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Identification of 15 novel partial SHOX deletions
and 13 partial duplications, and a review of the
literature reveals intron 3 to be a hotspot region

Sara Benito-Sanz1,2,3, Alberta Belinchon-Martínez1,2,3, Miriam Aza-Carmona1,2,3, Carolina de la Torre1,
Celine Huber4, Isabel González-Casado3,5, Judith L Ross6, N. Simon Thomas7, Andrew R Zinn8,
Valerie Cormier-Daire4 and Karen E Heath1,2,3

Short stature homeobox gene (SHOX) is located in the pseudoautosomal region 1 of the sex chromosomes. It encodes a

transcription factor implicated in the skeletal growth. Point mutations, deletions or duplications of SHOX or its transcriptional

regulatory elements are associated with two skeletal dysplasias, Léri–Weill dyschondrosteosis (LWD) and Langer mesomelic

dysplasia (LMD), as well as in a small proportion of idiopathic short stature (ISS) individuals. We have identified a total of 15

partial SHOX deletions and 13 partial SHOX duplications in LWD, LMD and ISS patients referred for routine SHOX diagnostics

during a 10 year period (2004–2014). Subsequently, we characterized these alterations using MLPA (multiplex ligation-

dependent probe amplification assay), fine-tiling array CGH (comparative genomic hybridation) and breakpoint PCR. Nearly half

of the alterations have a distal or proximal breakpoint in intron 3. Evaluation of our data and that in the literature reveals that

although partial deletions and duplications only account for a small fraction of SHOX alterations, intron 3 appears to be a

breakpoint hotspot, with alterations arising by non-allelic homologous recombination, non-homologous end joining or other

complex mechanisms.
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INTRODUCTION

Short stature homeobox gene (SHOX, MIM 312865) is located in the
pseudoautosomal region 1 (PAR1) of the sex chromosomes.1,2 It
encodes a transcriptional factor implicated in the skeletal growth.3

SHOX is regulated by two promoters, located in exon 1 and the non-
coding part of exon 2 and seven transcriptional regulatory elements
(three upstream and four downstream of SHOX).4–8

Alterations in SHOX are associated with two skeletal dysplasias,
Léri–Weill dyschondrosteosis (LWD, MIM 127300)9,10 and Langer
mesomelic dysplasia (LMD, MIM 249700)10 and a small proportion of
idiopathic short stature cases (ISS, MIM 300582), classified as
individuals with a height below − 2 standard deviations (SDS) in the
absence of known specific causative disorders.11 LWD is a dominantly
inherited skeletal dysplasia characterized by disproportionate short
stature, mesomelic limb shortening and the characteristic Madelung
deformity of the forearm: the bowing of the radius, the distal
dislocation of the ulna and triangulation of the carpal bones. To date,

heterozygous deletions and duplications of three distinct regions of the
PAR1, SHOX and the two enhancer region intervals, located upstream
and downstream of SHOX or mutations within SHOX have been
identified in ~ 60–80% of LWD and 2–5% of ISS cases.12–14 LMD is a
more severe skeletal dysplasia due to homozygous or compound
heterozygous mutations in SHOX or its enhancers.15–18

Recently, we demonstrated that the cis-regulatory region of SHOX
extends to ~ 1 Mb of the PAR1,19 which suggests that further SHOX
regulatory elements may be present and that alterations of these
regions may be the cause of the phenotype in LWD, LMD and ISS
patients. This is supported by the observation of deletions located
further downstream from the known SHOX enhancer interval in two
patients with an intermediate phenotype between LWD and LMD.20,21

Here we report the identification and characterization of 15 novel
partial SHOX deletions and 13 partial duplications, detected during
routine genetic analysis and review these and other intragenic deletions
and duplications described in the literature.

