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Abstract

Objective: Next generation sequencing (NGS) has expanded the diagnostic paradigm turning the focus to the growth plate.
The aim of the study was to determine the prevalence of variants in genes implicated in skeletal dysplasias in probands
with short stature and mild skeletal anomalies.

Design: Clinical and radiological data were collected from 108 probands with short stature and mild skeletal anomalies.
Methods: A customized skeletal dysplasia NGS panel was performed. Variants were classified using ACMG
recommendations and Sherloc. Anthropometric measurements and skeletal anomalies were subsequently compared in
those with or without an identified genetic defect.

Results: Heterozygous variants were identified in 21/108 probands (19.4%). Variants were most frequently identified

in ACAN (n=10) and /HH (n = 7) whilst one variant was detected in COL2A1, CREBBP, EXT1, and PTPN11. Statistically
significant differences (P < 0.05) were observed for sitting height/height (SH/H) ratio, SH/H ratio standard deviation
score (SDS), and the SH/H ratio SDS >1 in those with an identified variant compared to those without.

Conclusions: A molecular defect was elucidated in a fifth of patients. Thus, the prevalence of mild forms of skeletal
dysplasias is relatively high in individuals with short stature and mild skeletal anomalies, with variants in ACAN and

IHH accounting for 81% of the cases. An elevated SH/H ratio appears to be associated with a greater probability in
detecting a variant, but no other clinical or radiological feature has been found determinant to finding a genetic cause.
Currently, we cannot perform extensive molecular studies in all short stature individuals so detailed clinical and
radiological phenotyping may orientate which are the candidate patients to obtain worthwhile
results. In addition, detailed phenotyping of probands and family members will often
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Introduction

Short stature, defined as height below -2 standard
deviation score (SDS) for sex, age, and ethnicity, is a
paramount problem for clinicians but also to the parents
and the patient themselves. It is one of the most common
reasons for referral to a pediatric endocrinologist. The
high prevalence of short stature of unknown etiology
has also driven scientists and clinicians to investigate
its origin and pathogenic mechanisms. Initially, the
research concentrated on the somatotrophic axis with
growth hormone (GH) playing a critical role in human
growth, primarily through its regulation of insulin growth
factor I (IGF-I) production. Genetic disorders have been
identified throughout the GH/IGF-I axis, ranging from
growth hormone deficiency, either in isolation or as part
of combined pituitary hormone deficiency, to primary
IGF-I deficiency, IGF-I resistance, or dysregulation of IGF-I
availability. However, genetic defects are only found in a
small proportion (<10%) of cases (1, 2).

Since the first description, in 1997, of the implication
of SHOX in idiopathic short stature (ISS) (3), extensive
research has been performed. SHOX is located in
the pseudoautosomal region 1 (PAR1) of the sexual
chromosomes, thus, all normal stature males and females
have two active copies. SHOX encodes a transcription
factor which regulates growth in the growth plate (4).
Heterozygous defects in SHOX and/or its enhancers have
been identified in a small proportion, approximately
2.5%, of individuals with ISS (5), and in a significantly
higher proportion, approximately 70%, in Léri-Weill
dyschondrosteosis (LWD) (6). LWD is a skeletal dysplasia
characterized by short stature, mesomelic shortening of
the limbs, and the classic Madelung deformity of the wrist.
Clinical heterogeneity is high and the skeletal defects often
become more evident during puberty and, thus, can be
missed in young children (7). SHOX genetic testing in our
laboratory has resulted in the identification of a SHOX or
enhancer defect in approximately 16% of all SHOX testing
referrals (n= 7300 since 2008, unpublished data). Thus,
SHOX alterations are the most common genetic defect in
short stature.

During the last decade, the implementation of next
generation sequencing (NGS) has expanded the diagnostic
paradigm, simultaneously permitting the analysis of a
large number of genes or the entire exome or genome.
The detection of genetic variants in genes expressed in
the growth plate in ISS patients has encouraged us to
search for skeletal traits (8, 9, 10). Mild or minor skeletal
traits are often overlooked during the initial evaluation
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of short stature patients and skeletal surveys do not form
part of routine clinical workups. Yet, the increasing rate
of heterozygous variants identification in various skeletal
dysplasia genes, such as FGFR3, NPR2 and more recently,
ACAN and IHH (9, 10, 11, 12, 13, 14, 15, 16), in children
with disproportionate or proportionate short stature with
or without mild skeletal abnormalities, has significantly
contributed to widen the phenotypic spectrum of many
skeletal dysplasias.

Although many monogenic causes of growth disorders
have been identified, the diagnostic yield remains low and
we continue to investigate the genetic contribution in
short stature. In this study, we set out firstly, to determine
the prevalence of variants in skeletal dysplasia genes in a
cohort of pediatric probands with short stature and mild
skeletal abnormalities, and to subsequently evaluate which
clinical and radiological variables increase the probability
of identifying the underlying genetic defect.

