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INFO ARTICLE ABSTRACT

Keywords : Turner syndrome (TS) is tightly associated with hypergonadotropic hypogonadism and ovarian dysgene-

Ovarlap dysgenesis sis, typically resulting in infertility in the great majority of patients. Therefore females with TS are usually

Emta‘i'to' treated with female sex steroids from 11-12 years of age until the normal age of natural menopause of
estosterone

around 53-54 years of age. Infertility is rated among females with TS as a distressing concern and a detrac-
tor from a good quality of life. Options for motherhood for females with TS has expanded during recent
years. Originally, only adoption was an option, unless of course for the small minority of TS females that
still has ovarian function and are capable of achieving pregnancy through normal means. Oocyte donation
has become the mainstream option in many countries and seems to work well, especially if patients have
been treated with optimal estrogen and gestagen for a prolonged time before the intervention. It comes
with an increased risk of cardiovascular complications and TS oocyte donation pregnancies are viewed as
high risk pregnancies necessitating increased vigilance. Oocyte cryopreservation of own oocytes is also
becoming an option in a select group of TS and has special challenges. Ovarian tissue cryopreservation is
a promising new techniques that has been applied successfully in children with cancer. Currently, several
trials are running around the world evaluating this techniques in TS. The genetics and genomics behind
the ovarian dysgenesis seen in TS is not understood, but new studies have elucidated global changes in
DNA methylation and RNA expression in blood from persons with TS and it is likely that similar changes
are present in the ovaries. We still, however, need more thorough research to fully uncover the genetic
background of ovarian failure in TS. Gene expression studies and methylation analysis from ovarian TS

tissues still needs to be performed.
© 2022 Les Auteurs. Publié par Elsevier Masson SAS. Cet article est publié en Open Access sous licence
CC BY (http://creativecommons.org/licenses/by/4.0/).

Infertility

Cryo preservation

Anti mullerian hormone
Inhibin B

1. Introduction 2. Ovarian failure and the impact of sex hormone
insufficiency

Hypergonadotropic hypogonadism is one of the most consistent

traits in Turner syndrome (TS) affecting up to 95% of the all TS
women. Through decades, a TS diagnosis was equivalent to a life
with infertility. Despite a broad range of several other comorbidi-
ties, dealing with infertility is one of the most detrimental factors
affecting quality of life in both young women with TS and their
parents [1,2]. However, during the past decades new possibili-
ties for assisted reproductive techniques have become available,
which may improve fertility and pregnancy outcomes in TS women.
Furthermore, genetic research towards understanding the basal
development and origin of ovarian failure has evolved.
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A condition for obtaining pregnancy is a completed puberty
with maturation of both ovaries and the uterus. Most girls and
women with Turner syndrome undergoes premature ovarian
failure during childhood or early adolescence, before sufficient
pubertal maturation. Spontaneous menarche is only present in
4-12% of 45X females, although more frequent among mosaic
karyotypes (28%-45%) [3-5]. Only a minority continue to have
regular menstrual bleedings into adulthood (3-9%, depending on
karyotype) [4]. Hence, gonadal dysfunction leads to underdeve-
loped secondary sex characteristics, such as diminished breast
development and uterine growth.

According to international guidelines, TS girls should be treated
with estrogen from the age of 11-12 years old and later progeste-
rone is added to ensure breakthrough bleedings [6].

Besides ensuring uterine growth 7], estrogen has a wide range
of beneficial effects across the entire body and receptors are present
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in the endometrium, ovaries, brain, heart, kidney, adrenal glands,
liver, lungs, intestinal mucosa, bones, skin, endothelial cells, adi-
pose tissue and immune system [8,9]. It improves liver functioning,
thyroid functioning, bone structure, decreases the risk of fractures
and hypertension [10,11]. Estrogen therapy is essential in order to
obtain optimal uterine growth and endometrial development ideal
for embryo transfer during adult life [ 12,13]. Furthermore estrogen
ensures widening of the hips which is advantageous when giving
birth [14].

For long androgens has been understudied in relation to TS,
although androgens are decreased by approximately 30-50% in TS
women compared with normal menstruating females [15,16]. New
evidence suggests that androgens might affect follicle maturation
in early stages [17,18]. Androgen production is controlled by lutei-
nizing hormone (LH) during the gonadotropin-dependent stages of
folliculogenesis [19], with a so-called therapeutic window, since
low levels of LH stimulates androgen production, and high levels
inhibits production [20].

The role of progesterone and especially substitution of proges-
terone in TS is also severely understudied, and currently there are
no studies that point to the best choice of a gestagen to be used for
substitution.

