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0 As w eheeanof BigrData, with information and processing power
increasing at exponential rates, it may be time to develop a healthier attitude
towards computers and what they might accomplish for us. Technology is
benificial as a laborsaving device, but we shouldtrexpect our machines to

do our thinking for us.

AThe numbers have no way of speaking for
We i mbue them with meaning. o
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ABSTRACT

AHur m-nga barn f-r jag n2r jag blir stor

Controlling fertility, or rather infertilityis a common problem for coupleswalays

where approximately 10% experience infertility. This thesis focuses on the rare
conditions leading to infertilityn which the gonads have either failed to develop
properly, or prematurely lost their function. The overall aim of this thesis was to
identify and study candidate genes in gonadal disorders of sex development (DSD) and
primary ovarian insufficiency (POt achieve a better understanding of the underlying
molecular mechanisnadto improve available diagnostic tools and genetic
counseling for affected patients and family members.

The process of sex determination is sensitive to gene desabgenes aftding

gonadal development are located on sex chromosomes and autosomes. Attempting to
identify new candidate regions for testicular development, nine patients with 46,XY
completegonadaldysgenesisvere investigated with eustomized 1M arraZGH
(comparatwe genomic hybridization) platform with whetgenome coverage and probe
enrichment targeting 78 genesolved inDSD. AberrationaffectingSUPT3Hand
C20RF80were identified and characterized in two affected sisBaguence analysis

of these genes @l patients revealed no additional mutaidAlP5K1BandPRKACG
werealsoidentified as candidate genes in another patient. All four genes are expressed
in testicular tissues, and one is shown to cause gonadal DSD i(Raj |).

Based on the report one patient with6,XY ovarian DSDdue toCBX2mutations

and the corresponding knock out mouse madeconsideredCBX2asa candidate

gene for 46,XY46,XX gonadal DSD and POI. By sequencing and MLPA a cohort of
47 patients with gonadal DSD or POI wasdstigated for sequence alterations and
copy number chang@s CBX2 No causative mutation was detect®dr study does
thereforenot supporCBX2mutations as a common cause of gonadal [Fxper I1).

DNA samples from 26 patients with POI were analyzedur customizeérrayCGH
platformto identify novel candidate genesPOIl Elevenunique copy humber changes
were identified in a total of 13 patienWe identified thefirst mutation affecting the
regulatory region o6DF9, a475bpduplication contaiimg three NOBOX binding
elements and a regulatorytd®x. In addition, we found the secodiNAHG6 deletion
corroborating itgotential role in causinip POI.Also TSPYL6, SMARCC1, CSPGS5,
SH3GL3andZFR2were identified as candidate genes in Bper I11) .
PSMC3IPmutationshave been described causing autosomal recessive POl in a
consanguineous family with several affected membéesare the first tdhave

investigatel the PSMC3IPgene in a group of unrelated patients with FN@l mutation
was detected ande therefore conclude thBEMC3IPmutations are not a common
cause of POI im Swedishpatientcohort(Paper V).

In conclusion, there is accumulating evidence that gonadal DSD and POI are highly
genetically heterogeneous. We recommend teagéneticnvestigation of patients

with gonadal DSD should be centralized to a specialized DSD unit. Patients with POI
should be handled by subspecialists within reproductive endocrinology and clinical
genetic investigation can require genetic counseling. A sugbesteal investigation
procedure for POI ipresentedldeally, genetic investigation of patients with gonadal
DSD or POI should includ@vestigation forgene dosage aberratices well

sequencing of several candidate genes.
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Introduction

INTRODUCTION

AHur m-nga barn f-r jag n2r jag blir stor

A popul ar <chil dr emlavas aghddneas ta grab domg graaval, and w h
throw it i n t Hog manychildnerhwilll Feve svizey ligowapi. The
number of small rocks you would catch was how many children you would have as an
adult. Someti mes i &nddsomaimesmonel Ybu opuldalevayy ou t e
try to catch the desired number, but most often, you got what you got. As silly as this
game would seem growing up, controlling your fertility, or rather the unwanted

infertility, is a common problem for couples tod&pproximately 10% of all couples

trying to conceive will experience infertilifit]. There are many different factors that

can cause infertility, both in men and women. Thesis will only focus on the rare
conditions leading to infertility in which the gonads have either failed to develop
properly, or prematurely lost their function. To study these patients, and understand the
investigations undertaken, an understandintp®ihormal process of sex development

iS necessary.

SEX DEVELOPMENT

Human sex development is a continuous process, starting at fertilization, and
continuing through puberty when thdult sex appearance is acquired along with

fertility potential This praess is governed by genetic and hormonal factors.

At fertilization, the genetic sex is determined by the sex chromosome complement.
Normally, men have one X and one Y chromosome (46,XY), and women two X
chromosomes (46,XX). The next step is called deermination, with the
differentiation of the bipotential gonads into either ovaries or testes, follonwssekby
differentiation, the differentiation of the internal and external genitalia into either a

male or female phenotype.

Sex determination

During emlsyonic development, the gormdreinitially formed as bipotentisdndcan
develop into either ovaries or test€he gonadal anlagen appear at 32 days post
conception (pc), arising from the mesoderm. The anlagen consist of three different
bipotential somtic cell lineages, the supporting, steroidogenic and stromal cells. By the
5" week pc, the primordial germ cells, migrating from the yolk sac, start to colonize the

gonadd?2]. At week 68, sex determination occurs, when the somaitsand
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Table 1. Gonadal cell lineages.

Testis Bipotential gonad Ovary
Spermatogonia Germ cells Oogonia

Sertoli cells Supporting cells Granulosa cells*
Leydig cells Steroidogenic ells Theca cells
Peritubular cells Stromal cells Stromal cells

*Granulosa cellslso have a steroidogenic function wittogesterone production aatbmatase
conversiorof androgens to estradiol

primordial germ cells of the gonad differentiate intauan or testicular cell types
(table 1)depending on tpredominant activation of tlBERYEOX%r RSPO1/WNT4
signaling pathwayrespectively (figure 1[3].

Teses

The differentiation towards testes starts around week Bheg$SRYgene locatedon
themaleY chromosomeinitiates the differentiation towards testicular developnbgnt
promotingSOX9expressionn pre-Sertoli cellg4, 5]. A positive feeeback loop
stabilizesSOX9%xpression, whil®VNT4expression is suppress@l. The germ cells
increase rapidly by mitosis and do not enter meiosis, but lie resting until ptiberty.
germ cells are nursed by Sertoli cells that express differentiation factors, paracrine
signalsandAnti Mullerian Hormone (AMH) necessary for male sex differentiation.
The expression ddHH andFGF9 by Sertoli cells is essential for differentiation of
Leydig cells, which in turn expredR5A1necessary foBertoli cell AMH production
[7]. The Leydig cells are the steroidogenic cells of the testes producing androgens from
the 8" week pcThedevelopment of the somatic cell lineages to form the
morphobgical testicle is not dependent on the presence of germ cells, but occurs
independently of thede].

Ovaries

Around 7 weeks pc, the differentiation towards asastarts in 46,XX embryos. It is

not, as previously believed, a passive process in the absebRd tiut an active,
genetically determined process whBi®POlandWNT4upregulation is importaig].
However, no fAovary det SRYmassoifanlpenfidantfied r o

compar
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Figure 1.Sex determination.

BIPOTENTIALGONAD

’
o~ . COX9 -~ g \NWUDBUA 8 e

e FGF9 50X9 / e .
'
" DHH h ' / / /K,’\ N\
. - ! FOXL2

P RSPO1
- ~
/g\ ,/’ \
Sertoli cell O / FIGLA Y\ |
I NOBOX ) 1
I I

[}
~ - { ‘ ! \
_____ )T 1 ’ 1
a N I Oocyte .: |
v - ‘-‘~\ 1 Vs - [}

- - ~ \ ’ ’ S~a 7
K s\‘ AMH ‘/ NR5A1 ‘1 N ’/ i \\ \ NRSAT ,,:
roo N s N’ s, NRSAI ™\ s L

! s - S’
l\\ ,I __________ R ’J —
Spermatogonia Leydig cell Theca cell Granulosa cell

Names in italics symbolize genes. Name in smaller normal font represent protein. Cell tyjpe specif
expressions indicated by circle. Positive interaction is indicated by arrow, negativesignT Positive
interaction by hormone signaling is indicatgddashed line.

The ovarian development of follicle organization is dependent on correct iiteraic
germ cells and granulosa cdl®s 9]. The interaction process is not clearly understood,
but close celbrganization and paracrine signaling are important. Germ cell specific
expression oFIGLA andNOBOX[9], along with selectivEOXL2 expression in
developing granulosa cells,sibeen showf]. NR5Alis expressed by both granulosa
and theca cells, and is a major regulator for the steroidogenesis except for corpus

luteum progesterone proction [10].

The germ cells proliferate by mitotic division, and before birth, enter meiosis, where
they arrest in the diplotene stage. Around week 12 pc theagisrare surrounded by
somatic granuloseell precursors, and these develop to form primordial follicles.
During gestation, they develop into primary and later secondary follicles. However,
many undergo programmed cell death, and at birth approximatelich follicles

remain[2].

Sex differentiation

The differentiation of the internal and external genitalia into male or female phenotype

is termed sex differentian.
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Internal genitalia

Both the Wolffian ducts, that give rise to the male internal genitalia, and the Mullerian

ducts, that establish the female internal genitalia, are formed during early gestation.

AMH production by Sertoli cells in the testis caussgression of the Mullerian ducts.

Androgens, produced by the Leydig cells around gestational week 8, are important for

the development of the Wolffian ducts into the epididymis, ductus deferens and seminal

vesicleq2, 11]. In theabsencef AMH, the Mullerian ducts persist and form the

uterus, fallopian tubes and the upper part of the vagina. ab8encef andogens, the

Wol ffian ducts regress and form the suspensor
ducts. AMH is also produced in low levels by primordial follicles, but at a later stage

and this does not affect development of the Mullerian datts

External genitalia

The bipotential external genitalia start differentiating at gestational week 8 into a male
phenotype in response to androgens and dihydrotestos(Bxdmg in particular. In the
absence of androgen action, due to failure to respond to or syathrdrogens
(testosterone aval DHT), the external genitalia develop in a female patfétj.

Fertility potential

At puberty tle normal sex development culminates with the activation of the gonads by
the pituitaryhypothalamiegonadal hormone axis. The surge of H&Hlicle

stimulating hormonegnd LH (luteinizing hormone) from the pituitary glands in

response to gonattopin rekasing hormone (GnRHpuses the supporting cells of the
gonads to produce male and female sex steroids, and activate the germ cells. In men the

spermatogenesis is initiateahd in women the menstrual cycle starts with menarche.

Women$fertility peaks beveen the age of 25 and 30 after which it steadily declines,
along with decreasing follicle quality and quantife loss of fertility often precedes

the loss of menstruation. The overall international median age of natural menopause is
estimated to 50 s of age with a normal distribution range between 40 and 60 years
and a standard deviation (SD) estimate efl+/eard 13, 14].

Gender

Gender cate considered as a part of the developmental process. It comprises gender
identity, how one perceives one self, and gender role, how one is perceived by
others/society. Sexubkhaviorand orientation are otheomponents of the overall

sexual identity of an individual. These issues will not be discussed in this thesis.
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DISORDERS OF GONADAL DEVELOPMENT

Impaired sex development can cause Disorders of Sex Development (DSD), defined as
Afcongenital deeelogmert of chromosamialegonadal or anatomical sex

i s at[¥5h DSDadnde categorized intbromosomal DSD caused by

chromosomal aberratiomscludingconditions with mixed and chimeric DS§gnadal

DSD, comprisingdisorders of gonadeyelopment and sex determination, and DSD
caused bylisorders of sex steroid synthesis and actiod revised nomenclature has

been implemented since 2006 (tabl¢1Z. This thesisocusesn gonadal DSD.

Table 2.DSD classification and termifagy.

Chromosomal DSD 46,XY DSD 46,XX DSD

A. 45X A. Gonadal DSD A. Gonadal DSD
Turner syndrome and variants

B. 47, XXY 1. Complete gonadal 1. Gonadal dysgenesis
Klinefelter syndrome and dysgenesis (GD) (GD)*

variants 2. Partial GD

C. 45,X/46,XY 3. Gonadal regression

Mixed GD, ovotesticular DSD 4. Ovotesticular DSD 2 Ovotesticular DSD
D. 46,XX/46,XY 5. Ovarian DS} 3. Testicular DSD

Chimeric, ovotesticular DSD

B. Disorders of androgen B. Disorders caused by
synthesis and action androgen excess

E. g. A | Sreducasd E.g. CAH,PORmutation
deficiency, CYP11Al

deficiency

C. Other DSD C. Other DSD

E.g. hypospadias, persistent E.g. MURCS, MRKH
Muillerian duct syndrome

* In this thesis 46,XX GD is discasd as primary amenorrhea in primary ovarian insufficiency (POI)
2Only one patient reported so far.

DSD, Disorders of sex development; AlS, androgen insensitivity syndrome; CAH, congenital adrenal
hyperplasia; MURCS, Miillerian duct aplasia, unilaterabt@genesis and cervicothokasomite
anomalies; MRKH, MayeRokitanskyKsterHauser syndrome.
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Complete 46,XY Gonadal Dysgenesis

Oneform of gonadal DSD is gonadal dysgenesis (GD) wtiergonadsave failed to
differentiate. Incomplete GD only steak gonads are preseDespite a 46,XY

karyotype, as there are no Sertoli or Leydig cells secreting AMH and androgens in the
developing embryo, the internal and external genitalia develop along the female
pathway. Thesgirls are often diagnosed in théate teens when they have not

achieved menarche and a 46,XY karyotype is discovered. Patients can also be
diagnosed at birth if a girl is born where a prenatal test has shown a 46,XY karyotype.

As these patients lack sex steroid producing gonads, horswrsditution is necessary

even though low levels of sex steroids are secreted from the adrenal glands. Sometimes,
these levels are sufficient for development of secondary sexual characteuistics

breast development and genital hair. If not, pubeatybe induced by transdermal fow
doseestrogersubstitution. Often a combined oral contraceptive is used as replacement
therapy pospuberty as the cyclic pattern of the oral contraceptives also induces
menstruation, although ovulation will not occur €Tatients can carry a pregnancy as
they have a uterus, but the lack of germ cells makes egg donation the only available
option for pregnancy.

The dysgenetic gonads, residing in the abdomen in #&X& subjects are at high

risk of malignant transformiain into germ celtumors This is believed to be due to the
presence of Y chromosome material, where specifically expression of the testis specific
protein encoded bySPYon Ypl1l.2is an important marker for malignancy potential.

