. - l\-ll ¥ \l— n "ol ) ]| Hospital de Cantoblanco CEUVUCET T POV LEE ) M“E
Fondo Europeo i T‘ :J; E
de Desarrollo Regional
“Una manera de hacer Europa™

INGEMM

Aspectos genéticos y moleculares de la
talla baja idiopatica

Genetic and molecular aspects of
idiopathic short stature

Karen E. Heath, PhD

Institute of Medical & Molecular Genetics (INGEMM) &
Skeletal Dysplasia Multidisciplinary Unit (UMDE),
Hospital Universitario La Paz, UAM, IdiPAZ & CIBERER, ISCIll, Madrid



ldiopathic short stature is a condition in which the height of the
individual is more than 2 SDS below the mean height for a
given age, sex and population, in whom no identifiable
disorder Is present.

It can be subcategorized into familial and non-familial ISS, and
according to pubertal delay.

It should be differentiated from dysmorphic syndromes,
skeletal dysplasias, small for gestational age, and systemic
and endocrine diseases.

ISS Is the diagnostic group that remains after excluding known
conditions in short children.
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Growth hormone - insulin-like growth factor | (GH - IGF-I)
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Xp22.3 Yp11.3

eLocated on the pseudoautosomal region 1

" N (PAR1) of the X and Y chromosomes

“ ..  *Encodes a homeodomain transcription

o, = factor

. *Expressed in chondrocytes of the human

ot growth plate

eInvolved in determining stature in humans
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Madelung deformity

(-9t06.2SD)  (-4.6to +0.6 SD)! (< -2 SD)?

Langer mesomelic Leri-Weill Idiopathic
dysplasia dyschondrosteosis short stature
(LMD) (LWD) (1SS)

Turner syndrome
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(Belin et al, 1998; Shears et al, 1998)

Mutations (1/3)
188

Tel {SHOX] > Cent

Complete
SHOX deletions

(2/3) (Rao et al, 1997; Ellison et al, 1997)

e ~ 50% of LWD cases
e ~ 80% of LMD cases
e ~ 2.5% of ISS cases
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650 750 kb

(1) Benito Sanz et al 2005 ( ~30kb)
(2) Fukami et al 2006 (~40kb)

(3) Huber et al 2006 (~10.5kb)
(4) Sabherwal ef al (~200kb)
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Tel i L —— SHOX } L 0 g > Cen
[CNE-5| [CNE-3][CNE-2] LCNE4 | [CNES5 | CNE9

F
D bright field

Upstream enhancer deletions

Benito-Sanz et al, Eur J Hum Genet 2012
Verdin et al, Sci Rep 2015

1SS —

Upstream enhancer duplications

Benito-Sanz et al, J Clin Endocrinol Metab 2011
Verdin et al, Sci Rep 2015

negative control positive control
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Recurrent deletion in 30 patients (19 LWD & 11 ISS)




[CNE4] CNES5 CNE9

Tel SHOX A1 i I Cent
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47543 bp

LINE (L1P12)/no repetitive sequence
Recurrent deletion — NHEJ/unknown mechanism




Chromosome Conformation
Capture (3C) analysis of ECRs In

Chicken Limb Embryos Luciferase assays in U20S cells
Chicken (Ga/Gal3) chr1.133.633.697-133.857 715
SHOX ECR1 6

Zebrafish '_: i . [E | -E | L 5

Frog A i i) 1 [ li | | |i | 1

Dog | il 1 N SV | TR NN i 4

Ruman | otk o ioal e 3k | VY P | .El .
o 400 : , 3
8 3504 |
(14
& 300 2
g 2.50 4 : , 1
£ 2m; ECR1]
8 150 : ' 0 . | . .
g - 3C fragment: 1 E g Q N “ “
£ 100 , P & & & @
o 0504 +\ (o@Q & S o %&\0‘\ <&
0 50 100 120 200 Q,C’
Distance from SHOX promoter anchor primer (kb)
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Tel L (| SHOX | > Cent