3. The nature of Turner syndrome oocytes and ovarian
reserve

During normal development of the female foetus, formation of
germ cells and oocytes begins shortly after sexual differentiation
at week 6, reaching a maximum of up to five million germ cells
by week 8-12 [21,22]. Once the foetus enters second trimester
the human ovary enters meiosis and puts an end to formation of
additional oocytes. During second and third trimester of the nor-
mal pregnancy a gradual loss of oocytes occurs, being reduced to
approximately 400,000 oocytes at birth [23].

In Turner syndrome, the tipping point of germ cell creation
and depletion occurs at the same time as in eukaryotic women,
however, at a much more accelerated speed [24,25]. Both oogene-
sis and folliculogenesis are compromised in TS females. In ovaries
from 45,X TS foetuses, oogonia were observed, however with no
occurrence of primordial, preantral, or antral follicles compared
with eukaryotic female foetal ovaries [25], and connective tissue
predominates in the ovaries. Some TS foetuses might even reach
depletion before or around birth. Nevertheless the majority proba-
bly reaches “menopause” during childhood or early adulthood.

In postnatal ovaries, the presence of follicles is related to
karyotype, age, signs of spontaneous puberty, and serum concen-
trations of gonadotropins and anti-Miillerian hormone (AMH), with
26%-60% of ovaries presenting with some follicles histologically in
girlsand young women with TS [26-29]. A high rate of abnormal fol-
licle morphology was detected, and follicle fluid from small antral
follicles had lower concentrations of estrogen and testosterone and
higher concentrations of AMH compared with controls [27].

When assessing oocyte quality, it is also of great importance to
know the chromosomal content of both oocytes and stromal cells
in TS primordial follicles. Peek et al investigated 46 oocytes in 10 TS
women discovering that most oocytes were eukaryotic (90%), while
the granoulosa cells were largely monosomic [28], demonstrating
mosaicism confined to within the ovaries. This reveals that the ova-
rian content of X chromosome material is not always equivalent to
the karyotypes performed on lymphocytes from a blood sample.
Furthermore a case report of a girl diagnosed with 45,X, presented
with cryptic mosaicism in the ovary [30]. The take home message
being that karyotype is not always associated with oocyte quality
and follicles from 45,X women might be available and useable for
assisted reproductive techniques.

Annales d’Endocrinologie 83 (2022) 244-249
4. Genetics and infertility in Turner syndrome

X chromosome monosomy and infertility is undoubtedly inter-
twined, and X chromosome deletions and X-autosome balanced
translocations have been associated with POI [31]. Thus giving rise
to the definition of a POI critical region from Xq13-Xq21 (POI2)
to Xq23-q27 (POI1) [31]. Several candidate genes on the X chro-
mosome have been suggested to contribute to ovarian function
in Turner syndrome. In particular KDM6A, USP9X, ZFX, BMP15 [32]
(Fig. 1).

KDMBG6A (a histone demethylase) is involved in gonadal dysge-
nesis, reestablishment of pluripotency and germ cell development
[33]. The gene is both differentially expressed and methylated in
Turner syndrome [34]. Haploinsufficiency is associated with altered
histone modifications potentially affecting transcriptional regu-
lation of genes central for reproduction [33]. USP9X escapes X
inactivation and is a ubiquitin-specific protease. Disturbances of
ubiquitin are considered a plausible mechanism because the Dro-
sophila orthologue of USP9X is required for eye development
and oogenesis [35]. USP9X is differentially methylated in Turner
syndrome [34]. ZEX is a DNA binding gene, which acts as a trans-
criptional factor, and knockout of ZFX in mice is related to decreased
number of germ cells in both males and females [36]. ZFX is diffe-
rentially expressed in TS compared with control females [34,37].
BMP15 encodes bone morphogenetic protein 15, which stimulated
AMH synthesis and stimulates folliculogenesis and is expressed in
the oocyte [38]. It belongs to a large family of proteins that play
a regulating role in ovarian function and BMP15 knockout female
mice are subfertile with decreased ovulation rates [39]. Lastly, it has
been proposed that epigenetic modifications in itself leads to ova-
rian failure. Hence that XIST, through X inactivation, plays a pivotal
role in regulation of ovarian functioning on the X chromosome [35].
However, most analyses to date are performed on blood from TS
adults. Gene expression from TS ovarian tissue has still to be inves-
tigated in order to establish a reliable pathophysiology of infertility
in TS.