1Institute of Medical and Molecular Genetics (INGEMM), Hospital Universitario La Paz, Universidad Autónoma de Madrid, Madrid, Spain; 2Centro de Investigación Biomédica en
Red de Enfermedades Raras (CIBERER), Instituto de Salud Carlos III (ISCIII), Madrid, Spain; 3Unidad Multidisciplinar de Displasias Esqueléticas (UMDE), Hospital Universitario La
Paz, Madrid, Spain; 4Department of Genetics, Université Paris Descartes-Sorbonne Paris Cité, Institut IMAGINE, Hôpital Necker-Enfants Malades, Paris, France; 5Department of
Pediatric Endocrinology, Hospital Universitario La Paz, Universidad Autónoma de Madrid, Madrid, Spain; 6Department of Pediatrics, Thomas Jefferson University, Philadelphia,
PA, USA; 7Wessex Regional Genetics Laboratory, Salisbury District Hospital, Salisbury, UK and 8Dermott Center for Human Growth and Development and Department of Internal
Medicine, University of Texas Southwestern Medical School, Dallas, TX, USA
Correspondence: Dr KE Heath, Institute of Medical and Molecular Genetics (INGEMM), Hospital Universitario La Paz, Universidad Autónoma de Madrid, IdiPAZ, Pº Castellana
261, 28046 Madrid, Spain.
E-mail: karen.heath@salud.madrid.org
Received 6 June 2016; revised 29 July 2016; accepted 2 August 2016; published online 8 September 2016

Journal of Human Genetics (2017) 62, 229–234
& 2017 The Japan Society of Human Genetics All rights reserved 1434-5161/17
www.nature.com/jhg

http://dx.doi.org/10.1038/jhg.2016.113
mailto:karen.heath@salud.madrid.org
http://www.nature.com/jhg


MATERIALS AND METHODS

Clinical patients
The LWD, LMD and ISS patient samples were recruited from endocrinology
and genetic clinics over a 10 year period (2004–2014). Genomic DNA
was isolated from peripheral blood using the Blood kit (QIAGEN, Valencia,
CA, USA) or Chemagic DNA extraction special kit (Chemagen, Perkin Elmer,
Baesweiler, Germany). Suspected LWD patients were ascertained using the
inclusion criteria of bilateral Madelung deformity and mesomelic shortening of
the limbs in the proband or a direct family member. ISS patients with stature
o− 2 SDS were ascertained using the current consensus criteria.11 The study
was approved by the local ethical committees and all participants provided
informed consent.

SHOX/PAR1 deletion detection
Analysis of SHOX/PAR1 was carried out by a combination of MLPA (multiplex
ligation-dependent probe amplification assay), array CGH (comparative
genomic hybridation), fluorescent in situ hybridization (FISH) and micro-
satellite analysis as previously described.22 MLPA analysis was carried out using
the commercial SHOX and PAR1 MLPA kits (Salsas P018B/C/D1/E1/F1/G1,
MRC Holland, Amsterdam, The Netherlands). In particular cases, the deletions
were delimited using custom-designed MLPA assays, one for the upstream
region of SHOX23 and another including sequences flanking SHOX exon 6a
(Supplementary Table 1). Data was analyzed as described previously.23

Array CGH
Y-chromosome-specific file-tiling array CGH (Roche NimbleGen Systems,
Madison, WI, USA) were hybridized and analyzed using the service provided
by ImaGenes, Berlin, Germany. Data was analyzed and visualized with
Signalmap software (NimbleGen Systems). For each spot on the array, log2-

ratios of the Cy3-labeled test sample versus the Cy5-labeled reference sample
were calculated.

Deletion breakpoint determination
Oligonucleotides were designed in regions shown to be present as two copies by
aCGH or custom-designed MLPA. The oligos for crossing the deletion
breakpoint identified in proband 9 were 5′-GCTAAACTGCCTGCACTCT
C-3′ and 5′-ACCAGAAGCTCCAGCGTCTT-3′, probands 13 and 14: 5′-GGTG
GAAACTTCGGTTCTC-3′ and 5′-TGCGCCCTTCTTAACCAG-3′, and for
proband 15, 5′-CTTCTTGTACCGTCTTTTGCC-3′ and 5′-AAATCAAACTGA
AACCGTCCC-3′. Amplified products were directly sequenced with the
amplification primers, with the exception of the breakpoint PCR of proband
15 where an internal sequence primer 5′-GAACCTACTTCCCAAAGATTC-3′
was required, or cloned into a pCR2.1 vector using the TA cloning kit
(Invitrogen, Carlsbad, CA, USA) and subsequently sequenced (proband 9). The
breakpoints were determined using Sequencher V5.1 (Gene Codes Corpora-
tion, Ann Arbor, MI, USA) and Ensembl (www.ensembl.org).
The deletion mechanism was subsequently investigated by computational

