 2001]. From this
standpoint, my findings provide a unique opportunity to understand the association
between abnormalities of sex determination or differentiation and epigenetic
abnormalities.

The current study provides a great deal of thought-provoking information, which is
expected to inspire future research in this field. Further studies on DSD in humans will
contribute to the identification of unknown genes and to a more comprehensive

understanding of mechanisms that underlie mammalian sex determination.
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SUMMARY IN JAPANESE

AW HBARHI AR 2 8159 2 7o OITHESE L 7o A YA, RSB IEE# A < T
ST AT L TH Y, M/ ITRRD TEERE R A D SLIERE S VI EMGE & &
b5, B FEIZUD & T IO SMEIE, R EMER DO 2180 O v 7T L3
HAE SN TWD DT Tz <, BARRITHER THh  MERIMER ) B8 S 5T Tk
ToHEIND. Thbb, ROMERERRICHLET 2RBRERIEFTHD Y Y
& 0 SRY (sex determining region of the Y chromosome) i&{m1725M#) < S5 DI MET Sy
fbL, @2 nGa BB/ 5. SRY BT DORIEIC L 0PI
LN SN D b O L B 23, SRY Bin T DIREE B0 K K, R CIEAH O
DINTRWNHEEEEDF S LMD IO, 1 ODOBIGTFIC L - THII S 513 CHHiZe
DTERNZ LRGN L oo ITED AP FIEDIE R D TR E
DIEFIEHT N 52 < DM LBIHER T3 6 M S 4L, R EHEIR TReZZIBIIAEH]
T B P BB AR T REDTEAEA B BT 7R BIC O T, YIRS A DM S DS FFRRG% &
, PEDME & ORI 2285 81X, SRY Bin 1 DRIED S 20 8- 7 8IE
HLRIZWEDIRICH D L S X F 2D bamnian. 7k 2, XY P RRIR BRI Lok

(XY FUPEER) FEBNZ IV TIA (SRY BInT-52H) RNHGNER>TWDHDIX 15%
R &9, XY BUEWERRIED Y T2, KR L L TARAZRAN S EShTn
5.

7 OIS OB A DT RIS % bR S LD BB RO E (L E £ 0D
LA (BLOZOFEMEE) THEIZTE Y X7 4 7 A1, B4 - itk fiflao
FHEALOERERIEI LR EE 2 H > THND ZERHLERD, JTHE, KE<ER
ENTWD. ZEY=RT 47 AL, DNA ODATF L 7u~F oo VET Y V7
LB TRABERZIONTEY, T 3T 4 7 AR E & k-3 EBAEDMb
ICEENE LS. MG T RBOBBZ RS TV D OIREER 7O Th 503, #iET
DAY/ FTIZIEDNA A TF bl 7 a~F UAEEEHRAEE L TR0, WobiEo
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PRSIV TS, TEROMILIEIR T - 5 FAEWFHIITICNZ, =85 A
fENT OB IR S D, Fiz, Mok T OEFEOEMERFIEMM BV T, ST
B ROMBEIRN B ULEATHD EEZDBND. T, DNA ~A 27 a7 LA it e A
FA LT AT A7 ADRRIZELY, BT OBIEFHEBLZ MBI L, BfF0&
LT T = _R=A LWL LY, iAW F0Re 3 2 ENaREL 2o 72,

AFSCCH, JRIRAB O XY BPEER IR L C, 96k O/ - BE AR I N %,
Br72IZ SRY B FORBGIEHEE L ~ Y =327 7 2 L ORER 6 NI RBLH) %
TRTBIE T O EAEAR 2RO I 72 258), IEREFORA Y = A LUL TORBIZ
IR L, MfiRa 5| S Ly IR EI LN T 5 & & big, B2 ki
AR T 5 2 L ARl A T,

BFIL, 17 MO LT, FRERARE THRE LCEEEZ2 L. KEIX
72, FEERBOAFER O RTANE CANS LR I ANE Z 28t =42 A L
TWe. I K he EUAxmEfl, AT e A RAVE 3D TRIETh o 72, HAERE
OREX 1,910g (B4 39 ) OiE/NET, BE~LV=TBNRO LI, 2 mEFZiE~L
=T FMEEITINTWD. Zofh, BEEBIEOCBIEERH Y, RARBEET Y LE
RSB AL, WARAEFHER R DORA B & & D - M bR B g b Tz,

85 1 % TIE, FISH fEHT & 5 D 7o 35l 7o AR EAR R 8 C 46,X,inv(Y)(pl1.2q11.2),
Thbb, Y REKOIMTA S B E e 57228, SRY BIRFOEEITR <, £2Y
GORIZRKBRBD b o7z, —J, SRY BIZTIT 613C—T ~DEHNBH LM E
Roleiy, TV BEROENSNP ThY, 612 SRY EABMEORKIRMER TH -T2
Z b, SRY BinT-B L OHRERERERE IR TRV E B b,

