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Abstract
Background: SHOX	enhancer	CNVs,	affecting	one	or	more	of	the	seven	recog-
nized	evolutionary	conserved	non-	coding	elements	(CNEs)	represent	one	of	the	
most	 frequent	 cause	 of	 SHOX-	haploinsufficiency.	 During	 the	 diagnostic	 work-
flow	deletions/duplications	have	been	identified	downstream	SHOX	not	includ-
ing	any	of	the	these	CNEs.
Methods: Fine	tiling	aCGH	and	breakpoint	PCR	were	used	to	characterize	the	
critical	interval	and	to	search	for	novel	alterations	in	a	cohort	of	selected	patients.
Results: Screening	of	252	controls	provided	evidence	that	duplications	in	this	area	
represent	likely	benign	variants	whereas	none	of	the	deletions	were	detected.	These	
findings	 suggested	 that	 other	 alterations	 relevant	 for	 SHOX-	haploinsufficiency	
might	be	missed	by	the	standard	diagnostic	methods.	To	identify	such	undisclosed	
elements,	the	aCGH	was	used	to	reanalyze	52	unresolved	cases	with	clinical	fea-
tures	strongly	suggestive	of	SHOX-	haploinsufficiency.	This	analysis	followed	by	
the	screening	of	210	patients	detected	two	partially	overlapping	small	deletions	
of	~12	and	~8 kb	in	four	unrelated	individuals,	approximately	15 kb	downstream	
SHOX,	that	were	absent	in	720	normal	stature	individuals.
Conclusion: Our	results	 strengthen	 the	hypothesis	 that	alterations	of	yet	uni-
dentified	 cis-	regulatory	 elements	 residing	 outside	 those	 investigated	 through	
conventional	methods,	might	explain	the	phenotype	 in	ISS/LWD	patients	 thus	
enlarging	the	spectrum	of	variants	contributing	to	SHOX-	haploinsufficiency.
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1 	 | 	 INTRODUCTION

The	 short	 stature	 homeobox-	containing	 gene	 (SHOX;	
OMIM	* 312865)	is	located	at	the	tip	of	both	sexual	chro-
mosomes	 within	 the	 pseudoautosomal	 region	 1	 (PAR1).	
Like	 other	 pseudoautosomal	 genes,	 it	 escapes	 X	 inacti-
vation	and	two	functional	copies	are	required	to	provide	
normal	function.	Genetic	alterations	leading	to	the	loss	of	
one	 functional	 allele	 result	 in	 SHOX-	haploinsufficiency	
responsible	for	the	70%–	90%	of	Léri–	Weill	dyschondroste-
osis	(LWD;	OMIM	#127300)	and	of	a	variable	percentage	
(~5%)	 of	 idiopathic	 short	 stature	 (ISS;	 OMIM	 #300582)	
cases.	 The	 complete	 SHOX	 deficiency	 caused	 by	 loss	 of	
both	 the	 copies	 of	 the	 gene	 causes	 Langer	 mesomelic	
dysplasia	(LMD;	OMIM	#249700),	a	rare	syndrome	char-
acterized	 by	 severe	 disproportionate	 short	 stature	 with	
mesomelic	 and	 rhizomelic	 shortening	 of	 the	 upper	 and	
lower	limbs.

Seven	 cis-	acting	 conserved	 non-	coding	 elements	
(CNEs)	 located	 either	 upstream	 (CNE-	5,	 CNE-	3,	 and	
CNE-	2;	 Durand	 et	 al.,	 2010)	 or	 downstream	 (CNE4,	
CNE5,	ECR1,	and	CNE9/ECS4;	Benito-	Sanz	et	al.,	2012;	
Fukami	 et	 al.,	 2006;	 Sabherwal	 et	 al.,	 2007)	 the	 coding	
sequence	 regulate	 SHOX	 expression.	 Functional	 studies	
showed	that	they	act	as	enhancers	for	SHOX	promoter	ac-
tivity	in	human	U2OS	cell	 line	(Benito-	Sanz	et	al.,	2012;	
Fukami	 et	 al.,	 2006;	 Verdin	 et	 al.,	 2015),	 in	 developing	
chicken	limb	(Durand	et	al.,	2010;	Sabherwal	et	al.,	2007)	
and	in	zebrafish	embryos	(Kenyon	et	al.,	2011).	Recently,	a	
further	regulatory	sequence	(zeugopodal	enhancer	down-
stream	of	SHOX,	ZED)	was	identified	about	7 kb	upstream	
CNE9	 that	 showed	 limb-	specific	 enhancer	 activity	 in	 a	
transgenic	mouse	model	(Skuplik	et	al.,	2018).

Micro-	rearrangements	 affecting	 the	 entire	 gene	 and/
or	the	downstream	enhancer	represent	the	most	frequent	
genetic	 defect	 underlying	 SHOX-	haploinsufficiency.	
These	 rearrangements	 are	 likely	 originated	 by	 events	 of	
nonallelic	homologous	recombination	(NAHR)	and	non-	
homologous	 end-	joining	 (NHEJ)	 mediated	 by	 Alu	 re-
peats	of	which	PAR1	is	enriched(Benito-	Sanz	et	al.,	2012;	
Blaschke	&	Rappold,	2006;	Fukami	et	al.,	2006).	Moreover,	
in	PAR1	the	recombination	rate	is	nearly	17	times	higher	
than	the	rest	of	the	genome	during	male	meiosis	(Hinch	
et	al.,	2014),	thus	enhancing	the	probability	of	unbalanced	
rearrangements.