analysis. Homology and repeat analyses of the breakpoint flanking sequences
(2 kb) was assessed using LALIGN (http://www.ch.embnet.org/software/
LALIGN_form.html) and RepeatMasker (http://www.repeatmasker.org),
respectively. The percentage identity for Repeat Elements observed at the
breakpoints was calculated using the Align Sequences Nucleotide BLAST
(bl2Seq, http://blast.ncbi.nlm.nih.gov/Blast.cgi).

RESULTS

Partial SHOX deletions were identified using the commercial MLPA,
in 15 patients, 13 diagnosed with LWD and 2 with LMD (probands 5
and 9), during the 10 year study period (Figure 1). Six deletions

Figure 1 Schematic representation of the 15 partial SHOX (short stature homeobox gene) deletions detected by MLPA (multiplex ligation-dependent probe
amplification assay) SHOX/PAR1 (pseudoautosomal region 1) salsa P018 B1/C1/D1/E1/F1/G1 and the custom-designed MLPAs. Gray boxes indicate the
location of the P018-D1 MLPA probes. ▲ Indicate deleted probes. The deletion size range, determined by MLPA data, is indicated adjacent to each
deletion. Diagram of region using X chromosome assembly (GRCh37/hg19) but not drawn to scale. This deletion of probe L5101 is due to a non-pathogenic
~4.9 kb deletion.24 Probe L5101 was eliminated from the commercial MLPA from P018E1 onwards.
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extended from the 5′ region of SHOX and included various exons
(probands 1, 2, 3, 4, 5 and 6), eight were intragenic deletions
(probands 7, 8, 10, 11, 12, 13, 14 and 15) and one deletion extended
from SHOX exon 4 to the downstream region (proband 9; Figure 1).
One of the intragenic deletions was a deletion of a single exon, exon 6a
(proband 15). Initially we excluded the presence of a polymorphism in
the oligonucleotide sequence resulting in allele drop out. Subsequently,
we delimited the deletion using a custom-designed MLPA and crossed
the junction breakpoint. In addition, patients 10 and 13 had another
PAR1 deletion, a deletion of the L05101 probe, which we had
demonstrated to correspond to a ~ 4.9 kb non-pathogenic down-
stream deletion (Figure 1).24

Seven of the deletions were further delimited using Y-chromosome
fine-tiling aCGH (probands 1, 6, 7, 9, 10, 11 and 13; Figure 2;
Supplementary Table 2). Further characterization of the remaining
patients was not possible due to lack of DNA. Interestingly, aCGH
revealed that patient 10 had three PAR1 deletions, one of the deletions
previously detected by MLPA was actually composed of two deletions
separated by a region of normal dosage (Figure 2; Supplementary
Figure 1). Analysis of parental samples revealed that the SHOX
deletion and the ~ 11.7 kb downstream deletion were inherited on
the paternal allele whereas the non-pathogenic downstream deletion of
~ 4.9 kb was maternally inherited. Patients 7, 11 and 13 also had this
non-pathogenic deletion.
Partial SHOX duplications were identified in 13 LWD and ISS

patients, 10 of which were previously described (Supplementary
Figure 3).14 Five partial duplications extended from 5′of
SHOX, four of which extended to exon 3 (probands 17–20), seven
were intragenic duplications (probands 21–27) and one duplication
extended from exon 4 to ~150 kb downstream of SHOX
(patient 28).

Seven deletions (~48%, probands 8–14) and five duplications
(~38.5%, probands 17–20 and 28) had a distal or proximal breakpoint
in intron 3, followed by five deletions (~33%; 5/15; probands 1–4 and
6) and one duplication (proband 21) in intron 2, whereas the
remaining probands had breakpoints in distinct regions (Figure 1;
Supplementary Figure 3).
The deletion breakpoints were identified in patients 9, 13, 14 and

15, which allowed the precise determination of the deletion extensions:
261 684, 1344, 1681 and 2949 bp, respectively, three of which were
located in intron 3 (probands 9, 13 and 14; Figure 3). No homology
was observed at the breakpoint flanking regions in patient 9. However,
repetitive elements, type Alu were identified at both breakpoints of
patients 13 and 14, AluSz/AluSx (78% homology) and AluSz/AluSx
(79% homology), respectively. Microhomology of 37, 19 and 7 bp was
observed at the 5′and 3′ breakpoints in patients 13, 14 and 15,
respectively (Figure 3).