SRY i#fn1-DOFRBURRE Z MG L7 A5 8, BE OMEIRE X O iR ME LRIl T SRY
mRNA OEFIFE D S, —J7, IEH BB ERMEFME CIXIZ s A EFRER
T BT, BRZERIECRBIHIE Sh b <& SRY #Mfs 1 OB BF N gebil-. SRY
B FHEBICBIT D E A N H3 OT B F )RR T Lo & 2 A, I BT & ik
LTHRE T, BEFRALZEE LT 27 F bt X b o OEE BB TEWN I &N
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520 E 720, mRNA OEFRIBENIT b7z, 512 GeneChip # W~ A 27 a7
LA T T, B A R T7®F LB (histone acetyl transferase: HAT) Z{&ME(LT 5
PCAF (p300/CBP-associated factor) IEfn D@ HENBFICRD Lz, BEFHE L X
<HFIETHE A N UAEfiE LT, B AR H3 K9 & KI4 DT EF /LR LTS
23, PCAF [XFEIZ K4 &7 BT /AUEMT 2 Z LB B E 725> T 5. PCAF Eis T
DEBBRNR 7 a~xF - VET IV IRFEZY 70— L, KK, A Lo v 7REE
(28 D& SRY BinFa2TEMHILL TV D b LRI .

BART AT — ROBEAA »F & LTHEET 5 SRY Bin I3, EHZREEFEAIZ
BT, ZORBAFHE LORBEENHICHBI SN TS, 20 SRY B FDFEB
PR EIL, FTRA A — a5 B FHEORZERR BB L IRELT 5 L E 2 60,
ABEOYE, B O AFREHIZIBWT, SRY BIE O EE L% £ & 3 5 8BRS
WNFELIZ b O EHE S T2, S0, 6k, JRERAH TH - 7= XY BIPE S ERIE F]
IZBWTC, ZE VX7 4 v 7 BENFERKRO—2>Th D AREMENS 2 D, SkatEy
IEIR DO RIEERE BT, SRY BIEFOTE Y 2 3T 4 v 7 RERBEET 5 Z &N
iR < TRME ST

% BT, BERIOCER DR EHRAMEFMIBICI T, 477 LA
FreRoNBETFRRAT Y7 7 A VOERZRET Lo & 25, 22,283 HOEEFD 9
B, 1,820 fEDOBEFIZREEIENFRO B vz, 26 OBIE T DEMFHIFERZAT 5
7o), ZEOBIRFDRBLT —F NORHE R BB N Z — 2R AL, EMFHERLY
AT T —%~A =2 7 HFIZE YD Gene Ontology (GO) fEHTZ1T-7=. GO IX, EIG
TEEMINED XD AT v AT ET 50, EO XD MR ERICE £
TWADD, ED LD T HReZ > TV D E 5Ll T 2 720 DIRFZRL S L7 HEE (GO
term) & XD HABEBOBRBREERZLZLOTH Y, GO term [ D B4R 1T “Biological
process”, “Cellular component”, “Molecular function”? 3 > GO term % #x bAL & 3 5[
JEREE CRBEND. AEHTICE D, “Biological process” (33T Hlthy EAZFEE TH

% GO term “development’|ZE ENDHBEFHEOT v L ¥ ab—a R b ER
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D, EB5IZZO FEIC GO term “sex determination”?S L Sz, F£72, /AT = A f#hr
IZEROTIE, IR AR B BERE % 72 3“TGF-P signaling pathway” <°“Wnt signaling
pathway” WAB L TWe. T72bh, HBAESLHEEIAAICE D 2B THOBHE
IRFEAEIZBID D /XA T = A OZALDRBD B, L O IR RN BT 2oL EHE DR
ROEME L THESTWL LD EEX LN, £72, b hOMMBERICEL, A4
A TH~T 47 ARBMELTZITIZ I ETICR L, ARG LNIZMAN D, 77—
Z A = EFIRRAH O XY BIESER O FIE R K 2783 5 L TH MY — i
0D LEZ BT

PLEXY, RRIFEINZBT 2o (b2 OJEBRNE, SRY Bl FA41X 0D &3 2550
HBRFORBURE & U TAER b HEMR-CHRHEF IS O ERRINIZ I > T\ D Z & AR
S, SHIZEDEMRINAT oA LV TRHENAZ EDNHALNE ST Z DG
Fid, MECIRBOIIERERE 2 T+ 5 1T, Fi- MR A2RET 5 b0 ThH S
EEZ NS, Fi, IEFERRES~OVESRIZIE, SRY FEEL)NE U 72 REH 256 U] 70 B A7 E
THLZEPMOTHETHY, 72L& 2 EFZ SRY HRICHERINZE LTH, RiEb)
REENHES N ER 1 (BEEE) 2L 52 ORBHMRFIX TROELB T A7 —
RERELL, MHEAEE S, ZO/RE, WABMOFAL L ToOMR~FEshs
MR SN2, S DITASER TS b fRTRS B 1%, SRY BinFHEOE X F 7k
FIMEREL NI T EY =T 4 v 7 REEEZRRT 2 L & bIZE OEERILHET
— 2 ERET LD THY, ZNE THRERH TH o 72 XY BRI E R O fif
T RRAE b T b D LN D.
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