The	deletions	of	the	entire	SHOX	coding	gene	with	or	
without	the	enhancers	represent	a	well-	established	cause	
of	LWD	and	ISS.	Moreover,	deletions	encompassing	only	
the	enhancer	regions	have	been	detected	in	these	patients	
and	 in	 particular,	 a	 recurrent	 47.5  kb	 deletion	 represent	
the	most	common	SHOX	alteration	identified	in	patients,	
albeit	with	variable	penetrance	(Benito-	Sanz	et	al.,	2012;	
Bunyan	et	al.,	2013;	Kant	et	al.,	2013;	Shima	et	al.,	2016).

Unlike	 deletions,	 the	 significance	 of	 duplications	
remains	 unknown	 and	 controversial	 in	 several	 cases	
(Bunyan	et	al.,	2016;	Hirschfeldova	&	Solc,	2017).	 It	has	
been	proposed	that	 larger	duplications	 involving	 the	en-
tire	gene	and	its	enhancers	may	lead	to	SHOX	overexpres-
sion,	as	observed	in	subjects	carrying	triple	dose	of	PAR1	
(47,	XXY	and	47,	XXX	karyotypes;	Ottesen	et	al.,	2010).	On	
the	 other	 hand,	 microduplications	 involving	 only	 a	 part	
of	 the	 downstream	 or	 upstream	 regulatory	 regions	 have	
been	 observed	 both	 in	 short	 and	 in	 normal	 stature	 sub-
jects	(Benito-	Sanz	et	al.,	2011;	Bunyan	et	al.,	2016;	Fukami	
et	 al.,	 2015;	 Hirschfeldova	 &	 Solc,	 2017;	 Monzani	 et	 al.,	
2019;	Thomas	et	al.,	2009)	and	a	similar	frequency	between	
patients	and	controls	has	been	reported	with	the	exception	
of	 duplications	 encompassing	 the	 CNE7-	CNE9	 that	 are	
significantly	more	 frequent	 in	patients	 (Hirschfeldova	&	
Solc,	2017).	Partial	duplications	 involving	 the	coding	 re-
gion	and	some	of	the	CNEs	seem	to	be	more	deleterious	as	
they	might	reduce	the	gene	expression	by	altering	the	dis-
tance	between	SHOX	and	its	flanking	regulatory	elements	
(Fukami	et	al.,	2015).

During	the	diagnostic	screening	for	SHOX	alterations	
performed	through	conventional	procedures	(MLPA	and	
Sequencing)	we	encountered	deletions	and	duplications	in	
the	SHOX	downstream	area	not	encompassing	any	of	the	
described	functionally	relevant	CNEs	in	patients	with	phe-
notypes	 strongly	 suggestive	 of	 SHOX-	haploinsufficiency,	
that	 were	 classified	 as	VUS	 (variant	 of	 uncertain	 signif-
icance).	 To	 better	 characterize	 and	 interpret	 these	 re-
arrangements	 a	 fine	 tiling	 array	 CGH	 with	 high	 density	
probe	 in	 the	 PAR1	 region	 was	 used.	The	 same	 platform	
was	then	utilized	to	reanalyze	a	cohort	of	52 short	stature	
patients	that	had	been	previously	tested	negative	through	
the	SHOX	standard	test.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Subjects

A	total	of	1102	patients	referred	for	SHOX	genetic	analy-
sis	were	recruited	from	multiple	Italian	centers	from	2010	
to	date.	Informed	written	consent	was	provided	from	all	
study	 participants.	 The	 patients	 were	 selected	 for	 short	
stature,	i.e.,	height	SDS	<−2	for	age,	sex	and	population	
group	(Cacciari	et	al.,	2006),	or	stature	below	the	genetic	
target	according	to	Tanner's	method	(for	males:	[paternal	
height + maternal	height]/2 + 6.5 cm;	for	females:	[pater-
nal	height + maternal	height]/2 − 6.5 cm).	Patients	with	
SDS	>−2	were	also	included	in	presence	of	other	clinical	
characteristics	 suggestive	of	SHOX	deficiency	as	cubitus	
valgus,	 short	 forearm,	 bowing	 of	 the	 forearm,	 muscular	
hypertrophy,	dislocation	of	ulna,	and	Madelung	deformity.	
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The	Rappold	Score	 (RS)	was	calculated	when	all	 the	re-
quested	parameters	were	available	(Rappold	et	al.,	2007).	
A	clinically	proved	diagnosis	of	LWD	was	present	in	10%	
of	 these	subjects.	 Individuals	with	abnormal	karyotypes,	
severe	 neurological	 impairments	 and	 clear	 evidences	 of	
systemic,	endocrine,	or	nutritional	diseases	were	excluded	
from	the	study.

For	every	patient,	height,	weight,	and	BMI	were	strati-
fied	according	to	the	Italian	growth	charts	(Cacciari	et	al.,	
2006);	 measurements	 of	 standing	 height,	 sitting	 height	
(measured	from	the	highest	point	of	 the	head	to	 the	sit-
ting	surface;	Bogin	&	Varela-	Silva,	2010),	arm	span	(length	
from	the	fingertips	of	one	hand	to	the	other	with	the	arms	
raised	parallel	to	the	ground;	Bogin	&	Varela-	Silva,	2010)	
were	 performed.	 Growth	 velocity	 (cm/year)	 (difference	
of	mean	heights	obtained	from	two	consecutive	visits,	di-
vided	by	the	time	between	the	visits)	was	considered	as	a	
useful	parameter	(Genoni	et	al.,	2018).