DISCUSSION

For many years, SHOX genetic diagnosis in LWD, LMD and ISS
patients was undertaken by microsatellite analysis and/or FISH.
During the past decade, MLPA, qPCR (quantitative PCR) and aCGH
have considerably improved the detection of SHOX alterations. MLPA
and direct sequencing remain the general practice as next-generation
sequencing has not replaced these techniques as SHOX and its
enhancers are poorly captured.
During the 10-year study period, we have identified and character-

ized 15 different partial SHOX deletions. All deletion extensions were
different and sizes ranged from 1344 to ~ 374 kb. Exact breakpoints
were characterized in four individuals, probands, 9, 13, 14 and 15.
Proband 9, diagnosed with LMD, had a partial SHOX deletion in

one allele and a frameshift mutation in exon 6 in the other allele,

Figure 2 Array CGH (comparative genomic hybridation) of seven probands with partial SHOX (short stature homeobox gene) deletions. Y-chromosome specific
fine-tiling aCGH (NimbleGen) was utilized with a dye-swap experiment. Data from one array of each analyzed proband is shown using the SignalMap software
(NimbleGen). No aCGH was undertaken in the remainder of the proband due to lack of DNA. The partial SHOX deletions are indicated with a red asterisk
and the non-pathogenic 4959 bp downstream deletion with a blue asterisk. Y-chromosome sequence coordinates are taken from GRCh36/hg18. A full color
version of this figure is available at the Journal of Human Genetics journal online.
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c.722_723insC.16 The deletion extended from intron 3 and included
downstream sequence. Although no homologous repeat was observed
at the 5′ breakpoint, an AluSz sequence was present at the 3′
breakpoint. No microhomology was present at the breakpoints but
50 bases had been incorporated at the deletion junction, 42 of which
constitute part of the interspersed repeat sub-family, endogenous
retrovirus group K (ERVK). Although long terminal repeats are
known to give arise to deletions and duplications through homologous
recombination, we do not fully understand how this sequence inserted
into the deletion region.
Both probands 13 and 14 had an intragenic deletion including

exons 4 and 5. The deletion breakpoints in introns 3 and 5 were
different, thus leading to different deletion sizes of 1344 and 1681 bp,
respectively. Alu elements were identified at both breakpoints, AluSz/
AluSx (78% homology) and AluSz/AluSx (79% homology) and with
an overlap sequence of 37 and 19 nucleotides respectively, therefore
suggesting non-allelic homologous recombination event as the most
probable deletion mechanism.

A rare single exon deletion was observed in proband 15, which
extended from SHOX intron 5 to intron 6a. No repetitive elements
were observed at the breakpoints, but a homologous sequence of seven
nucleotides was found, thus, suggesting that it had occurred by non-
homologous end joining mechanism.
Although the breakpoints were not determined in proband 10, aCGH

data showed that one of the MLPA detected deletions was actually
composed of two deletions separated by a region of normal dosage.
Thus, proband 10 had three deletions: a SHOX deletion and two
downstream PAR1 deletions. Parental analysis showed that the SHOX
deletion and the deletion in the 3′end of SHOX were paternally
inherited whereas the non-pathogenic ~4959 bp downstream PAR1
deletion was present on the maternal allele.24 The identification of two
deletions on the paternal allele suggests a different deletion mechanism.
The breakpoints have not been finely characterized but we hypothesize
that it may have arisen by a replicative mechanism such as FoSTeS
(fork stalling and template switching),25 SRS (serial replication slippage)
or MMBIR (microhomology-mediated break induced replication).26

