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WHAT IS TURNER SYNDROME?

Turner syndrome is a chromosomal disorder that affects

phenotypic females who have one intact X chromosome
(\-‘

and complete or partial absence of the second sex a

Turner Syndrome 45 XO

sHoRT Stature

Small mandible
High arched palate
Low-set ears

Low hairline

Bicuspid aortic valve
Coarctation of aorta

i
éa on iy

Ovarian dysgenesis
Amenorrhea

<y Infertility
ChI‘OmDSOIHE In associlation Wlth one or more Clll’llCEll .Mmametacamlbones
« Widely spaced nipples

manifestations AR
Karyotype % Description
45,X 40-50 Monosomy X
45,X/46,XX 15-25
45, X/47 , XXX; 45,X/46,XX/47 , XXX 3 Mosaicism with ‘Triple X’
45,X/46, XY 10-12 Mixed gonadal dysgenesis
46,XX, del(p22.3); 46,X,r(X)/46,XX Deletion Xp22.3

Ring X chromosome

46,X i1(Xq); 46,X,idic(Xp) (10%) Isochromosome Xq; isodicentric Xp
X-autosome translocation, unbalanced Rare Various

46,XX,del(q24)
46,X,idic(X)(q24)

Not TS; premature ovarian failure
Not TS; isodicentric Xq24

Gravholt et al, Eur J Endocrinol, 177, G1-G70, 2017



Turner syndrome characteristics

°
Feature Frequency (%) °
Growth failure and reduced adult height 95-100
Failure to thrive during first year of life 50 ¢
Endocrinopathies
Glucose intolerance 15-50 °
Type 2 diabetes 10
Type 1 diabetes ? ¢
Thyreoiditis and hypothyreosis 15-30, ann. incidence ~3%
Hypertension 50 i
Android body composition ?
Gastrointestinal and hepatic disorders °
Elevated hepatic enzymes 50-80
Celiac disease 8
Inflammatory bowel disease 2-3
Phentypic charateristics
Eyes
Epicanthus 20
Nearsightedness 20
Strabismus 15
Ptosis 10
Ears
Infection of middle ear 60
Hearing defects 30
Deformity of external ear 15
Mouth
Micrognathia (small mandibular bone) 60
High-arched palate 35
Abnormal dental development ?
Neck
Low posterior hairline 40
Broad short-appearing neck 40
Pterygium colli (webbed neck) 25

Gravholt et al, Eur J Endocrinol, 177, G1-G70, 2017

Most typical features:

Short stature
Hypogonadism
Infertility
Hypertension
Hypothyroidism
Middle ear infections
Hearing disability

o/



Estradiol and Brain function

Abnormal group (n = 14)

Age

FSH level (mlU/mL)
E2 level (pmol/mL)

Axial dlffusmty (AD) cluster 1
v g % 4%
a‘ 'w "m 2R ’u“ §

AR ﬁ‘ R AR ”
u & @

alue
18
0

Adjusted mean AD (x10%)

Adjusted mean RD (x10)

Subnormal group (n = 9)

14.30 £ 1.92 12.93 £ 3.27
108.6 + 35.87 (14) 6.76 £ 5.23 (9)
17.5 £15.25(13) 64.73 + 74.31(9)
F(1,18) = 22.71, p =.0002
S o
N This study and other studies suggest

12 14
Age (years)

F(1,18) = 14.48, p = .001

= Abnormal group - Subnormal group
r=-0.72, p=.004 r=0.59, p=.09
L]
. o
\
S DS

12
Age (years)

that age-appropriate exposure to
estradiol is important for normal
brain development

Li et al, Hum Brain Mapp, 2019



Genetics of Turner syndrome

Dose compensation &

X chromosome Y chromosome X chromosome inactivation
Pse‘udoautosomal
region -
/\- Active .
=—genes i ]
= il X X X Barr body
— Euchromatin —=
> = Centromere Ba rr bOdy
Inactivated @ ©
nactivate o :‘
genes ' 9-,
Euchromatin ——

Xce ~MSY

Gene activity may differ
from one inactive X
/ chromosome to another.  Heterochromatin

x
Fe)

LU L TORL R LR LT

# Barr body heterochromatin
(primarily silenced non-coding DNA)

Non-Barr body chromatin

Key: PAR: Pseudoautosomal region (primarily genic DNA)
SRY: Sex-determining region of the Y
MSY: Male-specific region of the Y

o Xist RNA
© Genes escaping X inactivation

© Genes subject to X inactivation



Turner syndrome

Genetics of syndromes
X What happens with loss of X?
———>65% s shutdown
X X 20 % with variable expression
T 159 “escapes” X-inactivation
X Y ™ Ppseudoautosomal regionY and X

Ovarian function Lymphogenic loci SHOX
Neuro-cognitive Phenotype
i(Xq) as source of Del(Xp) as source of
- Autoimmune predeliction - BAV/ Left-sided congenital heart lesions?