2.2	 |	 SHOX genetic analysis

Genomic	 DNA	 was	 extracted	 from	 whole	 blood	 sam-
ples	 using	 the	 ReliaPrep	 Blood	 gDNA	 Miniprep	 System	
(Promega)	following	the	manufacturer's	instructions.

The	 MLPA	 analysis	 for	 deletions/duplications	 de-
tection	 was	 performed	 using	 the	 commercial	 kit	 SALSA	
MLPA	P018-	G1	SHOX	probemix	(MRC-	Holland)	accord-
ing	 to	 manufacturer's	 instructions.	This	 MLPA	 test	 con-
tains	26	probes	spaced	0.2–	6.7 kb	in	the	coding	region	and	
0.4–	338 kb	in	the	non-	coding	region.	The	amplified	frag-
ments	 were	 analyzed	 by	 capillary	 electrophoresis	 on	 an	
ABI	PRISM	3100	Genetic	Analyzer	with	the	GeneMapper	
software	(Applied	Biosystems).	The	data	analysis	was	per-
formed	by	MRC-	Holland	Coffalyser	v9.4 software.

Sequencing	analysis	was	performed	by	direct	sequenc-
ing	of	the	coding	exons	(1-	6a/6b).	Each	exon	was	PCR	am-
plified	using	GoTaq	G2	Flexi	DNA	Polymerase	(Promega;	
Table	S1).	PCR	products	were	visualized	on	a	1.5%	agarose	
gel,	purified	using	EuroSap	-		PCR	enzymatic	clean-	up	kit	
(Euroclone),	 and	 then	 sequenced	 in	 the	 forward	 or	 re-
verse	 direction	 with	 the	 BigDye	 Terminator	 v1.1	 Cycle	
Sequencing	Kit	(Applied	Biosystems)	and	analyzed	on	an	
ABI	PRISM	3100	Genetic	Analyzer	(Applied	Biosystems).

2.3	 |	 Array CGH analysis

Array-	based	 comparative	 genomic	 hybridization	 (CGH)	
analysis	 was	 performed	 using	 a	 SurePrint	 G3	 Custom	
CGH	 8x60K	 platform	 (Agilent	 Technologies)	 designed	
using	the	Agilent	SureDesign	online	tool	(https://earray.
chem.agile	nt.com/sured	esign/).	 The	 custom	 array	 CGH	

was	designed	with	high	resolution	in	PAR1	(371 bp	aver-
age	 probe	 spacing).	 A	 number	 of	 probes	 targeting	 short	
stature	 causative	 genes	 were	 also	 added	 along	 with	 a	
low-	resolution	genome-	wide	backbone	(Table	S2).	Array	
CGH	 experiments	 were	 performed	 according	 to	 manu-
facturer's	instructions	using	Agilent's	Human	DNA	Male	
and	 Female	 as	 references.	 Test	 DNA	 samples	 labeled	 in	
Cy5-	dUTP	 and	 reference	 DNA	 samples	 labeled	 in	 Cy3-	
dUTP	were	coupled	on	 the	basis	of	 similar	yield	 ([ng/µl	
DNA × 10 µl]:	1000 ng/µg)	and	specific	activity	(pmol/µl	
Dye:	µg/µl	DNA)	for	a	final	volume	of	16 µl.	Slides	were	
scanned	 24  h	 after	 hybridization	 through	 the	 Agilent	
SureScan	 Dx	 Microarray	 Scanner	 Bundle	 (G5761A)	 and	
the	 Agilent	 Microarray	 Scan	 Control	 software.	 The	 data	
extraction	 was	 performed	 using	 the	 Feature	 Extraction	
for	CytoGenomics	(Agilent)	software	and	the	data	analy-
sis	 was	 performed	 through	 the	 Agilent	 CytoGenomics	
(Edition	3.0.6.6)	software.	For	each	spot	of	the	array,	the	
value	of	log2	ratios	between	the	Cy5-	labeled	test	DNA	and	
the	Cy3-	labeled	reference	DNA	were	calculated.

The	possible	pathogenicity	of	the	observed	variants	was	
evaluated	based	on	their	presence	in	public	databases:	UCSC	
Genome	 Browser	 (https://genome.ucsc.edu/cgi-	bin/hgGat	
eway),	Database	of	Genomic	Variants	(DGV,	http://dgv.tcag.
ca/dgv/app/home),	 and	 Database	 of	 Genomic	 Variation	
and	 Phenotype	 in	 Humans	 using	 Ensembl	 Resources	
(DECIPHER,	 https://decip	her.sanger.ac.uk/index).	 The	
	assembly	GRCh37/hg19	was	used	as	reference	genome.