Figure 3 Breakpoint characterization of the partial SHOX (short stature homeobox gene) deletions of individuals 9, 13, 14 and 15. The vertical bar indicates
the fusion points of the intragenic deletions and gray rectangle indicates the sequence of unknown origin in the proband 9 and the overlap sequence
identical between distal and proximal breakpoint sequence in probands 13, 14 and 15. The exact chromosomal locations are indicated above the vertical
bars. PAR1 (pseudoautosomal region 1) sequence coordinates are taken from the X chromosome assembly (GRCh37/hg19). The same oligonucleotides were
used for crossing the deletion breakpoints in probands 13 and 14, despite the unavailability of aCGH (array comparative genomic hybridation) data for
proband 14. A full color version of this figure is available at the Journal of Human Genetics journal online.
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A total of 21 partial SHOX deletions and 38 partial SHOX
duplications have been reported in the literature,27–36 13 (62%) of
the deletions and 23 (60.5%) of the duplications have one of its
breakpoints in intron 3.30,32,33,35,36 The breakpoints have only been
characterized in three deletions30 and two duplications.35

The three delimited deletions were shown to include exons 4 and 5
(5906 bp, case 1), exons 4–6a (5594 bp, case 2) and exon 4–6b
(50199 bp, case 3).30 Non-repetitive sequences were identified at the
breakpoint junctions in cases 1 and 2, whereas Alu elements were
present in case 3, thus, non-homologous end joining and non-allelic
homologous recombination could explain the deletion mechanisms
respectively.30 Also, two single exon 1 deletions have been identified in
ISS patients.28,34 SHOX is transcribed from two alternative promoters,
located in exon 1 (P1) and the non-coding part of 2 (P2). The P2
promoter has been shown to be the strongest promoter whereas the
P1 promoter controls fine tuning of SHOX expression, by translational
regulation.4 Thus, the P1 promoter is deleted in these two individuals,
but the main P2 promoter is intact in these two ISS individuals. The
pathogenicity of these deletions are unknown but the authors propose
that they result in SHOX haploinsufficiency28 or that the deletion
causes the deletion of a oligopyrimidine tract and seven AUG codons
upstream of the open reading frame, thus affecting translation.34

All partial SHOX deletions have been associated with LWD or short
stature, whereas partial SHOX duplications have been identified in
patients with variable phenotypes: short stature or LWD,14,33,35 Mayer-
Rokitansky-Kuster-Hauser Syndrome,32 autism spectrum disorders
and related neurodevelopment conditions.36 The variable clinical
manifestations associated with partial or complete SHOX duplications
are likely to be dependent on the physical localization of the duplicated
sequence.14

In contrast to complete deletions of SHOX, where we failed to
observe a hotspot region,37 partial SHOX deletion breakpoints seem to
occur frequently in intron 3 (7/15 partial deletion). All characterized
breakpoints have occurred in an interval of 2599 bp of the 3′ part of
intron 3 (Supplementary Figure 2). Intron 3 spans a total of 5994 bp,
28.6% of which consists of repetitive sequences: 13.76% Alu elements
(two AluSz and one AluSx1), 14.33% simple repeats (two AT-rich
regions) and 0.53% A-rich, but not all the breakpoints occurred
within these elements. Indeed it is the largest SHOX intron with a
greater number of Alu elements and AT-rich region with respect to the
other introns: intron 1 (62.87% simple repeats), intron 2 (9% repeats
elements and 0.64% simple repeats) and intron 5 (12.90% AluSx).
Only three of the five characterized breakpoints, two in this study and
one described by Fukami et al.,35 were localized to these repetitive
elements.
In our entire LWD, LMD and ISS referral cohort we have observed

a smaller number of complete duplications compared with complete
SHOX deletions (16 versus 82), and in the case of partial deletions and
duplications we have observed approximately the same number of
cases (15 versus 13),14 but no reciprocal deletion and duplication have
been observed, as might have been expected and observed in other
disorders.38–40 Five of the 13 (38.5%) duplication breakpoints were
located in intron 3 but once again, no specific sequences were
implicated. Thus, a total of 12/28 (42.8%) of the deletions and
duplications occurred within this intron.
In summary, we have identified 15 partial SHOX deletions and 13

partial SHOX duplications in LWD and LMD cases during the last
decade. Approximately 50% of the breakpoints are located in intron 3,
which may be a region with higher predisposition to breakage
although the reason why remains unclear.
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