[CNE-5] [CNE-3]|[CNE-2] [CNE4 ]| [CNES5|[ECR1|[CNE9 |

ldentification of 4th downstream SHOX enhancer — ECR1




Fam
33
52
95
117
141
158
171
193
239
292
301
312
349
311
91
——iF) 1
—p 2

TABLE IV. The 17 Patients With a 47.5 kb Deletion 160 kb 3' of the SHOX Gene, Showing the Genotype [Mut, mutation; PM, point mutation) and Phenotype
[Phe, Phenotype; Hgt, Height in cm; SD, Standard Deviation of Height From the National Mean; Meso, Mesomelia; Mad, Madelung Deformity; Bilat, Bilateral)
of the Proband and Both Parents Where Available, Plus the Country of Referral for All Probands

Proband Mother Father

Origin Mut2 Age Sex Phe Hgt SD Meso Mad Mut Phe Hgt SD Meso Mad Mut Phe Hgt SD Meso Mad
England — 18+ F WD 150 —23 Mid Bilat None N 157 -1 No No A475 N 170 -1 No  Mild €=
England — 15 F WD Yes  Bilat A4P5 SS No No  None N No No

England — 18+ F LWD 162 -—05 No  Bilat None N 152 -2 No No A475 N 188 <416 No N G
England — 18+ M WD 160 -23 Yes Bilat None N 160 -0.7 No No A475 N 178 +04 No No

England — 12 M 55 115 -3 No No A475 SS 152 -2 No No  None N 175 -03 No No

England — 184+ M LWD Yes  Bilat

Norway — 18+ F LwD Yes Bilat A475 LWD Mild  Mild MNone N No No

England — 1B+ F LwWD Yes  Bilat

England — 18+ F LwD Yes  Bilat

England — 11 F WD Yes Mild A475 LWD 150 -2.1 Yes Bilat None N No  No

England — 12 F WD 124 -3 Yes Mid A475 IWD 148 -23 Yes No  None N 176 -03 No No

England — 13 F LWD Yes  Bilat  None N No No A475 LWD 180 +06 Mid Mid =
England — 18+ F LWD Yes Mid A475 N No No  None N No No

England Dup gene 14 F WD Yes  Bilat  Dup N No No A475 N No ND
Denmark PM 184+ M LWD 165 -23 Yes  Biat A475 N 155 -23 No No PM LWD 185 +0.3 Mid Bilat
England  Del gene 4 F LWD Yes Bilaa A475 N No  No Del LWD Yes  Bilat
Scotland 3'del 18+ F WD 153 -—-15 Yes Bilat A4725 S§ 157 -1 No No Del3 LWD 164 1.8 Yes Mild

B dre Showm in odd.
5 A
4 -
| Bunyan et al, 2013; Am J Med Genet 161A(6):1329-38
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No mutation has been identified Iin
this region in 126 possible LWD
with no SHOX defect.

But virtually all enhancer deletions
Include the ZED enhancer, ie not
onlv the recurrent 47 5 kb deletion




PARl SHOX

(-9 to 6.2 SD) (-4.6 to +0.6 SD) (< -2 SD) (-2 to +2 SD) (>+2 SD)
Langer mesomelic Léri-Weill |diopathic Normal Trisomy X
dysplasia dyschondrosteosis  short stature stature Klinefelter syndrome
(LMD) (LWD) (ISS) XYY syndrome....

Turner syndrome
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gl m r ( |
I i I | SHOX | i i —i—
CNE-5] [CNE-3][CNE-2] [CNEZ]| [CNES|[ECR1 | g=efzZ!