2.4	 |	 Deletion breakpoints mapping

Based	on	array	CGH	results	PCR	primers	were	designed	to	
amplify	across	the	deletion	breakpoints	on	genomic	DNA	
(primer	sequences	in	Table	S3)	identified	in	patients	#1,	
#2,	#7,	#8,	and	#9.	The	forward	and	the	reverse	primers	
were	designed	within	the	undeleted	regions	upstream	and	
downstream	the	boundaries	defined	by	the	aCGH	probes:	
the	 alleles	 carrying	 the	 deletions	 are	 amplified	 whereas	
the	wild-	type	(non	deleted)	alleles	are	too	large	for	being	
amplified	 under	 standard	 PCR	 conditions.	 To	 establish	
the	 genotype	 in	 a	 panel	 of	 patients	 and	 controls	 for	 the	
deletions	identified	in	patients	#7	and	#8/#9,	a	further	re-
verse	primer	was	designed	within	the	deleted	sequence	to	
amplify	the	wild-	type	alleles	(Table	S3).

The	PCR	reactions	were	performed	using	the	Phusion	
High-	Fidelity	 DNA	 Polymerase	 kit	 (Thermo	 Fisher	
Scientific)	according	 to	manufacturer's	 instructions.	The	
cycling	 conditions	 were	 as	 follows:	 Patient#1	 (96℃	 for	
5 min,	35	cycles	at	96℃	 for	30 s,	at	60℃	 for	30 s	and	at	
72℃	for	2 min,	and	at	72℃	for	10 min);	Patient	#2	(96℃	
for	5	min,	35	cycles	at	96℃	for	30	s,	at	60℃	for	30	s	and	at	
72℃	for	2	min,	and	at	72℃	for	10	min);	Patient#7	(96℃	

https://earray.chem.agilent.com/suredesign/
https://earray.chem.agilent.com/suredesign/
https://genome.ucsc.edu/cgi-bin/hgGateway
https://genome.ucsc.edu/cgi-bin/hgGateway
http://dgv.tcag.ca/dgv/app/home
http://dgv.tcag.ca/dgv/app/home
https://decipher.sanger.ac.uk/index
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for	5 min,	35	cycles	at	96℃	for	30 s,	at	64℃	for	30 s,	and	at	
72℃	for	2 min,	and	at	72℃	for	10 min);	Patient#8/#9	(96℃	
for	5 min,	35	cycles	at	96℃	for	30 s,	at	60℃	for	30 s,	and	
at	72℃	for	3 min,	and	at	72℃	for	10 min).	PCR	products	
were	sequenced	using	the	BigDye	Terminator	v1.1	Cycle	
Sequencing	Kit	(Applied	Biosystems)	and	analyzed	on	an	
ABI	PRISM	3100	Genetic	Analyzer	(Applied	Biosystems).

3 	 | 	 RESULTS

3.1	 |	 Identification and characterization 
of rare deletions in ISS/LWD individuals

The	diagnostic	screening	for	SHOX	alterations	led	to	the	
identification	 of	 point	 mutations	 and	 deletions	 encom-
passing	 the	 gene	 and/or	 the	 well-	known	 regulatory	 re-
gions	 in	 the	8.7%	of	 the	1102	 individuals	 referred	 to	 the	
Genetic	 Unit	 during	 the	 last	 10  years	 (data	 not	 shown).	
Besides	 these	well-	known	alterations	we	 identified	dele-
tions	and	duplications	that	did	not	affect	any	of	the	already	
described	enhancers	in	six	individuals.	All	the	rearrange-
ments	mapped	within	a	region	of	~430 kb	downstream	the	
CNE9	(Figure	1a).

Two	 hundred	 fifty-	two	 normal	 stature	 controls	 were	
also	 screened	 through	 the	 same	 MLPA	 assay.	Three	 dif-
ferent	 duplications,	 one	 upstream	 of	 SHOX	 and	 two	
downstream	 of	 the	 CNE9,	 were	 identified	 in	 three	 con-
trols	 (Figure	1a).	These	 findings	confirmed	previous	ob-
servations	(Hirschfeldova	&	Solc,	2017)	that	duplications	
downstream	 CNE9  may	 represent	 likely	 benign	 CNVs	
and	 for	 this	 reason	 they	were	not	 further	considered.	 In	
contrast,	no	deletion	was	identified	in	any	of	the	analyzed	
controls.	As	the	deletions	identified	in	patients	#1	and	#2	
(Figure	1a)	did	not	 include	any	of	 the	already	described	
CNEs	they	were	classified	as	VUS.	However,	similar	rear-
rangements	were	previously	reported	in	short	stature	indi-
viduals	(Bunyan	et	al.,	2014;	Ogushi	et	al.,	2019;	Tsuchiya	
et	al.,	2014;	Figure	1a)	suggesting	a	possible	pathogenicity	
for	 these	 imbalances.	 To	 better	 characterize	 these	 rear-
rangements,	a	custom	array	CGH	with	high	probe	density	
in	PAR1	was	used	to	analyze	these	patients’	DNA.