-T2D -T2D?



FPseudoautosomal region

Tel
I”T1 EIIZID 1CJIC"3 15|UCI 20;2-0 :J_JEIC"Z] kbp

'C Chromosomal
localization

| T VW Via .
. Genomic

} } } i | —  structure
Homeodomain
L T W SHOXa
cDMA forms
I || | SHOXh

7 BN

Short stature in
Turner syndrome
Skeletal features in
Turner syndrome

ldiopathic proportional Leri—Weill syndrome
short stature Langer dysplasia

Idiopathic mesomelic
short stature

SHOX — part of an explanation!

Consequences:

= short 4th metacarpal

= cubitus valgus

= Madelung deformity

= mesomelic growth

= high arched palate

= micrognathia

= sensorineural deafness

= dysproportionality of
skeletal size

Rao et al, Nat Genet, 1997
Ellison et al, Hum mol Genet, 1997



Turner syndrome pathophysiology

The missing X
- Parental origin?

- Skewed X inactivation

- SHOX gene unde
- TIMP1?
- TIMP3?
“ - KDMBA?
- KDM5C?

XX - RPS4X?
- CSF2RA?

/‘\ - Other genes?

)\/\ The phenotype
/ - Short stature

| | - Infertility

J ‘,‘.‘ flﬁ || - Hypergonadotropic
| |\ | hypogonadism
/] |\ | - Type 2 diabetes

. Y |( | - Autoimmunity
Proteins & T |/ - Neurocognitive
- Differential protein-protein \ H / problems

interaction ' '

| - Congenital heart
- Other mechanisms? Vb malformations

- Intrauterine lethality

|
|
N w" - See also Table 1
o0

RNW

- Global differential expression
- Differential non-coding RNA expression
- Other mechanisms?

rexpression

€
Epigenetics

- Global hypomethylation
- Other epigenetic mechanisms?

It is clear that the missing X chromosome is the
cause for the problems related to Turner syndrome

The SHOX gene is responsible for part of the growth
failure and some skeletal abnormalities

But we don’t know which genes are responsible for
all the other traits

This is hugely interesting and much current research
is focussing on this

Gravholt et al, Nat Rev Endocrinol, 15:601-614, 2019



®® ‘KDM6A —— Hearing

) ®® *KDM5C
®® “KDMoA Neuro-cognitive < Uspo
® *CD99 ® 9
® CSF2RA | Autoimmune . *
® CI3RA R Aortic Aneurism ® *TIMPI1
() *CD40LG ‘
* - Cardio-vascular ® ZFYVE9
[ ) VSIG4 Nevi
ey / . y ®® KDM6A*
@® DOCK7

Height and body ®  IGFBP3
®® “PRKX > Urogenital proportiOnS < SHOX*
®® *KDM6A malformation

S R
| 4
@®® *KDM6A Infertility In utero lethality —— @ *CSF2RA
*FMR1 : ;
BMP15

Trolle et al, Sci Rep, 6:34220, 2016



Time of diagnosis of Turner syndrome?

120

100

80

Number 60

Median =15 years
Range = 0-86 years
N =746

40

20

O b s v B B % v D

Delay in diagnosis / years
Stochholm et al, J Clin Endocrinol Metab, 2006



Autoimmunity - Turner syndrome

Autoimmune disease Observed Expected SIR (95% CI)