Due to the risk of gonadblastomaprophylactic gonadectomy strongly
recommende{ll6-19).

Other 46,XY gonadal DSD

There are patients presenting with partial forms of 46,XY gorthdalenesis,

classified agpartial GD . Here the phenotype is dependent on the hormonal function of
the differentiated testicular tissue, with varying degree of ambiguous external genital
depending on androgen production levels. The fate of the internalislggipendent on

extent of AMH secretion and androgen levels.

In gonadal regressionone or both testicles are absent upon external and internal
examination despite a most often normal male phenotype. The unilateral absence of a

testis is estimated to laes prevalent as 1 per 1250 nj26].
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A rare form of 46,XY gonadal DSD @otesticular DSDwhere both ovarian and
testicular tissue is present in orréboth gonads. As in partial GD, the clinical
presentation will vary between patients depending on androgen and AMH production.

The treatment is based on individual consideration.

One patient has been described with 460¢drian DSD. This was a girpreening
with a normal female phenotype at birth despite a prenatal 46,XY karyotype.
Laparoscopy and histological examination at 4 years of age identified bitaterigs
with normal ovarian tissue and the presengariofiordial follicles The ovarian
function could notbe determined as the givbsstill prepubertal21].

There are syndromic forms of 46,XY gonadal DSD, such as campomelic dysplasia
(MIM 114290) and Deny®rash syndrome (MIM 94080).It can also be noted that
CYP11A1lor cytochrome P450 siddhain cleavage (P450scc) enzyme mutations,
categorized as a disorder of androgen synthesis and action, can present with a variable
phenotype depending on mutation, from complete 46,XY Gbilebhypospadias. In

these patients the manifestation is always accompanied by adrenal failure, with a later

onset in milder phenotyp¢22].

A specific molealar diagnosis can be established iF6B9%6 of patients with 46,XY

gonadal DSD, depending on group classificat{dm.

46,XX gonadal DSD

Patients with a female chromosome complement can preseriwettsticular DSD
and are managed clinicallyith individual consideration, as for patients with 46,XY
ovotesticular DSD. The clinical presentation is variable with different degrees of
ambiguous external genitalia, atie AMH and androgen levels influence ttage of

the internal genitalia.

Patiens with 46,XXtesticular DSD present with a male phenotype, testes and a male
hormonal profile. The patients are azoospermic, and often diagnosed later in life during
an infertility investigationThe phenotype of external genitalia can vary, with

presentabn rangefrom ambiguous external genitalia to mild hypospadias.

In 46,XX gonadal dysgenesienly streak gonads are present and patients present as
normal girls, who do not reach menarche. However, as the ovarian fottieleization

is dependent on futioning interaction between germ cells and granulosa cells,
conditions with completely undifferentiated streak gonads cannot be distinguished from

conditions with premature loss of germ cells. As the term gonadal dysgenesis makes a
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mechanistic suppositiors not a suitable term to describe all 46,XX patients with the
clinical presentation of primary amenorrhea. In addition, ovarian dysfunction can be
seen as a continuous spectrum from a complete form of undifferentiated gonads to a
partial defect with preature loss of ovarian function. Therefore, these patients will be
discussed under the term primary ovarian insufficielbg patients are further

subdivided depending on the clinical presentation of primary or secondary amenorrhea.

As POl is a very hetegeneous condition with variable presentation, it is not suitable to
define it as a form of gonadal DSD. Instead, POI will be discussed separately, and the

term POI with primary amenorrhea will replace 46,XX GD in this thesis.

PRIMARY OVARIAN INSUFFICIENCY

Ovarian dysfunction that occurs before the age of 40 is called primary ovarian
insufficiency (POI), defined ggrolongedamenorrhea accompanied by repeated serum
FSH levels in the menopausal rafigg 24]. Elevated FSH levels with concurrent low
estrogen levels is a status termed hypergonadotropic hypogonadism. The estimated

generapopulation incidence d?Olis 1%[25].

POI can present with either primary (Pér secondary amenorrhea (SA), where the

latter has previously been termed premature ovarian failure (POF). However, as some
remaining ovarian function can exist despite SA, the terms POF or premature
menopause are considered misnomers. Approximatelybof these women have
delivered a child after receiving the diagnq&ig. For patientsvith PA, fecundity has

not been reported, but edgnation is an available option for achieving pregnancy.

Hormonal substitution is necessary to avoid negative effects of lack of estfagens

Often a combined oral contraceptive is used to mimic the normal cyclic hormonal
pattern, but hormone replacement therapy regimes can also be followed. In the case of
patients with PA who have not reached puberty, this can first be inducedowsing

dose transdermal estrogen substitution. Substitution therapy is recommended up until
the age of normal menopause, approximately 50 years of age. Clinical supervision of
these patients is important to avoid negative effects of tgudestitution such as
osteoporosis, where repeathdhlenergyX-ray absorptiometrgxams are

recommended.

POI pathogenesis can be divided into follicle dysfunction and follicle depletion.

Follicle depletion can be caused either by a small initial germ cell count, or a rapid
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germ cell loss. External factors, such as surgery, irradiation, chemotherapy as well as

autoimmune and metabolic disorders, can cause POI.

Follicle dysfunction can be caused by enzyme defects, such as muta®fRIidAl
andCYP1RALl Also, autoimmunity wh specific antibodies against the enzymes
CYP11A1(p450sccCYP17AL 1 -hydroxyalse) an€YP21A21-hydroxylase) is
associated with POI, most often in conjun
[27, 28]. Thyroid disease is linked to ovarian function in women, and the presence of
autoantibodies against TPO (thyroid peroxidase) is more frequent in women with POI

[29].

POI can be isolated, or associated to other symptoms, such as in Turner syndrome.
Other examples include BPEBI€pharophimosis, ptosis and epidarg inversus
syndromeMIM 110100 where women present with eyelid deformities and PA, and
Perrault syndrom@MIM 233400)where female patients present with PA and
progressive hearing loss. POI can ddea symptom imitochondrial diseases, such as
POLGmutatons and PEOAL (progressive external ophtalmoplegia with mitochondrial
DNA deletions MIM 157640).

The absolute majority (90%) of all cases of isolated POI remain idiogasgjic
However, hereis a significant genetic component in POl and familial clusters are not
uncommor{23, 30, 31].

GENETICS

The genes known to cause gonadal disorders of development and function have been
identified by stugling patients with DSD and different animal models. The sex
determination process is similar for many mammals, and findings in one species can
often be relevant for another. For instance, m&rgandFshr mutation models are

human phenocopig3, 32]. In animal model studies, the mouse is the most frequently
used. Other species are alsed for instane cattle and shedpr investigation of

ovarian disorders. For these, interspecies differences in ovulation patterns must be
taken into account. For instan&mpl5mutations do not affect phenotype in the

polyovulatory mouse, but causeperovulation intte monoovulatory shegp].

Genetic changes can cause gonadal DSD through different mechanisms. Point
mutations of specific genes can cause loss of geaiprfunction, loss of function
mutations (LOF). If one allele is affected, a LOF mutation can cause gene

haploinsufficiency, and if both alleles are affected, complete gene product loss. When
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the phenotype shows autosomal dominant inheritance, hapfaendy is enough to
cause the phenotype, whereas complete loss is necessary in autosomal recessive
disease. A complete loss can occur when both aleld®rthe same mutation, where
the patient is homozygous for the mutation. The patient can alsdwardyfferent

mutations, called compound heterozygosity.

If one allele is deleted, the patient is hemizygous. In an autosomal dominant condition,
gene deletion of one allele is sufficient to cause the phenotype. If a deletion of one
allele occurs togethavith a LOF mutation in the remaining allele, this causes a

complete loss of gene product that can cause autosomal recessive disease. Entire gene
duplications can lead to increased gene expression. In dosage sensitive developmental
steps, such as gonadifferentiation, that may have detrimental phenotypic effects.
Duplications, that due to a positional effect cause functional gene loss, can affect the

phenotypen the same manner as a LOF mutation.

Other chromosomal rearrangements such as translocesiorsuse haploinsufficiency
by gene disruption at breakpoints. However, translocations can also render loss or gain

of genetic material, causing a functional gain or loss of gene copies.

In gonadal DSD all the mentioned mechanisms of disease havedsesihed. As a

further complication, the phenotypic effect of a mutation in DSD is dependent on the
chromosomal sex. A loss of a gene will only affect the development of the gonadal

form it is necessary for, and a gain will only affect the developmehedajdnad type

in which it is normally down regulated. By extension, mutations that cause gonadal

DSD can be transmitted trough healthy carriers of the opposite chromosomal sex. There
are however also genes that are necessary for the development of laokil fmms,

where a phenotypic effect will be seen in both sexes. In addition, penetrance can vary

between individuals.

A proposedschemati@verview of known and candidate genes in sex determination

and gonadal delopment is given in figure 2 at the epfcthe introduction section.

Genes in 46,XY gonadal DSD

The understanding of the genetic mechanisms of 46,XY gonadal DSD took a great step
forward in 1990 with the identification of tl#RY(Sex determining region Y) gene

[33]. SRYmutations/deletionaccount formapproximately 1815% of all casesf 46,XY

GD [34] (table 3a).

LOF mutations ofVT1(Wilms tumorl) cause different forms of renal and gonadal

10



Gene

OMIM no

ARX
300382

ATRX
300032

CBX2
602770

DHH
605423

DMRT1
602424

GATA4
600576

MAP3K1
600982

NROB1
300473

NR5A1
184757

SOX9
608160

SRY
480000

TSPYL1
604714

ZFPM2
603693

WNT4
603490

WT-1
607102
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Table 3a Genes in 46,XY gonadal DSD.

Locus

Xp21.3

Xq21.1

17g25.3

12q13.1

9p24.3

8p.23.1
p22

5011.2

Xp21.3

9933

17q24.3

Yp11.3

6022.1

8023.1

1p36.23

p35

11p13

Function

TF

Helicase

TR

SF

TF

TF

SF

NR TF?

NR

TF

TF

SF

TF

SF

TF

46,XY
Inheritance

X-linked

X-linked

AR

AD/AR

Del9p24.3
(reduced
penetrance)

AD

AD

DupXp21.2

AR/AD

AD

AR/AD

46,XY,1(8;10)

Dup1p35

AD

Gonadal
phenotype

GD

Ovarian

GD

GD

GD / testis

GD partial or
compkte/ testis

GD

GD partial or
complete /
anorchia

GD / ovotestis

GD / owotestis
GD/
azoospermia

Hypotrophic
testes

GD

GD

External genitalia

Ambiguous

Female /

ambiguous / male

Female

Ambiguous

Female/
ambigwous

Ambiguous

Female
/ambiguous
/hypospadia

Female
Depends omup

extent

Female
/ambiguous
/hypospadia

Female /
ambiguous

Female /
ambiguous
Female / male
Male

Ambiguous

Femae /
ambiguous

Comment

X-linked lissencephaly, epileps)

Associated mentaktardation
and Xlinked thalassemia.

TransactivatedNR5A1

Associated minifascicular
neuropathy.

Associated mental retardation
depending on extent of gene
deletion.

Interacts witiZFPM2, NR5A1
and theAMH promotor.
ASD, VSD,atrial fibrillation.

LOF mutations causes adrenal
defects in males with an-X
linked inheritance.

Mutations also seen in isolated
spermatogenic failure.
Associated with adrenal failure.

Upregulated bysRYand
NR5AL

(See table 3b)

10-15% of XY GD.

SIDDT

LOF mutations heart defects

nteracts with GATA proteins.

Associated mental retardation.
(See table 3b)

Wilms tumor, renal defects,
WAGR, DenysDrash and
Frasier syndrome.

TF, transcription factor; GD, gonadal dysgenesis; TR, transcriptiegaator; AR, autosomal recessive; SF,
signaling factor; AD, autosomal dominant; Del, deletion; AMH, anti Mullerian hormone; NR, nuclear receptor; Dup,
duplication; LOF, loss of function; WAGR, Wilms tumor, aniridia, genitourinary anomalies and netatehtion

syndrome.

11
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defects depending on mutation. Mutations can also cause the renal cancer form Wilms
tumor. A wide range of gonadal defects in 46,XY is reported in heterozygolis
mutations, from complete GD to partial forms, and also ovotestic@ay, Daused by
haploinsufficiencyDHH (Desert Hedgehog) is necessaryNdt5A lupregulation of

Leydig cells. Several patients with complete or partial 46,XY GD due to mutations in
this gene are reported, both with autosomal dominant and recessive ickeritan
Homozygous mutations GISPYLYTSPY-like 1) causesudden infant death with
dysgenesis of the testes syndrq@®DT, MIM 608800 and heterozygous mutations

are described in both GD and isolated azoosp€di3bla

Mutations inMAP3K1(mitogeractivated protein kinase kinase kinase 1, E3 ubiquitin
protein ligase) cause autosomal dominant complete or partial 46,XY GD. Mutations of
the twointeractinggenesGATA4(GATA-binding protein 4) andFPM2 (zinc finger
protein,FOG family member R formerly known a§OG2 (friend of GATA2) cause
autosomal dominant gonadal DSD in addition to several different types of heart

anomalies.

Copy number changes affectihNdROB1(Nudear receptor subfamily 0, group B,
member 1andDMRT1(Doublesexand MAB3related transcription factor 1) can
cause GD, either in isolated form, or with associated features depending oritiie ext
of the duplication/deletiorAlso WNT4duplication causs 46,XY gonadal DSD with

ambiguous genitalia.

Mutations in several genes cause syndromic forms of 46,XY gonadal DSD. For
instance, campomelic dysplasia (CD), a skeletal malformation, is caused by loss of
SOX9(SRY-box 9 due to LOF mutations, gene deletior genetic rearrangements
affecting regulatory regions. Patients with CD without GD are reported, and vice versa.
Mutations inARX(aristaless related homeobox]ikked) andATRX(alpha
thalassemia/mental retardation syndrome X linked) cadge&d 46XY GD with

associated symptoms.

Genes in 46,XX gonadal DSD

Ovarian development is dependentRBIPO1(R-spondin family, member 1) and
WNT4(Winglesstype MMTV Integration site familymember % (table 3b). LOF

mutations 0RSPQ cause autosomal recessd& XX testicular DSD with associated
cutaneous symptoms. Also ovotesticular DSD with palmoplantar keratoderma has been

found in one patierj36).

12
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Table 3b. Genes in 46,XX gonadal DSD.