Patient#1:	this	16-	year-	old	female	(II-	1,	Figure	1b)	pre-
sented	at	the	first	access	at	the	age	of	9 years	with	normal	
height	 (0.9	 SDS),	 precocious	 puberty	 (Tanner	 3  stages),	
advanced	 bone	 age	 (hand-	wrist	 x-	rays:	 +3.5  years),	 cu-
bitus	 valgus,	 and	 short	 forearm.	 The	 karyotype	 anal-
ysis	 did	 not	 reveal	 any	 chromosomal	 aberration.	 She	
started	 treatment	 with	 a	 GnRH	 analog	 (triptorelin)	
with	 a	 partial	 regression	 of	 Tanner	 stages	 (Tanner	 2).	
However,	 progressively	 the	 growth	 velocity	 decreased	
more	 than	 that	 expected,	 and	 at	 11  years	 old	 triptore-
lin	 treatment	 was	 stopped.	 Furthermore,	 some	 clinical	

features	 characteristic	 of	 SHOX-	haploinsufficiency	 be-
came	more	evident	such	as	cubitus	valgus,	muscular	hy-
pertrophy,	 short	 forearm,	 arm	 span/height	 ratio	 (0.89),	
and	 sitting	 height/height	 ratio	 (0.56)	 with	 a	 RS	 of	 16.	
The	 hypothalamic-	pituitary	 magnetic	 resonance	 imag-
ing	was	normal,	 and	biochemical	 tests	 revealed	normal	
glucose	levels,	absence	of	insulin	resistance,	normal	he-
patic	and	renal	function,	normal	levels	of	IGF-	1(463 ng/
dl,	SDS	+0.50),	and	normal	response	to	arginine	test	for	
GH	secretion.	The	patient	was	 thus	addressed	 to	SHOX	
molecular	analysis	that	revealed	a	deletion	at	the	homo-
zygous	state	in	the	SHOX	downstream	area	that	did	not	
encompass	any	known	enhancer	(Figure	1a).	Such	dele-
tion	was	inherited	from	the	two	consanguineous	normal	
stature	parents	(I-	1	and	I-	2,	Figure	1b).	She	started	treat-
ment	with	rhGH	that	was	stopped	at	the	age	of	13 years.	
The	patient	was	 lost	at	 follow-	up	and	came	back	to	our	
attention	at	the	age	of	15 years	when	she	underwent	en-
doscopic	removal	and	local	chemotherapy	with	mitomy-
cin	C	for	a	papillary	urothelial	carcinoma.	Her	height	at	
the	 age	 of	 16  years	 was	 147.5  cm	 (−2.42	 SDS),	 puberty	
was	completed,	and	she	was	eumenorrheic.	Her	sister	(II-	
3,	 Figure	 1b)	 with	 disproportionate	 short	 stature	 (−2.8	
SDS),	 cubitus	 valgus	 and	 slight	 micrognathia	 was	 also	
homozygous	for	the	deletion	whereas	the	normal	stature	
brother	 (II-	2,	 Figure	 1b)	 was	 heterozygous.	 Neither	 the	
brother	nor	the	parents	showed	clinical	signs	characteris-
tic	of	SHOX-	haploinsufficiency.

The	array	CGH	analysis	 revealed	 that	 this	 rearrange-
ment	had	a	minimum	size	of	117 kb	(Figure	S1a).	A	pre-
cise	 breakpoint	 mapping	 performed	 through	 PCR	 and	
sequencing	 analysis	 revealed	 that	 such	 deletion	 spans	
119,258 bp	 (chrX:	909,966–	1,029,224)	 (Figure	S1a).	Both	
upstream	 and	 downstream	 breakpoints	 are	 embedded	
within	 the	 Alu	 repetitive	 elements	 AluSx1/AluSp	 that	
likely	provided	the	conditions	for	a	nonallelic	homologous	
recombination	(NAHR)	event.

Patient #2:	 this	 patient	 (II-	1,	 Figure	 1b)	 was	 a	 short	
stature	 15.8-	year-	old	 male	 (−2.3	 SDS)	 presenting	 slight	
bowing	of	the	forearm	suggestive	of	Madelung	deformity	
and	ulnar	dislocation	(RS = 7).	Previous	investigations	ex-
cluded	common	causes	of	 short	 stature	and	an	arginine	
stimulation	 test	 showed	normal	GH	secretion	 (peak	GH	
12.10 ng/ml).	Considering	the	age,	the	advanced	bone	age	
and	stature	within	target	height	at	time	of	diagnosis,	this	
patient	was	not	treated	with	rhGH.	The	molecular	SHOX	
analysis	showed	the	presence	of	a	deletion	at	the	heterozy-
gous	state	detected	by	two	MLPA	probes	(Figure	1a),	that	
was	inherited	from	the	short	stature	father	(−2.6	SDS;	I-	1,	
Figure	1b).

The	 fine	 tiling	 aCGH	 analysis	 combined	 with	 the	
breakpoint	 mapping	 revealed	 that	 the	 patient	 carried	
two	 distinct	 deletions:	 a	 smaller	 deletion	 of	 719  bp	
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F I G U R E  1  (a)	Duplications/Deletions	identified	in	patients	#1	to	#6	during	the	SHOX	diagnostic	routine	and	in	a	normal	stature	
control	cohort	through	MLPA.	In	the	upper	part	of	the	figure	is	reported	a	schematic	representation	of	PAR1	(assembly	GRCh37/hg19).	
MLPA	probes	from	the	commercial	P018-	G1 kit	(MRC-	Holland)	are	indicated	as	black	asterisks.	Duplications	are	depicted	as	blue	bars	and	
deletions	as	red	bars	(the	deletion	at	homozygous	state	observed	in	patient	#1	is	indicated	in	dark	red).	Deletions	in	the	same	area	previously	
reported	in	literature	are	also	indicated.	In	the	lower	panel,	the	interrogation	of	the	UCSC	Genome	Browser	for	the	minimum	deleted	region	
shows	the	presence	of	evolutionarily	conserved	sequences,	H3K27Ac	marks	from	ENCODE	and	transcription	factors	binding	predictions	
from	ChIP-	seq.	(b)	Pedigrees	of	patients	#1	and	#2.	The	proband	is	indicated	by	an	arrow.	The	wild-	type	and	variant	alleles	are	indicated	as	
−	and	+,	respectively