ZRS | KeiN[=)

3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0
-0,5
1,0
1,5
-2,0

DECIPHER sample

= B

population sample ISS sample LWD sample

Partial SHOX duplications and small duplications of CNE9 enhancer are

highly penetrant in ISS and LWD

[ ]5°end CNEs (CNE-2,3,5) MLPA probes L25087-L20651 [ SHOX MLPA probes L00702-L24247

B 3'end CNEs (CNE-3,4,5,7) MLPA probes L05096-124253

B CNE-9 MLPA probes L06222-1L06218




Norma
Tel CNE-5—CNE-3—CNE-2—[ SHOX ]— CNE4 R CNES ZED {ECR1HCNE9 — Cent

SHOX deficiency

cNE-sHene-3Hene 22— [SHOR  |—{cnEeaf{cnes| zep [Ecraficnes|—
CNE-sHCeNE-sHone2—  swox  ——]cnea]enesH zep [ecrifoneo HENES—

No SHOX deficiency if complete duplication in tandem or on
another chromosome

cNE-sHoNE-3Hene 2 sHox  (ISHOXI—{ cneal{cnes H zep [ecrifcnes—
{ swox | Chromosome 4 >




Pseudoautosomal region 1 (PAR1)

UpStream enhancer dUp|IC&tIOn Benito-Sanz et al, Am J Hum Genet 2005

Benito-Sanz et al, J Clin Endocrinol Metab 2011
Verdin et al, Sci Rep 2015

Recurrent ~47.5 kb enhancer deletion

Upstream enhancer deletions (Region 3) Benito-Sanz et al. J Med Genet: 2012

Benito-Sanz et al, Eur J Hum Genet 2012
Verdin et al, Sci Rep 2015

Mutations — _ Non-pathogenic CNVs
1l l Benito-Sanz et al, Am J Med Genet 2011
Tel ——————{ SHOX J g . 2 s > Cent
ICNE-5] [CNE-3|[CNE-2] |CNE4 | [CNE5 || ECR1 ||CNE9
.
Partial and _
complete Downstream enhancer
SHOX Ben?to-Sanz et a:, Am J Hum Genet 2006 duplication
deletions Benito-Sanz et al, J Hum Genet 2016 Hirschfeldova et al, 2011
Partial and . —
complete SHOX
duplications Benito-Sanz et al, J Clin Endocrinol Metab 2011 Tsuchiya et al, 2012

Bunyan et al, 2014
Benito-Sanz et al, unpub




Craniosynostosis
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Idiopathic short stature /9\
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Plasma membrane
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Léri-Welll dyschondroste05|s (LWD)
Langer mesomelic dysplasia (LMD)



Acromesomelic

_NPRQ_I Ry —> dysplasia, type __
Maroteaux
(<5 SDS)

NPRZ— ey 1 U
NPR2 —> 3% ldiopathic short

stature (I1SS)

*
NPR2 s Extremelytall 5
NPR?2 -
stature with
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Homodimer
receptor.

Union with its
ligand, CNP
causes a post-
receptor
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Signaiing
cascade.

Expressed in
cartilage, growth
plate, brain,
hypothalamus.
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Detected 8 variants in
NPR2 en 9 patients;
7 LWD and 2 ISS.

p.Ala164Gly
I :

1 .

ND N/N

0.1 3.0

2

- 1
N/M
-2.5

p-Asn546Tyr

. @
1 2

ND N/N
ND -2.4

1
/N
-2.8

p.Arg819Cys

@

2
ND ND
ND -3.0

p.Asp256Tyr
)
ND ND
-2.9 -1.4
1 2
/ N/M ND
-2.5 -3.5
p.Asn546Tyr
]
ND ND
-3.1 1.7
4 1
N/M
-3.1
p-Glu991Gly
- @,
N/N N/M
-1.2 -1.4

/ N/M N/M N/M
-2.3 -2.3 -0.7

1 2 3

p.Thr421Met

— 2
ND ND
-1.8 -1.7

1
/ N/M
-3.2

p-Val548del

1 2
N/N N/M
-1.5 2.7

1
/ N/M
-2.9

p.Arg1020Trp

> @

1 2
ND ND

ND -1.1

1
/ N/M
-1.5
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e Seven mutations were confirmed to be pathogenic.

* Approx 3% of suspected LWD cases had a pathogenic NPR2 mutation.
No ISS patient had a mutation.