Gene Locus Function 46,XX Comment
Gondal
OMIM no Inheritance phenotype External genitali
HSD17B4 5023.1 Enzyme AR Ovarian Female Perrault syndrome with
601860 dysgenesis sensineuwl deafness.

17-b-estradiol dehydrogenabé

MAMLD1 Xq28 TF AD Ovarian Clitoromegaly GOF mutation identified in one

300120 dysgenesis patient
Mutations cause hypospadia in
46,XY.

RSPO1 1p34.3 SF AR Ovotestis Ambiguous Palmoplantahyperleratosis

609595 Associated with congenital
cornealopacites
onychodystrophy and hearing
impairment

SOX3 Xg27.1 TF Del/DupXqg27.1  Testis Male Altered gene regulation by

313430 disruption of promotor region

SOX9 17924.3 TF Dupl7g24 Testis, Male (See table 3a)

608160 azoospermia

SOX10 22013.1 TF Dup22d.3 Testis / Male, hypospadia/ LOF mutation cases

602229 ovotestis ambiguous Waardenburgshah syndrome

SRY Ypll1.3 TF Translocation Testis / Male / ambiguous (See table 3a)

430000 ovotestis

WNT4 1p36.23 SF AD Ovary/ovotestis, VariableMullerian SERKAL, AR

603490 p35 ectopicovary duct abnormalities

AR, autosomal recessive; TF, transcription factor; AD, autosomal dominant; GOF, gain of function; SF,
signaling factor; Del, deletion; Dup, duplication; LOF, loss of function, SERKAL, 46,XX sex reversal
with dysgensis of kidneys, adrenals and lungs

WNT4mutations cause variable forms of 46,XX gonadal DSD with variable Mullerian
duct abnormalities due to excess AMH productidomozygous mutations &/NT4

have been described in the SERKAL syndrome (Female to malkesersal and

Kidney, Adrenal and Lung dysgenesMJNT4andRSPOlare believed to initiate

ovarian development by stabilizationf -cafenin CTNNBJ, so far only seen in mouse
models, but it is shown that patients with SERKAL exhibit downregulated4
dependent icatemin degradatigg®Y]. Amdtherfsyndromic form of 46,XX
gonadal DSD is autosomal resese Perrault syndrome, described earlier, caused by
mutations irHSD17B4(17-betahydroxysteroid dehydrogenase)lV

13
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One patient is described with a homozygous gain of function (GOF) mutation affecting
theMAMLD1 gene, otherwise known to cause DSD in 46,Xhe patient, 46,XX

presented with clitoromegaly, primary amenorrhea and one streak gonad with
surrounding persistent Wolffian ducts. The other gonad was absent. Uterus and bilateral

fallopian tubes were presdi38].

46,XX SRYpositive patientsdue toSRYgene tanslocationscan present with testicular
or ovotesticular DSD. Also, copy number changes affecting whole genes, or gene
regulatory elements of th&rS'-box gene$SOX3 SOX9%andSOX10caused6,XX

testicular DSD and/or ovotesticular DSD.

NR5A1

The steroidoroduction inducingranscription factoNR5A1(Nuclear receptor
subfamily 5, group A, member 1), previously cal&fel (Steroidogenic factor ljs
important forboth male and femakex developmenNR5Alis expressed in the
developing embryo in the urogenital ridge and bipotential gonad, &fRYensetin
46,XY. In malesex determinatiol\R5A1is important forSOX9up-regulation
together withSRY After the tran®ntSRY expression has subsid&X9expression
is maintainecoy NR5Aland aSOX9feedback loop

Post sex determinatioNR5Alregulates several genes in steroid syntreesih as
CYP11AlandCYP21A2and is expressed in all primaryrsi€logenic tissues including
adrenal cortex, Leydig celland ovariartheca and granulosa cellsMH andINHA are
regulated byNR5A1 NR5Alexpressions regulated by a promotor regigrbox and is
activated by the MAPK (mitogeactivated protein kinas@athway.

Due to its wide function, mutations NR5A1can affect different stages of gonadal
differentiation and function, as well as cause adrenal failure. The described spectrum of
DSD reported varies from 46,X¥omplete GCto mild testicular dysgenesis

spermatogenic failure. External genitalia can present with hypospadias, ambiguous
genitalia, or female with clitoromegaly. Both point mutations and partial or complete
gene deletions have been described, with either autosomal dominant or recessive
inheitance. In additionNR5A1mutations have been reported in patients with POI,

both PA and SA.

CBX2

The possible impact &BX2(Chromobox homolog)an human gonadal development
was higtighted by BiasorlLauberet alreportinga patienwith 46,XY ovarian DSD

14
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compound heterozygous for t@BX2mutationg 21]. Mice models had previously
shownmaleto-female sex reversal XY Chx2" knock out (KO)mice, despite an
intactSrygene[39]. Gonadal phenotype varied, ranging frovaries with follicles,
indistinct gonads or both testicular and ovarian tisSughermoreXX Cbx2" mice
exhibited gondal defects, such as smaller ovaries and/or the absence of anagvary
well as structural damage of oocytes, suggesting a ro@E¥Palso in ovarian
development and maintenance, in parall®IRbA1mutations, first only seen in
46,XY.

Candidate genes in gonadal DSD

Based on findings in mice models, there are several proposed candidate genes for
gonadal DSD, summarized in table 4. Human phenotypic counterparts have not yet
been described, and in some cases not identified despite larger studies. Stigatede
models are often complete KO mice, but in humans haploinsufficiency could be
enough to cause a phenotype, as\i@bAlmutationscausingautosomal dominant
gonadal DSDNr5alnull mice exhibit gonadahnd renatlefects while

haploinsufficient mie present with isolate@nal defectsThe Emx2deficient micealso

display combined renal and genital defeatsile the +f mice are fertile.

Interestingly, the kinaselap3k4causes XY sex reversal in bethand +£ mice. It is
shown to be essentiaifSryexpression, which makes it an interesting candidate gene
for investigation in human 46,XY gonadal DSD. AlRgi9, Fgfr2 andLhx9are
interestingcandidategenes, but so far human mutations have not been found despite
several studie$-gf9 deficiencypresers with multiple system defects in miemd

could perhaps be more suitable for investigation in patients with syndromic DSD.

ZGLPlis an interesting candidate for both 46,XX gonadal DSD and POI as the mouse
model exhibits early blocked germ celvééopment andhatthe gene is normally
expressed in granulosa cells. The two g@fesandDDX4 (table 6) arenteresting
candidategenes folPOl, but arementioned here asY KO micealsoexhibit

phenotypic changeBaxdeficient mice present with malefertility and disturbed

seminiferous structureBdx4 deficient males are infertile.

Most likely, there are unknown genes involved, as well as possible unknown regulatory

or synergistic effects between known genes.
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Table 4.Candidate genes for gonadsD.

Gene
OMIM no

EMX2
600035

FGF9
600921

FGFR2
176943

LHX9
606066

MAP3K4
602425

PTGDS
176803

16

Locus
(Human)

10g26.11

1391%ql2

10g26

1931.3

6026

9g34.3

Function

GF

GFR

TF

Kinase

Enzyme

Mouse model
XY

-/- mutants lack

gonads, genital tract,
kidneys and ureters.

Sex reversal /

testicular hypoplasia.

Lethallung
hypoplasia.

Testis/votestis

XX

PostnataFgfr2
deletion cause
subfertility and
infertility .

-/- mutants lack gonads, normal female
phenotypeNr5alexpression minimal

-/- both+/- sex
reversal

Paracrine signal for

induction of Sertoli
cell differentiation

Expression in XX
gonads in culture
causes male
development

Human phenotype
XY XX

Mutations found in Heterozygous
endometrial carcinomi mutations in
schizncephaly.

46,XY GD patients -
investigated, no
mutation found

Crouzon, Pfeiffer, Apert, Jacksilhite, Beare
Stevenson cutis gyrata, Saetkirotzen
syndrome, Craniosynostosis.

46,XY GD patients -
investigated, no
mutation found

Somatic mutations in
endometrial tumors

Comment

Role in angiogenesis and
tumorigenesis suggested

Represse¥/nt4 stabilization ofb-
cateninin XY.

Receptor of-gf9.

Independent cox9andPtgds.

Binds toNr5al promotor. Additive
effect together witiWt-1 in Nr5al
activeion.

Map3K4deficiency disrupsry
expression

Upregulated bysoxQ
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TF, transcription factor; GF, growth factor; GD, gonadal dysgenesis; GFR, growth factor receptor; WD, Wolffian ducts; K@uKknock
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POI

POl is a very heterogeoes condition and several geraeswell as chromosomal
aberrationdave been showto beassociatetb POI,discussed below. As for gonadal
DSD, mutations and genomic imbalances can cause POI, both in an autosomal
recessive, and autosomal dominant manner. An older study sggesdominary

autosomatecessive pattern in PQ10].

The ovarian differentiation and folliclrganizations a complex processgith

interacton betweertell lines andis dependent on transcription factors and paracrine
signals. Genes causing POI can affect anfiedd stepslsoin a synergistic manner.

The first genesausing POidentified were by analysis ¢fanslocatiorbreakpoints and
terminal X chromosome deletions. A summary of known and candidate genes in POl is

given in table 5 and 6, respectively.

Chronpsomal aberrations

The most common genetic causé® Ol are chromosomal aberrations. Turner
syndrome is the most frequent, and is diagnosed by a karyotype performed on
lymphocytes from peripheral blood samplestner syndrome can be either complete
(45,X) or present in different mosaic fornadternativelyinvolve a structurally

abnormal Xchromosomé41].

When anX chromosome is lost in one cdlliring embryogessis all daughter cells
will be affected creating a second cell populati@epending on when idoccursthe
patientcanbe mosaionly in certain tissueJ herefore, it is importarthatwhen
gonadal biopsies are takeiso tissue samplese analyze for mosaicism despite a

normal karyotype in peripheral blood.

Other chromosomal aberrations, such as translocations and deletions involving the X

chromosome, account for approximately@% of all cases with PQ42].

FMR1 premutation

TheFMR1 (fragile X mental retardation 1) gene contains a trinucleotide repeat (CGG)
that when expanded (>200) causes Fragile X mental retardBtiemormal interval is
approximately 544 repeats, and expansions of betwee@@brepeats are defined as
premutations. The premutation have a potential repeat instability upon transmission.
Therefore, in oocytes from a woman carrying a premutation, igharkigh risk for

repeat number expansion to a full mutation, causing mental retardation in the offspring.

18
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The premutation carriers do not have symptom of mental retardation but are at risk to

develop fragile Xassociated tremor/ataxia syndrome (FXTAS]/ar POI[43].

Premutatios of theFMR1gene are considered responsible &2 of sporadic cases
with POI presenting with Sp24, 44]. Converselypremutation carriersave a high
POlincidence of 1220%[43, 44].

It is not known hrough which mechanism the expan#®dR1gene causes POI. It has
been shown that mRNA levels are increased in premutations carriers, with a
simultaneous lowered protein level, suggesting an inefficient translation with mRNA
accumulatiorj45]. TheFMR1gene isexpressed in both oocytes and granulosa cells
[31], particularly during fetal life where accumulation of elongated mRNA could
possibly damage the germ cellocyte depletiorhas been seen premutation carriers
[46].

Diagnosed patients with POl aRt¥IR1expansion must be offed genetic counseling
as they are at risk of having children with Fragilen addition, close relatives should
be offered investigation as there can be asymptomatic premutation carriers in the family
at risk for POI or having children of their own wkhagile X.

Transcription factors

The oocyte specific transcription facélGLA (Folliculogenesis specific basic helix
loop-helix) andNOBOX(Nobox oogenesis homeobox) are necessary for normal
folliculogenesis (table 5). They are expressed in primoatidigrowing oocytes and
were first described in mouse mod&®boxnull female mice exhibit atrophic ovaries
and are infertile, with decreased expression of the oocyte specificRmués and
Gdf9

Figla is important in activation of genes in oogeneaig also for repression of genes
required for spermatogenesis in female mice. W& KO mice are in turn infertile,
too. In humans, botRIGLA andNOBOXmutations have been identified in several

patients with PQlwith suggested autosomal dominantantancg47, 48].

Mutations in the granulosa cell expressed transcription f&@i_2 (forkhead box
L2) cause P as an associated symptonthe BPES syndromanmentioned earlier.
Larger studies have investigate®XL2in isolated POI, but no causative mutation has

yet been foung#49].
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Table 5.Genes in POI

Gene Locus
OMIM no

BMP15 Xpll.2
300247

FIGLA 2p13.3
608697

FMR1 Xq27.3
309550

FOXL2 3023
605597

FSHR 2p21pl6
136435

GDF9 5g31.1
601918

NOBOX 7935
610934

NR5A1 9033.3
184757

PSMC3IP 17921.2
608665

Function

GF

TF

Unknown

TF

GF

TF

NR

Several

Inheritance  Phenotype

X-linked, POI with PA and SA
dominant
AD POI with SA

CGG repeat POI with SA

AD POI with SA
AR POI with PA and SA
AD POI with SA, PCOS
AD POI with SA
AR/AD POI with PA and SA
AR POI with PA

Comment

Forms heterodimers wit@DF9.
Previously terme&GDF9B.
Expressed by oocytes in primar
follicles.

Expressed in all follicular stages

Premutation status (8500 CGG
repeats) associated withkisf
POL

BPES type 1.
Upgregulated in malBmrt1 -/-
mice.

FSHRIis not expressed in
primordial follicles.

SeeBMP15. Implicated in
dizygotic twinning

Transactivate&DF9 promotor

Also in gonadal DSD,
see table&.

Described in one
consanguiaous family with
several affected members

GF, Growth factor; POI, primary ovarian insufficiency; PA, Primary amenorrhea; SA, secondary
amenorrhea; TF, transcription factor; AD, autosomal dominant; BPES, Blepharophimosis, ptosis, and
epicanthus inversuyisdrome; HR, hormone receptor; AR, autosomal recedB6S, polycystic ovary
syndromeNR, nuclear receptor; DSD, disorders of sex development

Oocyte secreted factors

Both BMP15(Bone morphogenetic protein 15) aB®F9 (Growth differentiation

factor 9)are members of the transforming growth factor beta super family (TGFB1).

They aresynthesizeas prepropeptides and after processing become dimeric proteins.