(a)

(b)
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(chrX:949,397–	950,116,	 hg38)	 and	 a	 larger	 one	 of	
235,154  bp	 (chrX:950,396–	1,185,550,	 hg38)	 separated	 by	
280 bp	(Figure	S1b),	that	were	both	inherited	from	the	fa-
ther	and	thus	on	the	same	allele.	All	the	breakpoints,	ex-
cept	for	the	telomeric	breakpoint	of	the	smaller	deletion,	
reside	 within	 repetitive	 elements	 type	 Alu	 (also	 present	
in	 the	280	pb	region)	 that	probably	mediated	a	complex	
rearrangement.	This	deletion	did	not	 include	any	of	 the	
described	 CNE	 elements	 and	 overlapped	 to	 the	 deletion	
detected	in	family#1	(Figure	1a).

3.2	 |	 Search for alterations through fine 
tailing aCGH

The	 deletions	 identified	 in	 patients	 #1	 and	 #2  suggest	
that	 pathogenic	 unbalances	 might	 occur	 in	 regions	 that	
are	not	covered	by	the	probes	included	in	the	MLPA	kit.	
To	search	for	such	alterations,	52 subjects	with	phenotype	
suggestive	for	SHOX-	haploinsufficiency	that	tested	nega-
tive	to	the	conventional	SHOX	genetic	test,	were	screened	
through	 the	 custom	 fine	 tiling	 aCGH	 platform.	 The	 pa-
tients	 presented	 a	 stature	 between	 −3.1	 and	 −1.2	 SDS	
(mean	 −2.01	 SDS	 ±0.89).	 Among	 these,	 9.6%	 presented	
shortening	of	the	upper	and/or	of	the	lower	limbs,	48.7%	
were	characterized	by	body	disproportion	with	or	without	
short	stature,	35.4%	had	skeletal	dysplasia	and	16.1%	pre-
sented	characteristics	of	LWD.	The	RS	was	available	 for	
32	patients:	7	(21.9%)	had	a	RS	between	4	and	7	while	15	
(46.9%)	had	a	RS	>7.

None	of	the	patients	carried	alterations	outside	PAR1	
in	 the	 other	 short	 stature	 genes	 tagged	 by	 the	 aCGH.	
Conversely	 this	 analysis	 revealed	 the	 presence	 of	 two	
small	 deletions	 of	 ~12	 and	 ~8  kb	 in	 three	 patients	 (pa-
tients	 #7,	 #8,	 and	 #9)	 not	 reported	 in	 the	 Database	 of	
Genomic	Variants	 (DGV)	 at	 approximately	 15  kb	 down-
stream	the	SHOX	coding	region	(Figure	2a	and	Figure	S2).	
A	specific	PCR	assay	and	sequencing	analysis	were	set	up	
to	map	the	breakpoints	in	all	the	three	patients	and	to	ex-
tend	the	analysis	to	the	other	family	members	(Figure	2a	
and	Figure	S2).

Patient# 7:	 this	 patient	 (II-	1,	 Figure	 2b)	 was	 a	
6-	year-	old	 female	 referred	 as	 LWD,	 with	 short	 stature	
(−2.3	 SDS),	 short	 forearm,	 and	 muscular	 hypertrophy	
(RS = 12).	She	presented	a	target	height	SDS	of	−2.15	
and	a	growth	velocity	SDS	of	−1.28	before	treatment	that	
increased	to	>3	SDS	after	GH	therapy.	The	sequencing	
analysis	 revealed	 that	 the	 deletion	 identified	 through	
the	 aCGH	 spanned	 12,837  bp	 (chrX:639,875–	652,712)	
(Figure	 S2a).	 No	 repetitive	 element	 is	 present	 in	 the	
proximity	of	the	telomeric	breakpoint	while	the	centro-
meric	breakpoint	resides	within	the	repetitive	element	
AluSx1.

The	 extension	 of	 the	 PCR	 analysis	 to	 the	 family	 re-
vealed	that	the	deletion	was	also	present	in	a	sister	(II-	2,	
Figure	2b)	and	that	it	was	inherited	from	the	mother	(I-	2,	
Figure	2b),	both	with	normal	stature.

Patient #8:	 the	 patient	 (II-	1,	 Figure	 2b)	 was	 a	
6.8-	year-	old	 female	with	a	diagnosis	of	LWD,	presenting	
severe	short	stature	(−3.2	SDS)	and	muscular	hypertrophy	
with	a	RS = 9.	The	growth	velocity	SDS	before	treatment	
was	−2.05	that	increased	>3	SDS	after	GH	therapy.

The	breakpoint	sequencing	analysis	revealed	that	 the	
deletion	 had	 a	 size	 of	 8,875  bp	 (chrX:634,213–	643,088)	
(Figure	S2b).	The	telomeric	breakpoint	 is	 located	within	
the	 repetitive	 element	 AluSx3,	 while	 the	 centromeric	
breakpoint	 resides	 within	 a	 low	 complexity	 repeat.	This	
deletion	was	inherited	from	the	normal	stature	mother	(I-	
2;	Figure	2b).