 Similar phenotype to those referred for SHOX screening but without the
Madelung deformity:
e Short stature with limb shortening
e Height:armspan < 0.965
e Brachydactyly
e Frontal bossing
* Muscular hypertrophy
e High-arched palate



Craniosynostosis
otrhagrlgsynos e *CNP»:—BNP CNP>BNP

Idiopathic short stature /9\

~3% Disproportionate short stature [ NPRB
~3% Idiopathic short stature (ISS)

Plasma membrane

| | — RAS || RAF
| I Noonan l &

syndrome

Cytosol l

‘Iﬁ'msﬁ—

IACAN)@W

_, Trerrpnoc
]NPPB OO

Léri-Welll dyschondrosteoss (LWD) ~ 70%
Langer mesomelic dysplasia (LMD) ~100%



Cohort:
697 patients:
« 357 with disproportionate short stature and

mild skeletal defects
340 with ISS

Methods:
* Whole exome sequencing
« HRM & Sanger sequencing of candidate genes



- Family 1: ¢.349C>G (p.Arg117Gly) _ Family 2: ¢.55G>T (p.Gly119Cys) .
1 E—
e B

2
N/N NI N/M N/N
2.4 0.8

1 2
7 NIM N/N
-2.9 -2.0*
L
)
o 015/ Variants in patient 1.1 (SNVs and In/dels)
§ 0.1 (n = 55,081)
5 |
3 0.05¢ Located in exons or splice site
" (n = 7,207)
= 0 t
(&)

84 85 8 87 88
Temperatura (°C)

Absent in our internal database
Sanger (n = 350)

T & 6 A ClClG A A T

Absent in her brother (11.2) and
present in her father (1.1)

) Wﬂ/\
/\/\/\/\/\, Predicted to be deleterious (nonsynonymous)

T G G A ClSsS |G A A T

or to be loss of function

1 D
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NN’
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Ibab/lbab mice —
60% smaller than
WT

/babﬂbab

Llrma—> AarnAdA = 1Ihalh

mMmicaAs heavriasa A radsicatiAarns 11 A

18 r
16 oW
T 14} ® fhebfibab
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§ 1|
s 8
: .l
@ 4
2 L
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CWCL HL RL UL FL TL VL

CNP-22 rescues phenotype

d

ow
= [balibab
B fhab/lbab CNP-Tg

Bone length (mm)

o U
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cGMP ELISA in COS7 CNP
** = p<0.01 /%

I NPRB
90 |
g %k
= I
Q l
%%k
| £\
I cGMP GTP
*k dek *+ ek &k *%k *%
0 | ] | | ") =t | I |
NPR-B + - + - * - * - * |
WT WT R117G WT G119C
CNP WT R117G R117G G119C G119C

Both CNP variants lose their capacity to synthesize cGMP in the
homozygous state, and a reduction in the heterozygous state, therefore

confirming their pathogenicity.




Proportionate short stature
and small hands
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o Spondyloepiphyseal dysplasia, A
Kimberley type (SEDK) — AD

« Familial osteochondritis dissecans — AD

o Spondyloepimetaphyseal dysplasia,
aggrecan type (SEMD) - AR

Tompson et al, 2004; “n
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p.Tyr536* p.Glu2424fs*5
C-7-2A>C | 1vp301Cys | p.Gly6adser pThr740Ser p.Pro2048Ala | P-Glu2426lys
p.Glu21* p.Gly2448Arg
KS Cs1 l
\’ \ v
cs2 G3

IGD

= ™~
o
0.Arg124His o
p.Ala248Thr p.Val650Met p.Ser790*
p.Gly2426*

p.Thr533lle

14 mild to moderate short stature and brachydactyly (missense, nonsense and
frameshift). Those with osteoarthritis and/or discopathy.

2 Spondyloepiphyseal dysplasia, Kimberley type (SEDK)



Delayed bone age (n=4) BA=CA (n=5) Advanced BA (n=5)
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Median height SDS in children was -2.91 (range -4.30/-1.86 SDS)
Median height SDS in adults was -3.77 (range -5.40 SDS/-1.79 SDS)
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