The expression d6DF9 andBMP15is almost identical and exclusive to expression in

follicles from primordial stage up until ovulation, and it is suggested that they form

heterodimers. Heterozygous mutation8 MP15andGDF9 have been described in
patients with POJ50, 51].
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Receptors

The FSHR(Follicle stimulating hormone receptor) gene is located on chromosome
2p16.3, close to the LH receptor geR8HRIs expressed from the primary follicle
stage with a increased expression with follicular development. Mutations iR3hR
gene has been describédst in Finnish families with POkndlater mutations have
been described in other populations. Variants irFldRgene have also been found in

patientswith spontaneous ovarian hyperstimulation syndrome (OE3R)

Mutations in the nuclear receptdR5A1are associated with POl in several reports,
with variable reported frequency between studies. So far more than 40 human
mutations have been described. Functional studies of sewai@ions show impaired
transcriptional etivation of target gend$3, 54], which highlightdNR5ATs

importance in gonad development and function.

PSMC3IP

Recently thd®SMC3IP(PSMC3 interacting protejrgenewas proposed asnovel
genein POlwith an autosomal recessive inheritaffe®. A consanguineouamily
with severabffectedmemberswvith PA was described, wherdnamozygous 3bp
deletion (c.600_602del, p.Glu201dsgregated with the phenotypé&elmutant
PSMCSIP protein shoada significantly decreased function as an estrogen co
activator possiby affectingprenatal development of the follicle poBistrogen is also
important in thesecond stage of follicular development at pubangPSMC3IP
mutations could therefore possibly cause POI, with either PA or SA.

Candidate genes in POI

There are mangroposed candidate genes in POI, an overview is provided in table 6.
The majority have been identified in mouse models, some through genome wide

association studies (GWAS).

Two counteracting geneBAX inducing apoptosis, aRICL2 opposing apoptosis

induction, were recently suggested as candidate genes for POI. In mouse KO models, a
decreased follicle number has been seen, biaAditwo contradictory studies are

reported. Oa study describes atrophic ovaries, and the ath@ncreased follicle

number In thelatterstudy howevethe aged mice were infertile, suggestaygpssible

follicle depletion. Immunohistochemical analysis of human ovarian samples shows
expression of both genes in developing follicles. AKX andBCL2should be

investigated futter in POIL.
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Table 6.Candidate genes for POI

Gene Locus

OMIMno (Human
BAX 19913.33
600040

BCL2 18g21.33
151430

BRSK1 19913.42
609235

CTNNB1 3p22.1

116806

DAZL 3p24.3

601486

DDX4 5q11.2

605281

DIAPH2 X21.33

300108

DLX5and 7921.3

DLX6

600028

and

600030
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Function

Induces
apoptosis

Resists
apmtosis

Kinase

Junctiors

RNA binding

RNA helicase

Cytosolic

TF

Female mouse model

-/- atretic follicles with excess granulosa
cells.

-/- ovaries vith 3-fold increase in follicle
number but infertility in aged mice.

-/- decreased number of follicles
Deficiency lethal

-/- mice normal.
Double KO model includin@rsk2 lethal

Stabilization ofb-cateninin XY mice cause
maleto female sex reverka

-/- Complete female germ cell loss.

-/- male infertility, normal female fertility

Cause sterility irD.melanogaster

Double KO mice premature follicle
maturation and reduction in follicles of all
stages

Human phenotype
investigated

Human infat/prepubertal
ovarian samples.

Human infat/prepubertal
ovarian samples.

POI and natural
menopause

Men with spermatogenic
failure.

Human infant/prepubertal
ovarian samples.

POI with SA, familial

Association

Expression in all stages of
folliculogenesis

Expression in oogonia at
gesationalweek 1218
before primordial follicle
stage

SNP association to POI anc
age at natural menopause

Associated with ovarian anc
endometrial cancers

Heterozygous mutation,
rare.

Selective exprgsion in
primordial germ cells.

Translocations identified in
POl

Mutation inDLX5 associated
with AR Splithand/foot
malformation and heig
loss

Comment

Associated with cancer
Acts on mitochondria to induce apoptosis

Possible counteraction BAX.
Causes Eell lymphoma

Also calledb-catenin
Regulated byRspolandWnt4.

Not expressed in adult ovary

Indication thaDIx5 inhibits FoxI2 expression, that
in turn upregulateBoxI2 andDIx5/6 expression
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ESR1
133430

FOXO1A
136533

FOXO3A
602681

FST
136470

GATA4
600576
See also
table 3a

GPR3
600241

HK3
142570

INHA
147380

LAMC1
150290

6025.1

13q14.11

6021

5q11.2

8p23.1

1p36.11

5035.2

2035

1935

TF

TF

TF

GF

Receptor

Kinase

SF

Laminin

-/- mice infertile in singl&erslaandErslb

KO.

Double KO mice exhibit testicular

phenotype in gonads

Foxola regulator of G1/S transition in

granulosa cells

Early depletion of follicles and secondary
infertility after global follicular activation.

Upregulated in early follicle organization

Expressed in granulosa and theca cells in

preantral and antral follicles

RegulateStAR Cyp®alandinha.

Premature oocytes maturation, subfertility

after superovulation.

-/- infertile, increased FSH levels.
Gonadal and adrenal tumors

POI and women afte
menopause

Patient with estrogen
resistance

POI with SA

POI with SA

Expressed in granulosa
and theca cells in primary
to antral follicles, not in
primordial.

POI with SA
POI and women after
menopause

POI with PA and SA

POI with SA

SNP association to POl anc Estrogen recept@pha(ER-U).

age at natural menopause
LOF mutation identified

Synonymous changes
identified, not specific for
patients

Heterozygous mutations
identified, not POI specific

Mutations seen in patients
with congenital heart
defects

No mutations found in two
reports

SNP association.

SNP association.
AR and AD POI reported,
contradictory results.

SNP association study

Infertile male mice, grossly normal reproductive
tract.

Associated with longevity

Evolutionary conserved direbtcatenininteraction.
Translocations associated with leukemi

Gdf9 suppresses arfebx|2 upregulates expression.
Regulated byfpm2 andFsh.

Suggested to protect granulose cells from apopto:
in mice model

Involved in glucose metabolism

Inhibin (INHA-INHB) inhibits pituitaryFSH
secretion.
Activin (INHB-INHB) stimulates seretion

Small sample
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Table 6.Candidate genes for PQiontinued.

Gene
OMIM no

LHCGR
152790

LHX8
604425

NR5A2
604453

NR6A1
602778

PDPK1,
RPS6

605213,
108460

PGRMC1
300435
POF1B
300603
POUSF1

(OCT4)
164177

24

Locus
(Human

2316.3

1p31.1

1932.1

99333

16p13.3,
9p22.1

X024

Xq21.1:
q21.2

6p21.33

Function

Receptor

TF

TF

TF

Kinase and
ribosomal
protein

Receptor

Binds actin
filaments

TF

Female mouse model

Indirect LH effect on follicle ovulation
demonstrated.

-/- lack germ cells. Identical t8ohlh1 KO
mice.

-I- lethal
Binds promotors fomha, Cyp19, Hsd3b2
andStar.

-/- oocyte upregulateBmp15andGdf9,
dose dependent hypofertility.

-/- depletion of primordial follicles, POl in
early adulthood

-/-premature apoptosis of primordial
follicles.

Human phenotype Association

investigated

POI with PA and SA Variablesymptoms
oligoamenorrhea and
infertility.

POI with SA No association found.

POI with SA Translocation and
heterozygous mutation in
POIL.

POI with SA R329Q mutation in AR POI
family.

POI with SA No association found.

Comment

LH receptor
LOF Leydig cell hyperplasia in XY
GOF malelimited precocious puberty in XY.

Expression is dowregulated TAF4B deficient
mice.

RepresseBou5flin somatic cells.
Expressed in primary to preovulatory follicles and
preimplantation embryos.

Oocyte signaling in conjunction.

Mediates progesterone aafpoptotic effect in
ovarian cells.

Escapes X inactivation
Believed important in cell division and or apoptosi:

Expressed in germ cells in early fetal life.
Important in stem cells.
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PTEN
601728

SOHLH1
601224

TAF4B
601689

TGFBR3
600742

10g23.31

9934.3

18q11.22

1p33p32

Phoghatase

TF

RNA
Polymerase Il
subunit

GFR

Premature activation and depletion of POI with SA
primordial follicle pool.

-/- mice infertile, lack germ cells, decreasei Infertile men
Figla, NoboxandLhx8 expression

+/- mice normal.

-/- infertile, disturbed folliculogenesis. POI with SA

Decreased expressionlohb, Inha,
Hsd17b1 Fst andcyclin D.

Binds inhibin and increases sensitivity to POl with SA
inhibin.

No association found

Mutations in men associatel
with nonobstructive
azoospermia

Suggested assaciation in
genane wide association
study.

SNP association study,
missense variants describec

Associated witltancer.
Deficiency is lethal.
Abundant expression in oyaafter E15.5

Specific expression in ovary and testis.

Preferentially expressed in gonads in oocytes and
granulosa cells.
Mediates=SH stimulation in porcine model

Gest, gestationakO, Knockout; POI, primary ovarian insufficiency; SA, secondary amenorrhea; TF, transcription factor; AR, autosomal recessive|SN&;leptide
polymorphism; LOF, loss of function; GF, Growth factegH, follicle stimulating hormone; SF, signaling factor; AD, autosomal dominant; PA, primary amenorrhea; LH:
luteinizing hormone; GOF, gain of function; GFR, growth factor receptor.
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Novel candidate genes that have not yet been investigated in patielgssaraghe
transcription factorg GLP1(table 4)SOHLH1, NR6AEANd the geneBAZL, FST,
PDPKlandRPS6all with interesting mouse models.

Nr5a2deficiency is lethal, anNr5a2 activates expression of several important genes

in follicular maturationNRBA2 expression is possibly regulated byF4BasTaf4b

KO mice have a decreasBidba2 expressionTaf4bencodes a subunit of the RNA
polymerase Il and KO mice have a disturbed folliculogenesis, and a decreased
expression of several factors in follicule ftinn. A GWAS study has recently shown a
suggestive association f6AF4Bto POI in humans and should it be evaluated further
[56]. The same study also suggeSBAMTS19s a candidate gene, but the association
could not be replicated in an independent material and no mouse model exists for this

gene.

Other genes identified in association studiedt &MdC1and inhibin alphalNHA). An
Inha KO mouse model exists witinfertile mice with elevated FSH levels, but in
humans, the association to POl is not yet proven and results are contrd8idtorye
receptorTGFBR3binds inhibin and increases cell sensititaynhibin, suggesting a
potential role in hormonal signaling. Four studie3 GFBR3in POI are reported, three
describing missense variaff8-60], but so far o functional study has been

performed.

The luteinizing hormondlHCGR)and estrogen receptb(ESR) are interesting
candidates for POI given the role of the LH asttogerin ovulation and follicle

maturation. However, identified mutationsLiHCGRcatse variable menstrual

irregularities with normal FSH level61]. A patient with estrogen insensitivity and a
ESRI1LOF mutation is described, presenting with PA but with normal FSH |g648ls

One GWAS study however proposes an association between a single single nucleotide
polymorphism (SNP) iESR1and POI, as well as between SNPs in the gBR&K1
andHK3 and PO[63]. Unlike ERS1andBRSK1, HK3as no supporting mouse model

and must be considered a less likely candidate despite a statistically significant

association.

An earlyinvestigation of translocation breakpoints identified a disruption of the
DIAPH2 gene in a mother and daughter with POI. However, mutations in this gene

have not been found in other POI patients.
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ThePOF1Bgene was also described early, with autosomassaee (AR) POI in a
Lebanesenother and daughteNo other patients witROF1Bmutations have been
reported.

The transcription factodsHX8, POU5F1, FOXO1A, FOXO3#nd the geneBTEN
andGPR3have been investigated in patients with POI without identifioadf any

patient specific sequence variant. Neither is@GRNNB1 -bateninmutation or
association reported in POI so far.

A proposed schematic overview for sex determination and signaling in gonad
developmentincluding candidate genes from mouse mgdglgiven in figure 2.

Figure 2. Proposed moddéhcluding candidatgenes
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Tilting the balance

The mechanism how the expression of the sexuattpigbhic genes control sex
determination and maintain it is not completely understood. However, data suggest an
important role fob-cateninin this process. Murine studies have shownRsabl
inducesb-cateninsignalingin the developing ovary, and thahen stabilized maintains

the tissue fatg8]. In fact, expression of a stable formbe¢ateninwill activate the

WNT pathway in XY gonadg4]. Theb-cateninexpression is inhibited in the male
pathway, possibly througidAP3K1 This as mutations dfIAP3K1havebeen shown

to cause increasddcateninexpression in auman teratoma celline expressing testis
determination geneSimultaneouslySOX9was down regulateld5]. The expression

of b-cateninis however not responsible for this dowagulation ofSOX9 although a

loss ofWnt4or Rspolcauses partial sex reversal in XX mice. Insié&XL2has been
proposed to be the counteracting forc&0IX9 Also, loss ofFoxI2 expression will

cause mature supporting cells of the ovary to develop into testicular somatic cell types
[66]. This suggests that the sexually dimorphic expression patterns need to be
maintained even after sex determination, and all trough adulbliéeldition the genes
involved in sex determination are not expressed cosipliet an on/off fashion

depending on gonadal fate, but can be important in both. For indRspel,/WN/Tb-
cateninexpression is found in spermatogengsi@ andDhh signalingoccurs in

ovarieg 68].
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AIMS

The overall aim of this thesis was to identify and study candidate gegesadal

DSD and POI. This was done irder to achieve a better understanding of the
underlying molecular mechanisms, and to improve the available diagnostic tools and
geneticcounselincavailable for affected patients and family members.

The specific aims of the thesis were

1 To identify new @ndidate genes necessary for normal testicular development
by investigatingsubmicroscopic genomic imbalances in patients with 46,XY

gonadal dysgenesis

1 To screen for mutations in ti@BX2gene as a cause of 46,XY and 46,XX
gonadal DSD and POI.

1 To identify new candidate genes necessary for ovarian developmeaot and
maintenancgby studying submicroscopic genomic imbalances in patients with
idiopathic POI

1 Tosequencéhe PSMC3IR FIGLA, NOBOXandGDF9 genes to evaluate the

impact of mutations in these gerie a cohort of Swedispatients with PQl

1 To develop new diagnostic tools and clinical genetic investiggtiaelines

based on findings from the project

29



Material and methods

MATERIAL AND METHODS

PATIENTS

Patients were recruited among the patients referred to the Depanfr@dinical

Genetics aKarolinska Univesity Hospital, Stockholm, Swedehhe majority of

patients are under clinical care at the Department of ObstetricSyaratologyat the

Karolinska University Hospital. All participants gave informed consenhdrcase of

minors, consent was obtained from legal guardians. The study was approved by the

regional Ethics Committee at Karolinskestitutet, Stockholm, Sweden with approval
numbers 2007/2631/2 and 2011/2782.