Patient #9:	 this	 12.6  years	 old	 male	 presented	 dis-
harmonic	 normal	 height	 (−0.8	 SDS)	 characterized	 by	
shortening	of	the	lower	limbs	accompanied	by	muscular	
hyperthrophy	(RS = 9).	The	array	CGH	analysis	identified	
the	same	deletion	reported	in	patient	#8	and	sequencing	
analysis	confirmed	that	both	deletions	presented	identical	
breakpoints	(Figure	S2c).	The	DNA	of	the	parents	was	not	
available	for	segregation	analysis.

3.3	 |	 Rapid screening for the deletions in 
other patients and controls (patient#10)

The	same	PCR	assays	were	then	used	to	test	the	presence	
of	these	two	microdeletions	in	further	210	patients	tested	
negative	 after	 routine	 SHOX	 analysis	 and	 in	 a	 cohort	 of	
740	 normal	 stature	 controls.	 The	 12,837  kb	 deletion	 was	
identified	 in	 another	 patient	 (Patient	 #10),	 a	 13-	year-	old	
female	 with	 short	 stature	 (−2.4	 SDS),	 normal	 secretion	
levels	of	GH	after	stimulation	and	normal	levels	of	IGF-	1.		
The	 hand-	wrist	 x-	rays	 revealed	 a	 2  years	 advanced	 bone	
age.	The	parents	were	not	available	for	the	genetic	analysis.

Both	the	deletions	were	absent	in	the	group	of	normal	
stature	controls.

4 	 | 	 DISCUSSION

Whereas	 deletions	 including	 the	 SHOX	 coding	 region	
and	the	CNEs	can	be	easily	interpreted	as	pathogenic	or	
likely	pathogenic,	it	is	harder	to	draw	solid	conclusions	
and	communicate	information	to	carriers	of	either	de-
letions/duplications	that	do	not	include	any	regulatory	
sequence	or	nucleotide	variants	 lying	outside	the	cod-
ing	regions.

Nonetheless	 it	 is	 important	 to	 investigate	 the	 role	 of	
VUS	that	might	be	encountered	during	SHOX	molecular	
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analysis	either	to	establish	a	potential	causative	role	and	
address	patients	 to	an	effective	GH	replacement	 therapy	
(Blum	 et	 al.,	 2007)	 or	 to	 exclude	 the	 presence	 of	 patho-
genic	variations	in	individuals	that	would	not	benefit	from	
the	 expensive	 GH	 treatment.	 In	 this	 regard	 we	 recently	
demonstrated	 that	 non-	coding	 variations	 within	 the	

5′UTR	 affect	 SHOX	 expression	 through	 different	 mech-
anisms	 and	 should	 be	 considered	 and	 referred	 as	 likely	
pathogenic	(Babu	et	al.,	2021).

During	the	routine	diagnostic	screening	over	the	last	
10  years	 besides	 deletions	 and	 duplications	 involving	
SHOX	 and/or	 its	 enhancers	 we	 identified	 duplications	

F I G U R E  2  (a)	Deletions	identified	through	custom	array	CGH	in	patients	#7,	#8,	#9.	The	asterisks	indicate	the	MLPA	probes.	The	UCSC	
Genome	Browser	shows	poor	evolutionary	conservation	within	the	minimal	deleted	region	is	indicated.	(b)	Pedigrees	of	patients	#7	and	#8.	The	
parents	of	patient	#9	were	not	available	for	the	analysis.	The	proband	is	indicated	by	an	arrow.	The	wild-	type	and	variant	alleles	are	indicated	as	−	
and	+,	respectively.	A	PCR	assay	was	specifically	designed	to	detect	each	of	the	deletions	identified	through	the	fine	tiling	aCGH.	The	forward	and	
the	reverse	primers	were	designed	just	upstream	and	downstream	the	putative	5′	and	3′	breakpoints,	respectively;	the	PCR	product	is	detectable	
only	in	deletion	carriers	(upper	band).	A	further	reverse	primer	was	designed	within	the	deleted	sequence	to	amplify	wild-	type	alleles	(lower	band)

(a)