5. Pregnancy potential and predictive markers

The question remains how we predict which TS women who
are eligible for fertility treatment using own oocytes and which
ones we immediately should refer to other options such as adoption
or oocyte donation. In eukaryotic females, AMH and antral follicle
count, assessed by vaginal ultrasound, are used as predictive mar-
kers of fertility [40]. AMH is produced by the granulosa cells, hence
serum level is equivalent to the size of the growing follicle pool, and,
indirectly, also of the primordial follicle pool, reflecting the ovarian
reserve [41]. FSH and BMP is the prime stimulator of synthesis,
while estrogen inhibits AMH and AMHR?2 receptor expression [38].
Follicle fluid from young TS girls have high concentrations of AMH
along with lower concentrations of estrogen and testosterone [27],
maybe reflecting the abnormal function of follicle cells, or maybe
due to a rescue effect, since AMH has been shown to prevent folli-
cular atresia [27,38].

Measurement of AMH has also been applied to TS women
and correlates significantly with ovarian function in pubertal TS
girls (12-25years) [42]. AMH levels are associated with karyo-
type, spontaneous pubertal development, LH/FSH values and the
presence of follicles [26,42-45]. Hence it seems useful as a tool
for assessing the ovarian reserve in pubertal TS girls. However, in
one study performing oocyte cryopreservation in seven TS women,
there was no correlation between antral follicle count, AMH or
oocytes retrieved, and despite low AMH measurements oocytes
were available in all seven TS girls [46].
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Fig. 1. Some X chromosomal genes proposed involved in Turner syndrome infertility and the location on the X chromosome. KDM6A is a histone demethylase that might
affect histone modifications potentially affecting transcription of genes central for reproduction. USP9X is a ubiquitin-specific protease, and disturbances of ubiquitin could
affect oogenesis. ZFX is a DNA binding gene, which acts as a transcriptional factor, and knockout of ZFX in mice is related to decreased number of germ cells in both males
and females. BMP15 encodes bone morphogenetic protein 15, which stimulated AMH synthesis and folliculogenesis.

So far no evidence exist towards the use of AMH in younger
pre-pubertal girls, and since the ovarian demise starts at an early
age, we are in need for a predictive marker useful in younger TS
children.

Since inhibin B is secreted from the developing follicles during
mid-childhood, it has been suggested as a predictor of ovarian
function in prepubertal children with Turner syndrome [47]. It
is believed that serum AMH and inhibin B levels reflects ova-
rian reserve independent from the hypothalamo-pituitary-gonadal
axis [42,48]. Spontaneous puberty has been correlated with higher
levels of AMH and inhibin B, however inhibin B has been demons-
trated detectable without any signs of spontaneous puberty in TS
women [47].

6. Assisted reproductive techniques, oocyte donation or
adoption?

Spontaneous conceptions are rare and most women with
Turner syndrome depend on assisted reproductive technolo-
gies or alternative options such as fostering and adoption, to
become a parent. Although reports of spontaneous pregnancies
in both 45,X and mosaic TS women has been published with an
incidence between 2-7% [6,45,49,50], oocyte donation has pre-
viously been and is still the most frequently used option in TS
women [6]. It results in fewer miscarriages compared to pre-
gnancies using own oocytes [51], and the clinical pregnancy
rate are 30-46% depending on method (fresh/frozen) and the-
refore similar to corresponding rates among eukaryotic oocyte
recipients [52].

However, pregnancies achieved with donated oocytes are in
general associated with a higher incidence of gestational hyper-
tension, pre-eclampsia compared with conventional IVF [53], and
up to 35% of TS women receiving oocyte donation develops hyper-
tensive disorders [13]. Since TS women lacks endogenous estrogen
production, it is pivotal that appropriate estrogen replacement the-
rapy has been initiated to ensure uterine growth and enhance the
chances of implantation [6]. In TS girls between 16-24 years old,
4 mg oral 17-beta-estradiol induced a steeper increase in uterine
volume, and uterine growth depended both on dose and duration
of treatment [7] and has also beneficial effects on body composition
[54]. Furthermore, during the months leading up to a pregnancy,
estrogen treatment must be applied in order to ensure an appro-
priate endometrial thickness, and the endometrium of TS women
tends to respond poorer to estrogen treatment compared to euka-
ryotic POl women [55], decreasing the chances of implantation.
The endometrial response to estrogen treatment has to be moni-
tored by serial ultrasonographic measurements determining the
appropriate timing of implantation. Furthermore, fluid in the endo-
metrial cavity is often seen in patients exposed to estrogen after
prolonged hypoestrogenism e.g., premature ovarian failure, post-
menopausal women, and TS, due to the initiation of glandular
activity in the endometrium [56]. Hence, low-dose transdermal
estrogen treatment with gradually increasing dose may be the
solution to endometrial collections in patients undergoing oocyte
donation, as demonstrated in a case report [57]. This emphasizes
the importance of sufficient hormone replacement therapy, initia-
ted during puberty, well before fertility request [58].