The patients participating in this studgn be divided into the following groups based on

the clinical diagnosis.

30

T

Patients with 46,XY complete GD
Women with a 46,XY karyotype, unambiguous female external genitalia and
uterus were investigated to identify novel candidate genes in testicular

devdopment (paper ) and for mutations in tBBX2gene (paper II).

Patients with POI
Women withPA, earlySA and familial cases havbeen of particular focus. The
patient cohort was investigatém novel candidate genes causing POI by array

CGH (paper lll)and for specific gene mutations (paper Il and V).

Patients with other forms of gonadal DSD
Patients with 46,XY ovotesticular DSD, 46,XX testicular or ovotesticular DSD
and one 46,XX patient with one streak gonad and one normal functioning ovary,

were induded in the investigation of ti@BX2gene (paper II).

The types of patient samples used in the studies were

T

Genomic DNA
extracted from peripheral blood lymphocytes, EBvmortalized lymphocytes

and mixed tissue from gonadal biopsies.

RNA
extracted fronEBV-immortalized lymphocytes, and fibroblasts cultured from

gonadal biopsies.



Material and methods

Clinical characterization

The clinical characterization of patients is based on phenotype, hormonal profile and
karyotype. In addition, family history is investigated. For pasievith POI, external

causes such as surgery, radiation therapy or autoimmunity were excluded. The clinical
characterization was performed by the pat

collectedat the time of inclusion in the study.

The clinicaldiagnosis o#6,XY gonadal dysgenesis based on a XY karyotype, female
external genitalia, internal Mullerian structufaterus)andhypergonadotropic
hypogonadisntFSH >30 IU/L).There aréwo pairs of affected siblings in the patient
group.

The diagmsis of POls established bgccurrence oPA or SAin a womarwith female
external genitalia as well as internal Mullerian structures and hypergonadotropic
hypogonadismin thestudiedgroup withSA, the overall median age at diagnosis was 22
years (1237). Several of these patients presented with amenorrhea after oral
contraceptive use, possibly delaying the diagnosis.

The clinical diagnosis ¢f6,XY and 46,XX ovotesticular DSI3 based on histological
examination of gonads, karyotype and phenotypetefeal and internal genitalia. The
diagnosis of 46,XX testicular DSD is based on karyotype, phenotype of internal and

external genitalia and hormonal profile.

The patient with a 46,XX karyotypene streak gonad and one normal functioning ovary
was discoered during abdominal surgery. The patient has normal external and internal

female genitalia and normal female hormonal profile.

Histological examination of gonads is recommended for all patients if possible.

Clinical genetic analysis

Clinical genetic invstigation is commenced with conventional karyotyping that can
detect aneuploidy, structural chromosome aberrations and mosaictbe stndied
patients]Jow level £x chromosome mosaicishas beemxcluded using fluoresceint

situ hybridization (FISH) a peripheral blood smears and when available on touch
preparations from gonadal tisstk®r patients with 46,XY gonadal DSD, sequencing of
SRY, NR5A1 WT-1, SOX9andDHH has been performed. In addition, MLRAalysis
targeting the 9p24 regide9 andNR5A1, SRY, SOX@/NT4, DHH, WT1, NROB1
amongother DSD genel(] has leen performed.
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For patients with POl,eguencinghas been performed fdlR5A1 BMP15 andFSHR
and MLPA analysis foNR5A1 In patientswith SA, FMR1gene premutatiorfsave also

beenexcluded.

CONTROLS

In paper Il, DNA samples from anonymous blood doabitke Karolinska University

Hospital,were used as normal controls in the investigation of novel sequence variants.

DNA from EBV-immortalized cell lines from healthy fertile men and women, were used

as normal controls for probe validation experimentdliiPA set up (paper Il and Il1).

For paper lll, genomic DNA frori5 women without POI was collected as control
sampla. All women were above the age of 40 at blood sample collection and had given
birth to at least one child. Exclusion criteria for papé@tion were previous egg donation,

in-vitro fertilization, fertility treatment or menopause before the age of 40.

DNA SEQUENCING

Novel candidate genes identified by ar@$H (C20RFSQOKRTAP23, KRTAP24,
SUPT3H,TSPYL6paper | and IlJ, known gendor gonadal DSDCBX2 paper I) and

for POI FIGLA, GDF9,NOBOX, PSMC3IPpaper Il and I\ were sequenced to

identify possible causative mutations. All exons, exon/intron boundaries and parts of

50UTR and 306 UTR were incl udredesignddusingner s f or

Primer3input.

PCR conditions were optimized for each amplicon. PCR fragments were separated using
agarose gel electrophoresis to ensure correct band size, and subsequently cleaned by
Exonuclease | and Shrimp Alkaline Phosphatase enzyextae (both Thermo

Scientific) to remove unconsumed deoxyribonucleotides (dNTP) and primers.

The sequencing reaction was performed using the BigDye terminator kit 3.1 (Applied
Biosystems), based on Sanger methodology with fluorescent chain terminator
dideoxynucleotides (ddNTP). Both DNA strands were sequenced using the PCR primers.
Fragments were size separated amalyzedising an ABI 3730 XL capillary sequencer
(Applied Biosystems). Electropherograms wanalyzedand compared to the

corresponding refence sequence using the SeqScape version 2.5.0 software (Applied

Biosystems).
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REVERSE TRANSCRIPTASE-PCR

Reverse Transcripta$@CR(RT-PCR) was used to investigate the expression of different
MRNA isoforms for th&&UPT3HandCBX2genes (Paper | and Il) @to confirm and
characterize a duplication within t8&PT3Hgene (Paper I).

Total RNA was extracted from EBWansformed lymphocyteendgonadal fibroblasts
using the RNeasy kit (QIAGEN) including the DNAse digestion step. First strand
synthesisthe conersion of MRNA to complementary DNA (cDNAyas performed
usingthe FirstStrand cDNA synthesis kit (Amersham Bioscien@sg) random hexamer
primers.The DNA/RNA strand was subjected to PCR readtising specifically

designed primer paiffer the targebf interest.

For SUPT3Hduplication analysis, a specific primer pair was designed to amplify an
MRNA containing an interstitial duplication where exon 12 was followed by exon 5.
PCR amplified fragments were sequenced to verify that the right fragmeatrpiied

and to determine the duplication junction.

For CBX2expression analysis, primer pairs were designed within isoform specific exons,
and to include at least 2 exons for ensuring isoform and cDNA specific amplification.

ARRAY COMPARATIVE GENOMIC HYBRIDIZATION

Array comparative genomic hybridizati¢arrayCGH) is a technique that allows the
detection of copy number differences between two DNA samples, of which one can be a
chosen reference control. The array consists of a glass slide with geramgmeifits

printed on one side. We have used a customized array with one million oligomarkers.
The oligomarkers lsa genomeawide distribution, with exclusion of repetitive DNA
sequence regions, leading to an average theoretical resolution of 2.2kb. Ene38 g

known to be involved in gonadal development, there are additional probes to the
backbone coverage (3 probes per exon), increasing the resolution to such extent that

partial gene deletion or duplications can be detected (paper | and III).

DNA quality is essential for optimal arrayGH quality control metrics (the probe to
probe log ratio, or DLR spread). Thereforksamples were controlled for qualiggnd
purified using the&QiAmp DNA minikit (QIAGEN) when appropriaté achieve
acceptablguality valuesin analysis by Nanodrop 1000 spectrophotometer (260/280 1,8
2,0, 260/230 >2)
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Procedure

Sample and control DNA atabeledusing red Cy5-dUTP) and greenQy3-dUTP)

fluorescent signalsespectively The same amount of genomic DNA is used for both
sanples. Labeled samples are pooled togetherhvitiidization buffer an€Cot-1 DNA
thatblocks repetitive DNA sequences. The mixture is then pipetted onto a gasket slide
that is pressed tightly against the array glass, and then placed in a rotating ¢hsioder

a hybridization oven for 48h. A competitive hybridization of patient and control DNA to

the oligomarkers on the array takes place. The array slide is then removed and washed to
remove unhybridized material, and the fluorescent signal at each aligemms

measured. Depending on the signal ratio between the red and green fluorescence, it is
possible to determine the ratio of genomic material between the two samples. See figure

3 for an overview of the procedure.

Figure 3. Principles of Aray-CGH.

Patient DNA Q% Q% Control DNA

Cy5-dUTP J/ \L Cy3-dUTP

S &

\ /é/ 4%_:3 Cot-1 DNA

@ <— Hybridization buffer

1M Oligomarkers ™. Array-CGH glass slide

g . l/ Laser scanning
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In our studies we have used two commercial control samples of pooled DNA from 10
healthy males or females. For the study with 46,XY GD patients the male reference was
used, while the female reference was used for the study with POI patients. The same

reference DNA batch was used throughout each study.

Interpretation

Fluorescence data from laser scanning was analysgiegd the Cytosure interpret
software v3.4.3 (OG;TOxford, Great Britain After global normalization and exclusion
of nonuniform outliers (0% outlier removal), iccular binary segmentatiomnalysis to
detect copy humber changes was performi¢id aminimumconsecutiveorobe counof
5, athreshold for gainsf 0.35and athreshold for lossesf 0.65

Copy number variants

Deletions or duplidions of genomic material are called copy number variants (CNV).
The term CNV however is often used to denote the normally and frequently occurring
copy number changes found in healthy controls, even though a CNV can represent a
unigue and causative charigeone patient. International research data regarding CNVs
in controls is collected and presented indhne Database of Genomic Variation

(DGV). By comparing patient findings with this data, we have excludetmonCNVs

found inhealthy control sampddrom further investigationThis exclusion was done

with caution, as phenotypic effects of genetic imbalances affecting sexual development
can be dependent on chromosomal sex. This information is not always available for the
controls included in the DG\AIso, @errations only partially overlapping with rare
reported CNVs were not excluded. Small intronic variationsraedgenic changesere
excluded after verification that they were not locat@tiin or upstreandownstream a
known gene causing DSBsa positional effeatouldthen be consideredll remaining

novel copy number changes were confirmed by MLPA.

Limitations

The arrayCGH methodnly distinguishes between ratio differences, not absolute copy
numbers. If both control and sample carry theesaumber of alleles, regardless of

number, no signal offset will be detected. The resolution of detected differences is
dependent on type of array platform used, where number and distribution of probes vary
between platforms. Copy number changes aredatacted by SNRrray, and mixed

arrays with both SNP and oligomarkers.
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Positional information is not given by are@GH. Therefore, balanced translocations
cannot be detected as there is no change in copy numbers. In addition, detected
duplications can #retically be inserted anywhere in the genome. In paper | and Il we

have characterized two duplications and shown that they are placed in tandem.

MULTIPLEX LIGATION-DEPENDENT PROBE AMPLIFICATION

Multiplex ligation-dependent probe amplificatighLPA) is a PCR based quantitative
technique that allows for simultaneous detection of copy humber changes of several
target sequences in one reaction. Probes for target sequences can be placed to study
several genes, or single exons within a gene, depending gn.dBise method was first
described by Shoutest al[71] and has provided a valuable addition to the available
cytogenetic techniques for detection of copy nunab@nges in the size interval between

detection by PCR and conventional cytogenetics.

In this thesis, MLPA has been used for verification of a@&H findings (paper | and

), as well as for candidate gene studies. Two MLPA probes sets using syptbbés

have been developed for the detection of entire and/or partial gene copy alterations of the
CBX2andGDF9 genes (paper Il and Il1).

MLPA probes

MLPA probes are synthetic oligonucleotides designed as pairs, with a left probe oligo
containing thedrward primer sequence tag and the left hybridizing sequence, and a right

probe oligo containing the right hybridizing sequence and the reverse primer sequence

tag (Figure 4a). The right probe oligo has

The primer sequence tags are identical in all probe oligos and allow for simultaneous
PCR amplification of all ligated probes with only one primer pair. MLPA probe oligos
used together in one MLPA reaction are designed to create, after ligation, fragments of
different sizeln our experiments, a minimum of 3bp in size difference has been used to
allow for good separation in the capillary electrophoresis apparsBis8100 genetic
analyzey Applied Biosystems)The probes were designed according to the
recommendabns by Sterret al[72] and SNPs where avoided at least near the ligation
site. Target specificity was ntrolled using the BLAT function at the UCSC genome
browser. Probe characteristics such as GC content and melting temperature (Tm) was

obtained using the RawProbe software.

The probe oligo used in the MLPA probe sets@8X2andGDF9 analysis were

validatd for consistenclgy analysis of 10 Fadthy controls of both sexes, with a
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standard deviation below 0.1 for each probe deemed acceftableontrol and pilot

probe used in experiments have been described ¢@8jer

Procedure

The synthetic oligonucleotide probe set is mixed with genomic DNA and denaturated.
Then hybridization of left and right probe oligos to single stranded DNA is allowed for
16h at 60°C (Figre 4b).

Left and right probe oligos adjacently hybridized to the DNA are ligated together at 54
°C to form the complete MLPA probe. Unhybridized, and unpaired probe oligos will not
be ligated. Ligated MLPA probes are then amplified by a multiplex PCIg asin

universal primer pair. The forward primer is fluorescently labeled, allowing

guantification during capillary electrophoresis separation of the different PCR fragments.
The fluorescencallows forquantification of PCR produatsl by measuring the area o

height of each peak corresponding to the targeted sequence.

Figure 4. Principles of Multiplex Ligatiordependent Probe Amplification (MLPA)
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Controls

For comparative quantification of copy number changes, the MLPA method is dependent

on the use of irnal reference probes. In our MLPA experiments, a minimum of at least

three control probe pairs with stable amplification has been included in each probe set. In

a process of internal control probermalizationeachs a mp | e 6 s gmceaseis hei ght
normalized to the average peak heightl areaf thereference probedhe normalized

values are then compared to the average of normaleadheighor areaof control

samplesncluded in the run. A minimum of two appropriate control samples has been

usedin MLPA experiments.

Interpretation

The comparative quantificatiafter normalization gives results in ratio values between
sample and control. A ratio value of 1 represents equal DNA amount in the sample and
the control for the specific target sequeatthe MLPA probe. For a sample run to be
deemed acceptahile our experimentthe ratio values fathereference probdsas to be
between 0.8 and 1.Eor the target of interest a threshold value for deletion and
duplication detection should be s&he analysis of MLPA results was initially made in

an Excel spreadsheet and later using@3eeMarker v1.90 (Soft Genetic)ftware.
Threshold values for deletions and duplications werat€e#5 and 1.25 in Excel, and

0.75 and 1.3 in GeneMarker, respediiv&he values differ as the GeneMarker software
uses a more complex statistical computation of the results changing the duplication cut

off value.