(b)
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and	deletions	that	did	not	include	any	of	the	already	de-
scribed	enhancers	(Figure	1a).	A	control	cohort	of	252	
normal	stature	subjects	was	screened	through	MLPA	to	
assess	the	frequency	of	CNVs	encompassing	PAR1	in	the	
general	 population	 and	 three	 duplications	 were	 iden-
tified	 (Figure	 1a).	 These	 results,	 along	 with	 previous	
observations	 (Hirschfeldova	 &	 Solc,	 2017)	 support	 the	
hypothesis	 that	 most	 of	 the	 micro-	duplications	 down-
stream	SHOX	that	do	not	affect	the	CNEs	might	repre-
sent	rare	benign	CNVs.	Instead,	deletions	downstream	
the	last	conserved	regulatory	element	(CNE9)	were	ab-
sent	in	the	controls	and	were	previously	reported	in	four	
patients	 with	 SHOX-	related	 phenotype	 (Blum	 et	 al.,	
2007;	Bunyan	et	al.,	2014;	Ogushi	et	al.,	2019;	Tsuchiya	
et	al.,	2014;	Figure	1a).	 It	 is	 thus	conceivable	 that	 this		
interval	might	contain	further	elements	crucial	for	SHOX	
expression.	The	deletion	identified	in	patient#1	is	to	our	
knowledge	 the	 smallest	 deletion	 in	 this	 area	 reported	
in	 individuals	 referred	 for	 SHOX-	haploinsufficiency	
allowing	 to	 narrow	 down	 the	 critical	 interval	 to	 a	 re-
gion	of	approximately	112 kb	(chrX:917,600–	1,030,000)		
(Figure	 1a).	 It	 is	 likely	 that	 this	 alteration	 exerts	 a	 re-
cessive	effect	as	both	the	homozygous	siblings	(II-	1	and	
II-	3,	Figure	1b)	showed	a	phenotype	strongly	suggestive	
of	SHOX	deficiency	whereas	the	heterozygous	member	
of	 this	 family	 (I-	1,	 I-	2	 and	 II-	2)	 presented	 with	 nor-
mal	stature	and	no	clinical	signs.	Although	any	of	 the		
described	 CNE	 maps	 within	 the	 imbalance,	 in	 silico	
analysis	performed	through	the	UCSC	Genome	Browser	
(https://genome.ucsc.edu)	 revealed	 the	 presence	 of		
sequences	 with	 high	 evolutionary	 conservation	 within	
such	 interval	 approximately	 between	 chrX:	 917,000	
and	 1,029,000	 (Figure	 1a),	 and	 chromatin	 signatures	
suggestive	 of	 active	 transcription	 as	 the	 acetylation	 of	
lysine	 27	 of	 the	 H3  histone.	 Moreover	 an	 expression	
quantitative	trait	 locus	(eQTL)	of	approximately	20 kb	
(chrX:901,465–	920,235)	 containing	 several	 SNPs	 was	
identified	 from	 the	 GTEx	 database	 that	 correlate	 with	
SHOX	 expression	 as	 observed	 in	 a	 previously	 reported	
family	 (Ogushi	 et	 al.,	 2019).	 The	 presence	 of	 a	 cis-	
regulatory	domain	within	the	here	characterized	critical	
interval	(chrX:917,600–	1,030,000,	hg19)	is	supported	by	
the	experimental	results	demonstrating	through	4C-	seq	
that	the	cis-	regulatory	landscape	of	SHOX	extended	be-
yond	the	boundaries	of	the	already	functionally	charac-
terized	CNEs	(i.e.,	chrX:398,357–	835,567,	hg19)	(Verdin	
et	al.,	2015).	Taken	 together,	 these	considerations	 sug-
gest	 that	 the	 region	 between	 917,600	 and	 1,030,000	
represents	a	good	candidate	to	contain	further	putative	
elements	regulating	SHOX	expression,	although	this	hy-
pothesis	requires	experimental	validation.

The	use	of	the	same	custom	array	CGH	platform	al-
lowed	to	identify	in	four	ISS/LWD	patients	that	tested	

negative	 through	 the	 standard	 diagnostic	 methods	
two	small	partially	overlapping	deletions	of	12,837 kb		
(patient	#7	and	#10)	and	8,875 kb	(patient	#8	and	#9)	
just	downstream	the	SHOX	coding	region	(Figure	2a).	
The	two	deletions	encompass	a	genomic	region	with-
out	 a	 significant	 evolutionary	 conservation	 (Figure	
2a).	 However,	 the	 lack	 of	 conservation	 does	 not	 ex-
clude	a	functional	role	as	in	the	case	of	the	regulatory	
sequence	(ZED)	removed	by	the	commonest	recurrent	
47.5 kb	deletion	that	was	probably	not	considered	be-
fore	because	of	the	lack	of	evolutionary	conservation	
among	vertebrates,	except	for	mammals	(Skuplik	et	al.,	
2018).	On	the	other	hand	there	are	several	example	in	
humans	 of	 non-	conserved	 and	 weakly	 conserved	 en-
hancer	sequences	(Blow	et	al.,	2010;	Chatterjee	et	al.,	
2011;	Chen	et	al.,	2008)	suggesting	that	the	functional	
conservation	 of	 genes	 across	 species	 is	 not	 necessar-
ily	 associated	 with	 sequence	 conservation	 of	 their	
regulatory	 elements.	 Alternatively,	 we	 could	 specu-
late	that	these	deletions	might	exert	their	pathogenic	
role	through	the	alteration	of	the	proper	distance	be-
tween	 the	 promoter	 and	 the	 downstream	 regulatory	
elements.

For	deletions	identified	in	patients	#7,	#8,	#9,	and	#10,	
although	absent	 in	 the	 tested	controls,	 the	significance	re-
mained	 uncertain	 as	 in	 at	 least	 the	 two	 available	 families	
they	 were	 inherited	 from	 the	 normal	 stature	 parents	 and	
no	other	similar	unbalance	had	been	previously	reported	in	
literature.	They	might	 represent	 low	penetrance	variations	
that	exert	a	pathogenic	effect	in	combination	with	a	predis-
posing	genetic	background,	that	is	not	uncommon	for	micro-	
rearrangements	in	the	SHOX	area	(Bunyan	et	al.,	2013).

In	conclusion,	this	study	provides	further	evidence	for	
the	 presence	 of	 regulatory	 elements	 outside	 the	 already	
described	 regulatory	 regions.	 The	 array	 CGH	 provides	
an	additional	tool	that	supports	the	standard	methods	in	
the	 fine	 characterization	 of	 rare	 unbalances	 and	 might	
be	 useful	 to	 reanalyze	 patients	 that	 tested	 negative	 with	
standard	 methods	 but	 that	 are	 strongly	 suggestive	 of	
SHOX-	haploinsufficiency.
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