Oocyte cryopreservation is associated with higher incidence
of miscarriages and chromosomal abnormalities [51,59], but is
often preferred in order to ensure own genetic offspring, and the
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Fig. 2. (A) Oocyte cryopreservation and (B) Cortical cryopreservation. A. Oocyte cryopreservation requires ovarian hyperstimulation followed by retrieving of oocytes
and cryopreserving. Thawed oocytes are fertilized and blastocyst stages are transferred to the uterus. B. Using cortical cryopreservation, small pieces of ovarian cortex is
cryopreserved. After thawing, cortical tissue is auto transplanted into the abdomen followed by ovarian hyperstimulation, transvaginal oocyte retrieving, fertilization and

transfer of blastocyst stages into the uterus.

technique has been successfully applied in women with Turner syn-
drome [45]. Due to chromosomal aberrations in offspring, prenatal
genetic screening should be considered, or at least prenatal testing
with chorionic villus sampling during first trimester [60].

During the process of oocyte cryopreservation, mature oocytes
are retrieved, vitrified, and cryopreserved after ovarian hypersti-
mulation (Fig. 2). The method, however, is only applicable during a
short time-window from post-puberty until ovarian decline. Hence,
this method can only be applied in a very small subgroup of TS
women. The first live-born child after vitrification of oocytes in a
45,X/46,XX woman with normal AMH and regular menstrual cycles
has just been published [61].

In contrast, ovarian tissue cryopreservation (OTC) seems pro-
mising in order to retain fertility in TS women (Fig. 2). The big
advantage being that it can be applied to a larger age-group (from
2years and up) and independent of pubertal stage. The disad-
vantage being, that it requires a surgical procedure performed in
preferable young children. OTC has led to live-born children in sur-
viving cancer patients [62-64], however in TS the procedure is still
experimental. So far OTC on TS women has been performed in a
cohort from Denmark, Canada and the Netherlands [28,45,65,66].
But so far no live-born children has been reported.

7. Maternal morbidity and mortality during pregnancy

Maternal and fetal complications are inevitably increased in
TS pregnancies compared with other women, irrespective of the
conception method. A Canadian population based cohort study
reported an three-fold increase in neonatal morbidity, but no severe
maternal mortality or adverse cardiovascular events in TS women
compared with the general female Canadian population [67]. The
risk of ischemic placental disease (preeclampsia, placental abrup-
tion, and intrauterine growth restriction) and preterm birth before
week 37 was increased 3-fold in TS women [67], supporting similar
findings in a Swedish register study [68].

2

Women with TS are predisposed for a wide range of cardiovascu-
lar diseases such as hypertension, bicuspid aortic valve and aortic
aneurisms and dissections [10,69,70]. All risk factors for adverse
outcomes during a pregnancy, and aortic aneurisms can be a fatal
pregnancy complication [71,72].

However, newer reports on pregnancy outcomes in women
with Turner syndrome from France (n=480), Canada, USA and the
Netherlands (n=68), and Finland, Denmark and Sweden (n=106)
reported either none or very few cardiovascular events, with a total
of only one case of aortic dissection [13,73,74]. This is probably due
to improved pre-pregnancy counselling and restriction of access in
women with an a priori high risk of cardiovascular complications.

According to guidelines a multidisciplinary (fetal medicine
specialists, obstetrician, gynecologist, endocrinologist and car-
diologist) screening includes imaging of the thoracic aorta and
heart within 2 years before planned pregnancy and evaluation of
blood pressure measurement, thyroid functions and blood glucose
[6,75]. Relative contraindications increasing the risk of dissec-
tion, should be respected, such as bicuspid aortic valve, elongation
of the transverse aorta, coarctation of the aorta and hyperten-
sion [75], and a careful pre-pregnancy assessment should always
be performed. Hypertensive complications during pregnancy is
prevalent in 10-60% of all TS pregnancies, underlining the impor-
tance of frequent blood pressure measurements during pregnancy
[13,76,77].

8. Future perspectives

Decades have passed since Turner syndrome was first descri-
bed in the 1930s, and in regards of hypogonadism and infertility,
many new interesting options have become available. One of the
promising ART techniques is ovarian tissue cryopreservation, since
it can be used to preserve fertility in all age groups independent of
pubertal maturation. Even though we have reached far in unders-
tanding the genetics and pathogenesis, we still need more thorough
research to comprehend the genetic background of ovarian failure
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in TS. Gene expression studies and methylation analysis from ova-
rian TS tissues still needs to be performed. Maybe in the future, we
will be able to preserve the high number of fetal TS oocytes before
ovarian diminish begins.

For now, discussion of fertility preservation options is advised
as early as possible, even at time of TS diagnosis, and TS girls should
be monitored closely assessing continuously ovarian reserve.
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