All detected deletionand duplications were verified by at least two independent MLPA
runs and if availalel, a separate DNA sample from the patient was also investigated for

confirmation.

IN SILICO ANALYSIS, ONLINE RESOURCES AND TOOLS

The methods used in this thesis, and the interpretation of results were dependent on
several programs, tools and databasesaf@verview including URL or manufacturer

seeappendix Il.

As general reference source the website for the National Center for Biotechnology
Information (NCBI) was used, including its constituent databases. In addition to
PubMed, the database for singl&cleotide Polymorphisms (dbSNPJ] at NCBI should

be mentioned.
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The UCSC (University of California Santa Cruz) genome brojv&gmith the
alignment tool BLAT[76] were frequently used for all studiessAlEnsemb]77] and
GeneCards were used frequently for general gene information.

Software for PCR primer and MLPA probe design was used or downloaded online,
resgectively[78, 79], whereas commercial software for sequence, MLPA and-@Gty

analysis was used.

For interpretation of arra GH findings the Database of Genomic Variants (DGV) v10
released Nov 20180, 81] and DECIPHER (Database of chromosomal imbalances and
phenotype in humans using Ensembl resou{&%)vere used.

Data regarding expression patterns of genes andips was extracted from the general
sources mentioned above, as well as specific online databases such as Human Protein
Atlas[83], Database of Gene expression profiles during sex determif@ddicandthe
LifeMap Database of Embryonic development, Stem Cell Research and Regenerative
Medicine[85).

Protein and nucleotide alignment was performed using ClustalW2 and ClustalWomega.
Prediction of amino acidubstitution on protein functiomas performed using the
commercial software AlaMut and online tools Polyph8&, SNP&GO and SIFT87].

The prediction of nucleotide substitution on splicing efficieneys performed with

AlaMut, as well as online tools NNSPLICEvQ&8], NatGene2v2.489 and

FSPLICEVL1.0.

STATISTICAL ANALYSIS

In paper IV, binomial probability calculatias performed for estimation of statistical
probability of negative findings. Therfmmial parameters were calculated using StatXact
4 (CYTEL Software Corporation, Cambridge, USA). 95% confidence interval was
calculated according to CloppBearson.
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RESULTS AND DISCUSSION

CLINICAL ANALYSES (U NPUBLISHED DATA)

Patients referred to the DepartmenCtihical Genetics aarolinska Univesity

Hospital, Stockholm, Swedefor genetic investigation of gonadal DSD and POI have
been considered for this thesis.ribese patients, the initial investigation of choice is a
conventional karyotype. If an aberration is identified, this is often diagnostic. Further

investigations that can be offered include:

1 46,XY gonadal DSD: Sequence analysiSBY, NR5A1, WI, SOX9DHH
and MLPA analysis detecting aberration&NiROB1, SOX9, SRWNT4and
NR5A1

1 46,XX gonadal DSD: Sequence analysiSBfYandNR5A1 MLPA analysis

can be considered depending on clinical presentation.
1 POI: Sequence analysisBMP15, FSHRandNR5A1 FMR1analysis inSA.

Some patients have received a molecular diagnosis by routine clinical genetic
investigation or in previous research studies. An overview is given in table 8. The

remainng patients have been includedhe studies in this thesis.

XY gonadal DSD

Three patients with 46,XY GD have been diagnosed 8RNpoint mutations, and one
patient has a diagnost&RYdeletion. One patient has a missense mutation iWihé

gene considered causative. Also different forms of chromosomal mosaisisrhden

found in three patients. For the remaining 14 patients with GD, clinical genetic
investigations have not revealed any causative mutation. Among the three patients with
other gonadal DSD forms, one patient with mixed GD has a causative dicentric Y

chromosome rearrangement.

Previous research studies in the group using BAC array and MLPA analysis, have
identified a pair of affected siblings carryiNgROB1duplicationd90], detected before
the development of the MLPA set now used at the Departméiinatal Genetics.

Also one patient with a causative 9p deletion has been iderfti#d

The overall diagnostic rate in 46,XY GD can be estimated to 44% in our material.

Previous reports vary between20%][15].
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Table 8. Results of clinical genetic investigations.

Clinical diagnosis Patients Total Genetic Diagnosis
studied (n) (n) diagnosis (n) established (%
46,XY complete GD 14 25 SRYmutation/deletion (4) 44%
WT1mutation (1)
45,X/46,XY (2)
45,X/47, XYY (1)
NROB1duplication (2)
Del9p (1)
46,XY gonadal DSD 2 3 45,X/46,X,idic(Y) (1) 33%
(other forms)
46 XX gonadal DSD 3 4 SRYpositive(1) 25%
POI with PA 23 24 46,XX, t(X;14) (1) 4%
POI with SA 31 35 FMR1premutation (1) 11%

46,XX,del(X) (2)
46,XX, t(X:4) (1)

GD, gonadal dysgenesis; Del, deletion; DSD, disorders of sex development; POI, primary ovarian
insufficiency; PA, primary amenorrhea; SA, secondary amenorrhea.

XX gonadal DSD

One patient with 46,XX testicular DSD has been diagnos&Rapositive, explaining

the phenotype. The remaining patient with 46,XX testicular DSD, 46,XX ovotesticular
DSD and the patient with one streak gonad and one functioning ovary, have not

received a molecular diagnosis.

POI

Four patients with POI had diagnostic aberrant karyotype with eittohrotnosome

deletion or translocations involving theckromosome. One had Rd three had SA.

In three patients, balanced translocations involving autosomes have been identified, but
not considered causative. One of these patients has participated in the studies included
in this thesis. The remaining two patients have not beafable for inclusion.

One patient with SA has been diagnosed with a causaiV&l premutation. This
corresponds to a detection rate of 1/54=2.8% which is expected for unrelated-cases (2

5% in previous report$p4, 44].

In total, 54 patients with POI were included in the study, 23 with PA and 31 with SA.

All patients with POI participating in the studief this thesis have undergone sequence
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analysis of th&8MP15 FSHRandNR5Algenes. No causative mutation has been
identified, although three novel changes have been found.

One patient is a heterozygous carrier of a novel silent changeBivitRg5gene
(c.393T>C), inherited from the mother. A novel silent change was found HStHR
gene in another patient in heterozygous form (c.1653C>T), no parental samples were

available. The silent changes were not predicted to affect splicing.

In NR5A1la missensehange was identified in one patient with SA, ¢.771C>G,
p.Asp257Glu. The patient is heterozygous, and the mother does not carry the change.
Paternal samples were not available. The amino acid substitution occurs in a nuclear
hormone receptor ligand bindjrdomain, but the substitution is, based on prediction

tools and the similarity between exchanged amino acids, considered benign.

Thesepatients are included in study I, lll and IV of this thesis.

Conclusion

The diagnostic rate is higher for the grouphwi6,XY gonadal DSD than for 46,XX
gonadal DSD and POI. This can be due to differences in mutation frequency of
causative genes in 46,XY and 46,XX respectively, reflect that POl is a more
heterogeneous condition, or illustrate that the group with 46,X¥dpgl DSD and POI
is far less studied than 46,XY.

Through previous research in the group studying 46,XY GD, three patients could
receive a molecular diagnosis. This was the rationale to extend the study to also include
46,XX patients and to furthanalyzthe undiagnosed 46,XY patients in the current

project.

A karyotype is always necessary for the analysis of patients with gonadal DSD and POI
as it is the basis of classification of DSD forms, and can also be diagnostic alone, such
as in the case of massm or translocations involving the X chromosome. For patients
with SA, FMR1analysis must be recommended, especially in familial cases. It is a
simple and affordable analysis, and there can be undetected younger carriers in the
family at risk for POI. h addition, premutation carriers have an increased risk of having

children with FragileX mental retardation, and must be offered gerestimseling

Today, there are several known genes in gonadal DSD and POl to investigate in
patients. A suitable geneinvestigation must be recommended for giving affected
patients a molecular diagnosis. Even if not influencing therapy recommendations, a

molecular diagnosis will provide the patient with an explanation, which can be some
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consolation in a difficult conddn. A summary of the clinically relevant genes as of

today is given in the concluding remarks.

GENOME WIDE APPROACH TO IDENTIFY NOVEL CA NDIDATE
REGIONS IN 46,XY GONADAL DYS GENESIS (PAPER 1)

Attempting toidentify new potential candate regions involin testicular
developmentwe have investigatquhtients with complete 46,XY Gior

submicroscopic genetic imbalanagsing a genome wide approach. The process of sex
determination is sensitive to gene dosage, both to haploinsufficiency and gene
duplicaton, and geneaffecing gonadal development are located not only on the sex

chromosomes but also on autosomes

DNA samples from nine unrelated patiewith 46,XY GD, of which one also has an
affected 46,XY sistemvere analyzed by arra§GH.A 1 M arrayCGH platform with
2.2 kb probe spacing favhole genome coveragad enrichmertargeting 78 genes

involved in gonadal developmentas used.

Four of the nine analyzed patients had novel copy number alterations, with a total of
five rearrangement©f these, onegs a previously describdzenignduplication of the
SRD5AZene paternally inheritefi73]. Four additional patients with 46,XY GD and
onewith ovotesticuir DSD were included in followp studies of novel regions. The

four most interesting candidate genes identified in the study are discussed below.

SUPT3H on 6p21.1

A duplication within theSUPT3Hgene (suppressor of Ty 3 homolodhieceevisiae

anda delgion affecting theC2ORF80gene discussed in the next paragrapiere

detected in the affected pair of sibling&th changes are inherited from the healthy
mother. It is possible that one of these changes is a benign variant, or that the causative
mechaism is by an interacting or additive effect. However, at the monmecdmmon
pathways are known between SUPT3H @2®RF80.

The duplication within th&UPT3Hgene wagurther characterized iMLPA and RF
PCR, and shown to be an interstitial tandem dujpdicaf exon 5 through 1lacing
exons in the order-12 followed by 513 (figure 5). The duplicatioraffects bothmajor
isoforms ofSUPT3Hand causes a likelg terminal amino acid changehe SUPT3H
protein is well conserved mammalsand t is difficult to predict ifaterminal change

affecs protein function or stabilitySUPT3H expressiois highin testicular cells
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Figure 5. SUPT3Hduplication.
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A, SUPT3Hgene, exon organizatioGreenexons are not present in mRNA variant 1. Exon 5 and exon
12 have been colored lvlueandyellow respectively, to help to understand the duplication structure,; B,
SUPT3HmMRNA variants. The exons in gray are not coding. ATG indicates the initiation of translation.;
C, Duplication structure.

(Leydig, interstitialand germ cells), and seminiferous dutits a transcriptional co
activator[91] andthe human homolog of the yeast transcription factor Bptdich

mutatians causeélefects in mating and sporulatif@?].

C20RF80 on 2q34

The deletiorof theC2ORF80gene (chromosome 2 open reading frame 80) spans the
first eight of a total of nine exonhus removing one allel&@he genes poorly
characterized. C20RF80nsoderatéy expressdin testicular cell types (Leydig cells

and cells in seminiferous ducts) and ovarian stroma cells, among others. The protein
does not contain any known functional domaimg does ngtresent homology with

any knownprotein. It is highly conserved in other species down to frog and fish, with a

47% sequence homology wibhrerio.

We investigated all available patients with 46,XY gonadal DSD by sequence analysis,
to detect inactivating mutations $£JPT3HandC20RF80 although onewere found.

Due to the small group size this negative resulist be interpreted with cautipand
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we consider bot®8UPT3HandC20ORF80as interesting candidate genes for 46,XY
GD.

PIP5K1B and PRKACG on 9qg21.11

An unrelated patient carried454kb duplication within 9921.1ossibly affecting
two interesting candidagenesPIP5K1BandPRKACG

The duplication spans the last four exons ofRHe5K1B(Phosphatidylinositef-
Phosphate -kinase, Typel, Beta) geneositional data cannot be inferred by afrray
CGH and it is possible the patient has two normal alleles. jplecdtion can also

disrupt one allele.

ThePIP5K1Bgeneis highly conserved in the mammalian clade, and has a 67%
sequence homology witb.rerio. ThePIP5K1B enzyme function is not completely
understood, but is an activesignalingmolecule involved irtytoskeleto
reorganization, cell survivagpithelial cell morphogenesis and m{9§|.

MousePip5Ka(corresponding to humaiP5K1B) hasa very high expregsn in testis

and ingerm, Sertoli, and Leydigells[93]. Pip5SKaandPip5Kb(corresponding to
humanPIP5K1A double deficient micarecompletely sterile duetack of germ
cells.Pip5KaKO micearesubfertile due to reduced motility and abnormal morphology
of spermBased on these findings, the potential rolePit?5K1Bin human gonadal
development must be further evaluated.

The PRKACGgene (lmmo sapiens prein kinase, CAMRlependent, catalytic, gamma)
encodeshe gamma form of the catalytic subunit of cAMEpendent kinasa
retrotransposon derived from the alpha form. In contrast to the widely expressed alpha
and beta forms, the gamma form is highly tisspecificto human testisand germ

cells in particulaf94]. We considePRKACGan interesting candidate gene for XY

GD.

Conclusion

By aray-CGHwe have identied novel candidate genes in 46,XY GDo¥ng
causality for idatified variants is challenging and experimeffwaictional
characterizationshould ideally be undertakeihe identification ofecurrentor related
genetic variants inthergroupsof patients withwell documented phenotypes could
also provide support for the potential role of these genes in gonadal DSD.

All studiedpatientshad undergone MLPA analysis for detection of dosage imbalances

in severaknowngonadal DSD gend$§9, 73, 95]. Therefore it was not surprising that
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no suchrearrangementseave detectetiere However, arrayCGH is apowerful
technique with high potential resolution, capable of detecting diagnostic genomic
imbalancesas well as novel candidate gerersd we recommend that all patients with
46,XY GD withouta molecular diagnasshould undergeopy number change

analysis.