Male-predominant

Reactive arthritis 1 0.1 22.1(1.3-97.2)
Dupuytren’s contracture 4 0.6 7.0 (2.2-16.2)
Ankylosing spondylitis 1 03 3.7(0.2-16.4)
Am}rnrrnphir* lateral sclerosis 1 0.1 222 {]_3_9?_?)
Type 1 diabetes mellitus 18 44 4.1 (2.5-6.3)
Male-predominant autoimmune diseases overall® 23 5.8 3.9 (2.5-3.8)
Female-predominant
Sarcoidosis 3 1.0 3.1 (0.8-7.9)
Psoriasis 3 1.9 1.6 (0.4-4.2)
Ulcerative colitis 8 32 2.5 (1.2-4.7)
Rheumafic Tever 1 02 6.2 (0.4-27.2)
Polyarteritis nodosa 1 0.1 14.0 (0.8-61.6)
Idiopathic thrombocytopenic purpura 2 03 5.9(1.0-184)
Crohn’s disease 3 2.0 1.5 (0.4-3.9)
Celiac disease 1 04 2.7(0.2-11.7)
Juvenile rheumatoid arthritis 2 0.5 4.4 (0.7-13.6)
Multiple sclerosis 2 1.8 1.2 (0.2-3.5)
Temporal arteritis/polymyalgia rheumatica 1 0.9 1.2(0.1-5.1)
Rheumatoid arthritis 3 3.2 0.9 (0.2-2.4)
Graves’ disease 5 4.4 1.2 (0.4-2.5)
Sjogren’s syndrome 1 0.5 2.2(0.1-9.9)
Hashimoto thyroiditis 8 0.6 14.6 (6.7-27.1)
Female-predominant autoimmune diseases overall® 37 214 1.7(1.2-2.4)
All autoimmune diseases™ 35 26.6 2.1 (1.6-2.7)

Jprgensen et al, Arthritis Rheum 2010



Liver parameters

Camma glutamyl transferase Asparntate transaminase Alkaline phosphatase
300 {um 140 (L) B0 (JA)
P=005 P < 0001 P=0.023
450
250} 1207
y 400
\ 100}
200} oy 3sor
h =1a ¢

For liver function It does not seem to be a

"window of opportunity” — at least when
participants are below 50 years of age

20 women with Turner syndrome, with and without HRT
(3 month). HRT reduces liver enzymes.

Elsheikh et al, Clin Endocrinol, 55:227-231, 2001



Effe Cts Of H RT Central nervous system
- Improved verbal and
nonverbal memery
- Improved processing speed

and motor function
- Improved self-esteem

Liver metabolism
- Normalized liver enzymes

Sexual function

- Normal sexual desire

- Normal debut of
sexual activity

Cancer rigk
- No increased risk
of breast cancer

Gravholt et al, Nat Rev Endocrinol, 15:601-614, 2019

Longevity
- Positive impact of HRT?

Cardiovascular system

- Lower blood pressure

- Improved lipide profile

- Normalized coagulation system

Weight and metabolic changes

- Decreased visceral adiposity
- Increased muscle mass

Urogenital system
- Normal uterine lenght and volume
- Vaginal moistness

Musculoskeletal system
- Increased muscle mass
- Normal bone minral density



PRECOCIOUS PUBERTY IN TURNER SYNDROME

The patient was diagnosed with TS at the age of 4 years, upon a diagnostic work-up
for dysmorphic features. Chromosome analysis revealed a mosaic karyotype
(45X0/47XXX). She presented with normal height and normal growth velocity so that
Growth Hormone (GH) therapy was not started. She was referred to our Department
at the age of 7 years and 10 months, because of vaginal bleeding. A physical
examination revealed a Tanner stage lll for breast and Tanner stage lll for pubic hair
development. Height and weight were within the normal range for age
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PRECOCIOUS PUBERTY IN TURNER SYNDROME

Absent pubertal development and primary amenorrhea occurs in most individuals with TS, due
to accelerated loss of oocytes in the 45,X ovary, leaving few follicles in a fibrous strike by
birth. Approximately one third of girls with TS undergo spontaneous puberty, but only half of
those complete puberty with menarche. Spontaneous pregnancies are rare (2-5%) [4]. A few

rare cases of precocious puberty have been described, mainly in girls with mosaic TS
(45X0/46XX or X structural abnormalities).

We report on the first case of precocious puberty in a 45X0/47 XXX mosaic TS.

Nicola Improda,ltal J Pediatr. 2012; 38: 54.



TURNER SYNDROME

Preservation of fertility may be feasible

by cryopreservation of ovarian tissue before follicles
have totally vanished.