CBX2 CANDIDATE GENE STUDY (PAPER 1)

The purpose of this study was to investigate the presence of point mutations and gene
copy number changes in ti@X2gene in a group gdatients with gonadal DSD. One
reported patient, compound heterozygous@&X2mutations and with 46,XY ovarian
DSD highlighted the potential role f@BX2in human gonadal development. In murine
models,Cbx2KO mice exhibit XY and XX gonadal disturbances, includiegm cell
instabilityin XX gonads. Therefore we proposegBX2as a candidate gene for 46,XY

and 46,XX gonadal DSD, as well as for POI. A cohort of 47 patientifiénent

gonadal DSD forms or POI werrecluded in the studyVe used DNA sequencing and

an inhouse developell LPA probe set for specific identification of

deletions/duplications affectingBX2

Sequence alterations

10 changes, nine single nucleotide variatiorts@me insertion were identifiedline

are reporte@NPs. A novelsilentG to A transition (c.1356G>was identified in
heterozygous form ia patienwith POI andPA, maternally inheritedBoth alleles
were expressed gonadal fibroblastultured from the patient. No effect on splicing
could be predicted by threeffgirent splice site prediction tool§he nucleotide change
was not identified in 156 control alle|d®wevemwe believe iis a rare normal variant.
Its maternal inheritance in the patient argues further agggaghogenic role IOl

when in heterozygous form.

All patients were found to carthe G allele for SNP rs71368052-52C>G) in the
CBX2promotor Thisis likely an annotation erroas he available data from two

population studies in dbSNP reveals only G allele carriers.

A non synonymous SNB.Pro471Ala was identified in a patienith PA, inherited
from the healthy father.dh alleles were expressed in gonadal fibrobkasta the
patient, excluding a second mutation affecting gene expre$siof71 is conserved in
eutherian mammalg$igure 6).1t is not in one of the highly coassed domains of CBX
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proteins[96, 97], but it is the first amino acid after the conserved CBE&cfic motif
Cx2.2[97], making it difficult to predict a specific functional roleis reported as a

Figure 6. CBX2amino acid conservation

M.musculus STGEENSSSDSDPDSTSLP-SAAQNLSVAIQTSQDWKPTRS-LIEHVEVTDVTANLITVIVEESPTSVGFFNLRHY
R.norvegicus STGEENSSSDSDPDSSSLP-SAGONLSVAVQTSQDWKPTRS-LIEHVEVTDVTANLITVTVEESPTSVGFFNLEKHY
H.zapiens SAGEESSSSDEDEDSASPP-STGRNEPSVSVQTSQDWKPTRS -~-LIERVEVEDVEAND ITW IV IKESETSVEEENLRHY
P.troglodytes SAGEESSSSDSDPDSASPP-STGQNPSVSVQTSQDWKPTRS-LIEHVEVTDVTANLITVTVKESPTSVGFFNLRHY
M.mulatta SAGEESSS553 PDSASPP-STGQNPSV3IVQT KPTRS-LIEHVEVTDVTANLITVIVEESPTSVGFFNLRHY
C.jacchus SAGEESSSS PDSTSPP-STGQNPSVSIQT KPPRS-LIEHVEVTDVTANLITVIVEESPTSVGFFNLRHY
C.lupus SAGEESSS5- PGSASPP-GARQNPSV3IVQT KPTRS-LIEHVEVTDVTANLITVIVEESPTSVGFFNLRHY
B.Taurus STGEENSSS PDSASLP-SAGQNLSVSVQT KPTRS-LIEHVEVTDVTANLITVIVKESPTSVGFFNLRHY
S.scrofa STGEENSSSDSDPDSGSLP-SAGONLSVSVQTSQDWKPPRS-LIEHVEVTDVTANLITVIVEESPTSVGFFSLRHY

kakkk kk kkhkk Kk ok k= Kk kk=rhkkh kA KKK Kk Kk hkhk A kA A A A A kA Ak Ak kA Ak kA Ak A kA kK _ ks k K
M.domestica STG-DDSSTDSERYSASFPGTTGONLSVSIQTSQDWKPTRS-LIEHVEVTDVTANLITVTIVEESPTSVGFFNLRHY
G.gallus STGDESSS-DSDRDSASFP-SVGQNMSVSIQTSQDWKPTRS-LIEHVEVTDVTANLITVTVEESPTSVGFFNVRQY
X.laevis STG-DDSSLDSDHDSSLSS——————¢ QDMAVQASQDWKPARS-LLEHVEVTDVTANLITVIVEESPTSVGFFNMRHE
D.rerio STGEEGSSSDTDHDSSFPR--DSHDLSISVQAGQODWRPTRS-LIEHVEVTDVTANLVTVTIVEESPTSVGFFSIRNY
D.melanogasterLAINQKQPLTPLSPRALPP—————————————— REFWLPAKCNISNRVVITDVIVNLETVTIRECKTERGFFRERDM

= Kk % - - =k sk hk ok ok h ok hok o= o=k * * * ok

Partial algnment of the CBX2 protein. Pro471 and corresponding residues in other species is highlighted
in yellow. Blue and green show part of the functionally important Cx2.2 and Pc box, respectively, in
human CBX2. Consensus symbols are indicated consideringnamniynalian (nine top) or all species
proteins. An * (asterisk) indicates positions with a fully conserved residue; a : (colon) indicates
conservation with residues of strongly similar properties; a . (period) indicates conservation with residues
of weakly smilar properties.

very rare SNP and was not detedted56 control alleles in our study. Causative
mutations for rare recessive diseases are expected to be ligtayg rase SNPs as there

will be healthy heterozygous carriers in the populatiocannot be excluded that the
nucleotide variant constitutes a potentially causative mutdtowever, in the reported
patient,CBX2mutations caused autosomal recessive disease, affecting a 46,XY
subject. Therefore it is less likely that a heterozygousgehanerited from a 46,XY

father would be causative alone in the 46,XX patient, in whom we have also confirmed
expression of both two alleles.

Copy number changes

No deletionor duplicationaffecting theCBX2genewas detected in the patient cohort
by MLPA. Theseesults are surprising to us as four copy number variants involving
CBX2are registered in the CNV database. Three varaantseporte@ncompaseg

the entire gendetected at a reported frequencynélossin 39 controlsoneloss in
269and tvo gains and one logs 30. In addition, achange spanning exon 1 to 3 is also
described with one loss and 22 gains out of 50 corigotie Smittet al Due to the
reported high frequency of CNVs, we expected to find some patients with a
heterozygous detion or partial gene duplication. Theported high frequency by de
Smithet alin a French populationot replicated in our experimerdsuld constitute a
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population differenceor it couldalso represent a false positive arfa@H result in the

previots study.

Expression

TheCBX2gene is reported to be transcribed in two isofebusno expression pattern
has beenapored. Theréore, we investigated the expression of the @BX2isoforms

in two cell linesand havesuccessfully shown that both RNAvferms are expressed in
gonadal fibroblasts as well as in EBvimortalized lymphocytes. It still remains to be

determined if isoform 2 is translated into a protein.

Conclusion

Despite the potential importance®@BX2in human sex development our study on a
group of 46,XX and 46,XY gonadal DSD cases did not reveal any causative point
mutations in th€BX2gene. Neither was any gene deletion or duplication detbgted
MLPA. Consequently, our study does not sup@BX2gene mutations as a common

cause ofjonalal DSD.

GENOME WIDE APPROACH TO IDENTIFY NOVEL CA NDIDATE
REGIONS IN PRIMARY OVARIAN | NSUFFICIENCY (PAPER III)

The aim of this study was to identify novel candidate genes for ovarian development
and function by investigatingubmicroscopic genetic imbaleesin patients with POI.

By a genome wide approach, novel candidate genes could be identified both on the X
chromosome and on autosomeslA samples from 26 patients with P@ére

analyzedoy arrayCGH using the same platform as described for Paper I.

11 unique copy number changes were identified in a total of 13 patients. One aberration
affects theGDF9 gene, already associated to POI, the a#rechanges unravel novel
candidate regions. All aberrations were confirmed by MLPA. When possible,

inheritarce pattern was investigatédaternally inherited changes have not

automatically been excluded as a variable phenotype expression dugyenmobr

environmental factorgr an autosomal recessive inheritance cannot be excluded.

An MLPA probe set for idntificationof copy number changes in thevel candidate
regions identified by arraGH was developedlhis was used for investigation @5
controls, anén additionaR8 patients with POI. The extended cohort and control

material were also used in tf@dlow-up studies of candidate genes. Below, the
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identified duplication affecting th@ DF9 geneandsix candidategenedor POI are
discussed.

GDF9 on 5g31.1

A partialduplication withinthe GDF9 (Growth differentiation Factor)@ene was

identifiedin a patient who had SA at 15 years of age. Using PCR, we amplified the
duplication juretion (figure 7)andcouldby sequencingonfirm a tandemhead to tall
duplicatonof 475bp containing the first part o

sequence

Figure 7. GDF9duplication.
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A. Schematic representation of {B®F9 gene. ATG indicates the initiation of translation. Red dots
represenNOBOXbinding elements (NBE). Purple dot represents thex Yellow arrow indicates the
duplicated segment. Blueraws represent PCR primers for duplication breakpoint amplification. R,
reverse primer; F, forward primer. B. Schematic representation of the duplication. Blue arrows represent
PCR primers. Green line represents PCR product containing duplication ju@ctiRepresentation from

the UCSC genome browser, GRCh37/hg19 assembly. Horizontal yellow arrow line indicates the
duplicated segment. Location of NBE (TAATTA, TAATTG) anébBx (CAGCTG) are shown as

vertical red and purple lines, respectively. Verticatbklaoxes represent MLPA probes.
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GDF9is an oocyte secreted factor, expressed from the primary follicle stage, and is
necessary for normal folliculogenesis and fertility. MutationGDF9 are associated
with POI, although at a low frequenf®l, 98-10Q.

Within the duplicated region there are three NOBOX binding elements (NBE), and an

E-box sequence. In moyde¥BES regulat&dfo expression and the-lBox sequence is

necessary for the ovarian specific expressidadi®. Both the NBEs and the-lkox are

conserved between mouse and human, as well as several other species and are likely

important for regulation diumanGDF9 expression. The identified duplication is

likely to have caused an alter€@dDF9e x pr essi on i n the patientés o

This is the first mutation identified affecting the regulatory regio@ DF9.

As a further investigation, thetire patient cohorttotal 54 patients) was investigated
by an inrhouse designeBlLPA probe setfor the identification of
deletions/duplications within or encompassi®igF9. No additional case was found

DNAH6 on 2p11.2

A 171kb deletioraffecting theDNAHG6 (Dynein axonemal heavy chaijwas

identified in one patient with SA @R years of ageAnotherarrayCGH study has
describedh smallerpartially overlapping deletiodetectedn a patient wittSA (figure

8) [101]]. An additionalstudy has also identified the rela@NAH5as a candidate gene
for POI[102. Mutatiors inDNAH5are otherwise known to cause primary ciliary
dyskinesig PCD).

DNAHG is a heavy axonemal dynein chain. Dyneinsnaitzotubuleassociated motor
protein complegs which are important fasiliary and flagellar motility. Also, dyneins
have beemsuggesed to have a rolm ovarian developmenin adult tissue®NAH6

can be found in fallopian tubes and testis, among other tissue\typd®lieve that

DNAHG6is avery interesting aadidate gene for POI.

Figure 8. DNAHGdeletion.
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Representation from the UCSC genome browser, GRCh37/hg19 assembly. The green line represents the
deletion detected in Patient 21. The orange line show the delgimmee: by Lediget al Vertical black
lines represent MLPA probes.
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TSPYL6 on 2p16.2

A deletionaffectingthe TSPYL6Ggene TSPY-Like 6 ) was identified in a patient with

PA. TheTSPYL&ene function isinknown, but it has a-@rminal NAP (nucleosome
assemly protein) domain, where NAP proteins are known to affect gene transcription
by histone moving and nucleosome assembly. Homozygous mutatio8&wi lhave
been found to cause 46,XY gonadal dysgenesis and sudden infant death syndrome
(SIDDT). We considel SPYL&n interesting candidate gene for POI. As a further
investigation, we sequenced fh8PYL6&gene in the entire patient cohort. No

inactivating mutations were identified.

SMARCC1 and CSPG5 on 3p21.31

A 135kb duplication on chromosome 3p21.31 was fooradpatient with PA. The
duplication spans theMARCCIgene SWI/SNF related matrix associated actin
dependent regulator of chromatin subfamily ¢ mem)emdl at least the first two exons
of the CSPG5gene(chondroitin sulfate proteoglycan.ssMARCCL1 rgulates
transcription by chromatin remodeling and is highly expressed in both follicle and
ovarian stroma cells, among other cell types in various tissues. CSPG5 is a
proteoglycan that may function as a differentiation factor. In mice, there is a ditierent
expression profile o€spgbin Sfi+ somatic cells in developing gonads at embryonic
day 12.5 (E12.5) with a higher expressiomiale gonads, and with an increasing
expression in female gonads on E13.5

We consider botSMARCCIandCSPG5ossible candiate genes for POIL.

SH3GL3 on 15925.2

A duplication of almost the entire sequence of the first intron dBH®GL3gene
(SH3-domain GRB2ike 3) was identified in a patient with PAheSH3GL3gene
contains a SRC Homologl (SH3) domain involveth sigral transduction for
transcriptional regulatiorSH3GL3expression is abundant in testisere it is believe

important for spermatogenesis. It is moderately expressed in follicle cells.

By arrayCGH no positional data can be obtained. An interstitial dafin could
affect splicing or have no effect. An association betv&dBGL3and POI should be

further investigated.

51



Results and discussion

Del 19p13.3

A 128kbdeletionon chromosome 1@as identified in a patient with SA affecting 6
genesTJP3, APBA3MRPL54, RAX2, MATKandZFR2 Of these, th&FR2gene

(zinc finger RNA binding protein 2% an interesting candidate gene for POI. Its
function is not fully understood, but it can bind double stranded RNA or RNA/DNA
hybrids. ZFR2 is expressed in many adult cell types, inclumliagan follicle and
stroma cells. It addition, ZFR2 is expressed in female gametocytes and germ cells
during embryonic developmer@varian biopsies from the patient shows bilateral

complete lack of oocyteand follicles.

KRTAP2-3 and KRTAP2-4 on 17q21.2

Three patients with SA were found to carry a 9kb deletion encompassiKB A2

3 (Keratin associated proteind andKRTAP24 (Keratin associated proteind}

genes, two heterozygous and one homozygous for the deletion. We hypothesized an
autosomalecessive causative mechanism and by sequencing we detected a missense
substitution (p.Cys73Tyr) in the remaining allele of the two heterozygous patients. The
variant is reported (rs113397060), but with no allele frequency. As the prediction
program Polyphe2 predicted thehange to be probably damaging investigated all
patients and the control material for this change. One patient was found to be
homozygous for the substitution, but also one control. Therefore we do not consider
KRTAP23 as a candidateege for POI. It is possible that tldsletion oKRTAP23
andKRTAP24 is a normal variant in the Swedish populatialthough not reported in

DGV, as two controls were also found to be heterozygous for the deletion.

Conclusion

Using arrayCGH, we have idntified the first mutation affecting the regulatory region

of GDF9in a patient with SA, most likely pathogenic. Importantly, the small, 475bp
duplication, would not have been detected without the customized probe enrichment,
making clear that platform selution and probe targeting is crucial. We have also
identified a secon®NAH6deletionin a patient with SA, corroboratifgNAH6as a
candidate gene for PQh addition, we have identified several novel candidate genes in
POI. Even though descriptive its form, studies reportingecurrent and related genetic
variants in phenotypically well characterized groups of patients can contribute to the
identification of novetandidate genes in gatel development and maintenance and

supporting the initiationfdunctional studies.

52



Results and discussion

PSMC3IP GENE STUDY (PAPER V)

The PSMC3IP(PSMC3 interacting prote)rgenewas implicated in POl in 2011. In a
consanguineous family with several memhveith PA, dl affected patients shared a
terminalhomozygous 3bp deletion (c.6@M2del, p.Glu201del)rhe mutant protein
showedh significantly decreased function as an estrogesictivator Estrogen is
important for prenatal development of the follicle patifollicular development at
puberty A decreased estrogelependent trangption couldthereby possibly cause
POI presenting with PA or SA. No other study has investigated$MC3IPgene in a
group of unrelated patients with P@lis of interest tanvestigate the possible
frequencyof pathogenic mutatioria newcandidategenes for POI. This is both for
diagnostic purposes, and for strengthening the understanding of the gene function in
ovarian development and maintenanieerefore, we investigated a cohort of 50
patients with POI for possibRSMC3IPmutations.

Sequencing results

Samples from 5@atients were successfully sequenced. No mutations or sequence
variations in the coding region of tRSMC3IPgene weraletectedIn intron 4,a novel
heterozygous change was identified in one patient with SA at 37 years of age. Th
intronic transitionc.337+33A>G is not previously reportéd.silico analysisof

splicing efficiencyusing three different prediction tools did not support an edfieitte
varianton splicing Although we could not detect this change in any of thecb@@ol

alleles investigated we believe it constitutes a rare normal variant.

Conclusion

ThePSMC3IPgene has so far only been investigated in a sowisanguineous family
with hereditary POI. Thpresenstudy is based on a group of 50 patients with POI
where no mutation of theSMC3IPgene was detected. Using binomial probability
calculation we canote that the probability of detecting mutations in zero out of fifty
patients with POI with an assumB@®I population prevalence of possible causative
PSMC3P mutationsof 5.8%, is only 5% (exact confidence interval1%).This is

less than reported for mutations in the autosomal §EROXin Caucasian patients
with POland some reported studiesFdfiR1 premutationsWe can therefore conclude
thatPSMC3IPgene mutationare not a common cause of POl in this Swedish cohort.
A population difference cannot be excludear, patients are mostly Swedish

(Caucasia)) whereas the family investigated by Zangéalwas of Palestinian

53



Results and discussion

descent. It remains possiblat the @scribednutation can be found & higher

prevalence impatients of this ethnic background.

For clinical genetic investigation of POI, a single gene approach with consecutive
screening byonventionakequencing of candidate genes has so far Qeite

unsuccessful and expensive, with a low detection rate per gene investigated. With the
development of next generation sequencing techniques, a multiple gene approach
where a panel of known candidate genes is analyzed simultaneously, could be more

swecessful.

POI GENE SEQUENCING (UNPUBLISHED DATA)

In addition to the clinical genetic investigationBNIP15 FSHRandNR5A] all

included patients with POI, in total 54 patients without a molecular diagnosis, have
beenanalyzedor inactivating mutations theGDF9, FIGLA andNOBOXgenes. No
definitive causative mutation was found, although some novel or rare changes were

identified. The results are summarizedahle 9.

FIGLA

Seven reported changes were identified in the cohort (table 9a). Of theseaorery

rare missense variant p.Pro93Thr, detected in 5 out of 4093 European American
controls, 0 out of 1842 African American in whadgome sequencing reports. The
change is predicted damaging Polyphen2, Mutation taster, SIFT and Align GCVD. The
patient carries this change in heterozygous form. We investigated our control material
of 95 healthy women without POI and did not detect any additional carrier. Previously
reported=IGLA mutations with a possible causative effeate been described in
heteraygous form{47]. Unfortunately, no parental samples were available for this
patient. If we could show that the change was either paternally inhertdiechoro its
pathogenicity would be strengthened. It is however an interesting candidate for further

evaluation with functional studies.

The other detected changes are either common, likely benign or do not predict any

potential change in splicing.
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GDF9

In GDFY, five reported SNPs were identified in the cohort (table 9b), four common
changes and one with no reported minor allele frequency (MAF). These are either silent
changes, or outside the coding regions. Splice site prediction tools do not predict any

change irsplicing for any change.

NOBOX

Sequencing of thOBOXgene revealed one novel change and twelve reported SNPs
(table 9c). The novel change is silent (c.1548C>T) and juxtaposed a common
polymorphism. It was not detected in any control allele, but isrmadlg inherited. The

change is not predicted to introduce any splice site and is likely a rare polymorphism.

In one patient the missense change p.Argl17Trp was detected. It has previously been
described as potentially damagii®3, but it has a reported MAF of 1.7%, which is

too common for a causative change in the rare condition POI. The MAF however is
based on a sample of only 38 controls, meaning it wastdetin heterozygous form in
one control, which does not have to represent the distribution in the entire population.
However another study reported the minor allele in 13 of 118 alleles in a control
material, which speaks more strongly against a caesatie. We did not have access

to parental samples, and consider the variant interesting for further evaluation. The
other changes are either common, maternally inherited, predicted benign or not

influencing splicing
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Table 9a FIGLA sequencing resuli@npublished data).

NM_001004311.3s used as reference sequence.
SNP ID, single nucleotide identification number; MAinor allele frequengyPOl, primary ovariamsufficiency;pop, populationt TR, untranslated
region.

A
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Table 9b. GDF9 sequencing result@npublished data)

SNP ID, single nucleotide identification number; MAwinor allele frequengyPOl, primary ovarian insufficiencyop, population.
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Table 9c NOBOXsequencing result@npublished data).

5
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NM_001080413.3 is used as reference sequence

SNP ID, single nucleactide identification number; MARinor allele frequengyPOl, primary ovarian insufficiencyop, populationtJ TR, untranslated
region.
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CONCLUDING REMARKS - FUTURE PERSPECTIVE

Gonadal disorders of sex development (DSD) are rare conditions affecting patients with
46,XY or 46,XX karyotype. The gonadal phenotype can vary, and depending on the
hormonal profile, the phenotype of internal and external genitalia can @ifferary

ovarian insufficiency (POI) can present as a continuous spectrum of ovarian
dysfunction, fromprimary amenorrhed@) to secondary amenorrhe@4). The

overall aim of this thesis was to identify and study candidate gegesadal DSD and

POI. Amolecular diagnosis in these conditions can offer the patient a causative
explanation for their condition and provide for a more specific gecetigselingof

family members. In addition, by identifying novel genes we can also achieve a better
understanithg of the underlying molecular mechanisms of gonadal development and

maintenance.

By genome wide arraGH analysis opatients with 46,XY gonadal dysgenesis
have identifiechew candidate genes for testicudavelopment. Copy number changes
affectingthe SUPT3HandC20RF80genes were identified and characterized in two
affected sisters with 46,XY GD. We also implicate BiE5K1BandPRKACGgenes

as potential candidate genes.

By a candidate gene approach, we have investigat€tBK&gene for sequerc
alterations and copy humber changes in a group of patients with 46,XY or 46,XY
gonadal DSD, or POIl. Our negative findings do not sugpBX2gene mutations as a

common cause for these conditions.

Using arrayCGH we have identified thigst mutation afflecting the regulatory region

of GDF9in a patient with SA, most likely pathogenic. We have also identified a second
patient with SA andNAHG6deletion corroboratinghe role foDNAHG6in POland

making it worth proceeding with functional characterizatloraddition, we have also
identified TSPYL6, SMARCC1, CSPG5, SH3@h8ZFR2as candidate genes in POI.

We have investigated tiESMC3IR FIGLA, NOBOXandGDF9 genes for sequence
alterations in a cohort of patients with POI. No causative mutations owerd,fout two
changes to follow up were identified. In addition, we have investigated the cohort for
copy number changes affecti@PF9where no additional case to the patient identified

by arrayCGH was found.

MLPA has been used to develop diagnosticstéot the identification of copy number
changes oGDF9andCBX2
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The genetic investigation of patients with gonadal DSD should alwaysnielizedo

a specialized DSD unit. Also, the investigation and treatment of patients with POI is
suitable forcertralizationto subspecialists within reproductive endocrinology. In
addition to the clinical investigation and substitution therapy requiring special interest
from the physician, results from the clinical genetic investigation can have impact on
the entirefamily. Geneticcounselingnust be offered these patients and the family
members. A suggested clinical investigation procedure for POl is given in Appendix 1.

Based on the current knowledge, | can recommend the following genetic investigations

today:

1 Forpatients with isolated 46,XY GD: investigation of sequence alteratidBR 6f
NR5A1, W1, SOX9, DHHMAP3K1, TSPYLandGATA4and copy number
change analysis dR0B1, SOX9, SRWNT4 NR5A1 DMRT1 Only one patient
has been described with mutation€BX2and our study has not identified any
other mutation. Before any new supporting data is prov@id2analysis cannot

be recommended as a clinical investigation.

1 For patients with POI: investigation of sequence alteratioB&/#15 FIGLA,
FSHR GDF9, NOBOX andNR5A1 Also FMR1analysis $ recommendeachi
patients withfSA. FOXL2mutations have so far only been described in patients
with BPES, but it is possible that mutations of this gene could present with isolated
POI, as in acampomel®&OX9mutationsTherefore it should be considered for
diagnostic investigation. Mutations FEMC3IPhave so far only been described in
one family and our study has not revealed any additional case. Until another report
supports its importance it cannot be recommendecchsical analysis. Copy
number change analysis of the aforementioned genes must also be considered in
patients with POI. Investigation of promotor regions in sequence and copy number
change analyses should be considered.

The knowledge of implicated ges in gonadal development is rapidly increasing and it
is important that the genetic investigations conducted are constantly evolving, and also

retrospectively offered patients diagnosed earlier.

For genetic investigation of patients with gonadal DSD@¥, Ehesimultaneous
detection of gene dosage aberrationssandll DNA sequence aberrations would be
preferred, and ideally conducted in a validated, fast anekfitsent manner. In the
future,once next generation sequencing will provide reliable alatzopy numbers,

whole-genome sequencing could be considered for diagnostic purposes.
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It would be interesting to apply next generation sequencing to identify novel candidate
genes in gonadal DSD and POI by studying families with several affected members.
We have now samples from another pair of sisters with 46,XY GD where we would
like to collect DNA samples from parents and the unaffected sibling. In addition, we
are trying to include family members of a patient with POI wif) where several

sisters a& also affected with POI with a variable phenotype. Both these families would
be very interesting to study further as the familial cluster strongly suggests a common

genetic mechanism.

However, the number of sequence alterations identified in each iratedtigerson by

next generation sequencing is extensive and both laborious and difficult to interpret.
Using a family based approach, we could exclude changes that do not segregate with
phenotype, and also perform analysis depending on an assumed domiaeessive
inheritance pattern. This would greatly decrease the amount of data noise in search of

the true signal

Novel candidate genes identified by such an approach, as well as the rare missense
variants identified in thEIGLA andNOBOXgenes, wouldbe interesting to investigate
by functional studies. AISDNAHG6is a candidate gene for functional investigation.
Animal models could be considered, butitro techniques and cellased systems

could be designed to evaluate the expression and functioataht protein compared

to its wild type counterparts.

For POI, a multicentre approach with a large numbers of patients and controls could
form the basis of association studies evaluating SNP frequency in patients compared to
controls, in attempts to lolize genes and genomic regions important for gonadal

function.
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POPULARVETENSKAPLIG SAMMANFATTNING PA
SVENSKA
AHur m-nga barn f-=-r jag n&r jag blir

Nar jag var barn lekte vi en lek pa dagis da vi kastadées grus i luften medan vi sa

otrmangdarn f-r jag n2r jag bl irangletan?o.

man skulle f& som vuxen. Ibland fick man tio, ibland inga, och da kunde man bara
prova igen. Hur fanig denna lék framstar for en vuxersa ar bristen pa kontroll ver
sinfertilitet, eller snarare infertilitet, ettanligt problemidagoch ungeféar 145% av

alla par behéver nagon form av hjalp for att bli gravida.

Det finns manga bakomliggande orsaker till infertilitet, bade manliga och kvinnliga
faktorer. Denna avhandling rde ovanliga tillstdnd dar aggstockar eller testiklar,
gemensamt kallade gonader, inte har utvecklatskeiddrlorat sin funktion i fortid.
Dessa patienter ar normala flick@iirutom att deantingen inte kommer i pubetéen
eller forlorar sin mens i grtket unga ar. Den drabbade kan ha en manlig
kromosomuppsattning, 46,XY, eller kvinnlig, 46,XX, adotsvarande kliniska
diagnoskallas 46,XY gonad dysgenesi (GD) eller primar ovariell insufficiens (POI).
POI kan orsakas av externa faktorer sasom kirstigilning, cytostatikabehandling,
och aven av autoimmunitet, men genetiska faktorer spelar enlbtvi v@t ocksa att
styrningenunder fosterlivefran ettneutralt gonadanlatijl utvecklingen av testi&l

eller aggstockareglerasav genetiska mekamier.

Genom att studenaatienter med 46,XY GD och P@bppas vi kunna fa en battre
forstaelse for de underliggande mekanismer som styr den nayoreditvecklingen.
Darmed hoppas vi kunna ge fler patienter en forklaring tilkbrguist de drabbats,
vilket kan vara en liten lattnad i étistand som det annars kan vasaart att forlika sig

med. En diagnos medfor aven att den genetiska radgivning vi kan erbjuda patienten och

familjen blir sékrare och battre.
Denna avhandling bestar av fyra delprojekt:

1 Identifiering av nya kandidatgener for testikelutvecklingen. Vi har anvant en
specialdesignad hoguppldst platform for detektion av myckefd@todter eller
dubbleringav arvsmassaMetoden kallas arraCGH. Med denna teknik har vi
identifierat fyra genesom vi tror kan ha betydelse for den normala utvecklingen
av testikeln. GenerngeterSUPT3H C20RF80, PIP5K1BchPRKACG Alla

uttrycks normalt i testikeln, och forlust 8ipk51bger sterilitet hosnanligamaoss
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