AMH assay, often considered a marker of ovarian
reserve, is detectable in a fifth of Turner girls .
essentially those with a mosaic 46,XX cell line, indicating
that follicles are still present and cryopreservation is still

a viable option.




PROGRESS IN FERTILITY PRESERVATION
STRATEGIES IN TURNER SYNDROME

The risks of premature ovarian failure and infertility in TS are extremely high, as the
ovarian reserve in girls with TS will be already exhausted before adulthood. In order
to maximize the benefits of fertility preservation, it is recommended that all women
with TS should be diagnosed as early as possible, evaluated for ovarian reserve, and
be offered options for fertility preservation in case of residual ovarian function.



Cryopreservation of oocytes and embryos are two well-established methods of fertility
preservation available for women with TS. Cryopreservation of ovarian tissue is still in
experimental stage, but appears to be a promising technique, especially if accompanied
with the ovarian activation in vitro technique. For those women with TS who have lost their
ovdrian reserve, oocyte or embryo donation and adoption can be a way to fulfill their
childcare aspirations. The risks of spontaneous abortion, fetal abnormalities, maternal
complications, and mortality in women with TS are much higher than those in women with
normal karyotypes. Patients with TS with pregnancy contraindications can use their own or
donors' oocytes or embryos for gestational surrogacy.




Anti-Mullerian (AMH) as predictor of ovarian
failure in TS

- Granulosa cell product from ovarian follicles
« AMH associated with ovarian status (N=120 TS)
AMH <4pmol/L (£2 SD) predicted ovarian failure
AMH correlated with remaining ovarian function between 12-25 years

No ovarian function
100

AMH (pmol/L)
|_L
o

0 5 10 15 20 25 3030 35 40 45 50 Qo
Age (years)

- ®
Nnovo nordisk

Lunding SA, et al. J Clin Endocrinol Metab 2015;100:E1030-8



Serum inhibin B as predictor of ovarian failure in TS

/0 TS patients
2,406 controls

Undetectable inhibin B
may predict absence
of spontaneous
puberty, although
specificity of test low

Hagen CP, et al. Hum Reprod 2010;25:3134-41

1000

Inhibin B (pg/ml)

100

10

Absent spontaneous puberty
(n=20)

2 4 6 8 10 12 @ 14 16
Age (years)
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Markers of gonadal function in TS: summary

FSH: elevated in early childhood, declines mid-childhood,
elevated at time for puberty

LH: similar to FSH but less markedly abnormal

Inhibin: generally undetectable

AMH: undetectable or very low; correlates with ovarian “reserve”
Oestradiol: low at time for puberty

No single lab is sensitive and specific

LH, FSH, AMH, inhibin B in combination are best

Value of pelvic ultrasounds is not clear
(@

- ®
Nnovo nordisk



What can be done about oocyte preservation and
pregnancy in TS?

« Endogenous oocytes

® IVF stimulation in women with TS (35 cycles/22 women): pregnancy rate 8.6%, live
birth rate 5.7%

® Possibility of using cryopreserved ovarian tissue/immature oocytes

® s currently under intensive research investigation (what age?)
« Oocyte donation and IVF
® Pregnancy rate is 40% per treatment cycle

e But, only 50% result in live birth, secondary to uterine hypoplasia or ischemia

o Increased risk for maternal cardiovascular complications with
pregnancy

e Risk of death [aortic dissection] =
novo nordisk”

Doger E, et al. Reprod Biol Endocrinol 2015;13:59; Hreinsson JG, et al. J Clin Endocrinol Metab 2002;87:3618-23;
El-Shawarby SA, et al. BJOG 2010;117:234-7



GONADAL DYSGENESIS IN TURNER SYNDROME
WITH Y-CHROMOSOME MOSAICISM

different tissues in the same TS individual may exhibit different ratios of mosaicism,
and the gonadal determination and differentiation of mosaic TS are primarily
dependent on the predominant cell line in the gonads. The mosaicism of Y
chromosome sequences in TS is related to the potential for gonadoblastoma.
Therefore, in TS patients with virilization, it is necessary to test at least two to three
tissues to search for cryptic Y material, such as peripheral blood, buccal mucosa cells,
skin fibroblasts, and especially gonadal tissue. However, conventional karyotype
analysis is not sufficient. PCR or FISH analysis should be used to enhance the
efficiency of screening for Y-chromosomal material in TS patients.
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