Subjects and methods

Study subjects

All participants or parents provided informed consent for
the performed studies and ethical approval was obtained
from the Hospital Universitario La Paz ethical committee.
The study included children less than 18 years
old, who all met two principal criteria: short stature of
unknown etiology (defined as height < —2 SDS for sex, age,
and ethnic group) and the presence of a skeletal anomaly
defined as the occurrence of at least one of the following:
body disproportion, mild skeletal anomaly, or a short
stature parent with body disproportion or mild skeletal
anomaly. Patients with several dysmorphic features or
major malformations, indicative of a syndrome were
excluded from this study. 'Minor malformations' refers
to unusual morphologic features found in the general
population causing no serious medical or cosmetic
significance to the affected individual (17). Following this
concept, we define mild skeletal defects as unusual skeletal
features both unpainful and non-disabling for the affected
individual (see list in Supplementary Table 1, see section on
supplementary materials given at the end of this article).
The children were recruited using an extensive
questionnaire (Supplementary data) which pediatric
endocrinologists and clinical geneticists from various
Spanish and Portuguese hospitals were asked to complete.
All cases were subsequently reviewed by the same pediatric
endocrinologist, L.S.-M., and pediatric radiologist, M.P-P,
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both experienced in skeletal dysplasia evaluations. A
total of 108 unrelated probands were selected for the
study. Clinical (medical records, physical examination,
and anthropometric values), radiological (bone age and
skeletal survey), and family data (height and skeletal traits
of both parents) were then collected from all selected
probands. Anthropometric measurements were made by
the referring clinician. Height SDS and parental height
SDS were calculated according to Spanish reference data
2010, as well as small for gestational age (SGA), defined
as birth weight and/or height below —2 SDS (18). Sitting
height/height (SH/H) ratio SDS were estimated according
to Fredriks charts (19). Arm span/height (A/H) ratio SDS
were calculated according to Maastricht standards (20).
Bone age was determined by Greulich and Pyle method
(21). Body disproportion was considered as having at least
an A/H ratio < 0.96 and/or SH/H > 0.55.

Systemic and endocrine disorders including
somatotropic axis related conditions were excluded by
laboratory tests including hemogram, biochemistry
including bone markers, IGF-I, IGFBP-3, FT4, TSH, and
celiac disease screening. Karyotyping was also performed
in girls. All participants had also been previously excluded
for SHOX alterations using multiplex ligation probe
amplification (MLPA P018G2, MRC Holland) and high-
resolution melting (HRM) and/or Sanger sequencing.

Genetic analysis

Blood samples were obtained from the probands and
analyzed using a custom designed skeletal dysplasia NGS
panel, SKELETALSEQ.V4-8 (n= 327-416 genes, gene lists
are available upon request). All coding exons, intron:
exon junctions including +10 bp) were extrapolated to
the variant calling file (VCF) whilst the binary alignment
map (BAM) files were manually assessed for variants within
approximately 100 bp of intronic sequence from the
intron:exon boundaries for the following genes: ACAN,
IHH, NPR2, FGFR3, COL2A1, and PTPN11. The identified
variants were assessed for amino acid conservation, in silico
pathogenicity prediction analysis: CADD V1.4 (http://
cadd.gs.washington.edu/), SIFT, Polyphen, MutationTaster,
various splicing programmes available in Alamut V2.14
(Interactive Biosoftware, France); and allelic frequencies
in gnomAD (https://gnomad.broadinstitute.org/). Copy
number variant (CNV) analysis was performed using in
house software, LACONV tool release 0.0., developed for
calculating dosage for each exon present in targeted gene
panels, after GC sequence content had been corrected.
The dosage for each captured region of the test sample is
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compared against all other samples in the same panel run
and P-values were calculated using Mann-Whitney U tests.
CNVs were considered significant with P> 0.05.

All detected variants were subsequently validated
by Sanger sequencing. The identified IHH deletion was
confirmed by a single nucleotide polymorphism (SNP)
array (Infinium CytoSNP-850K v1.2 BeadChip, [llumina)
but due to low probe density in this region, we further
characterized the deletion using a custom-designed IHH
MLPA (10). Family testing was performed, where possible.
Kinship was confirmed using microsatellite marker
analysis (Devyser Complete QF-PCR, Stockholm, Sweden).
Variants were classified according to American College of
Medical Genetics and Genomics (ACMG) guidelines (22)
and Sherloc variant classification (23).

Statistical analysis

Clinical, radiological, and familiar features were analyzed
for the total cohort and subdivided into two groups
depending on the presence or absence of a genetic defect.
Statistical analyzes were performed using SAS
software V9.4 (SAS Institute Inc., Cary NC). Quantitative
values are expressed as means, medians (non-Gaussian
distribution), standard deviations (SD), and ranges (min-
max). Categorical variables were used to describe absolute
frequencies and percentages. Comparisons between groups
were performed by Student's t-tests and Fisher’s exact tests
for quantitative variables whilst chi-square tests were used
for qualitative variables. Results were considered statistically
significant with a two-sided significance level of P< 0.05.
For identifying which clinical or anthropometric
indicators could predict the presence and the identification
of a genetic variant, logistic multi-regression analyzes
were performed with varied sets of explanatory variables,
applying full models and stepwise selection models.

Results

A total of 108 probands (61 female, 47 male) were included
in the study. Mean proband age was 8.59 years (range:
1.5-18), mean height SDS was —2.97 (range: —4.6 to —2.0),
and the mean parental height was —1.69 SDS (range:
—3.6 to +1.41). An overview of clinical, radiological and
familial features, and frequencies of the total cohort and
the sub-groups (variant vs no identified variant) are shown
in Table 1.

A total of 20 heterozygous variants, classified as
pathogenic, likely pathogenic or variants of unknown
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significance (VUS), were identified in 21/108 probands
(19.4%) (Fig. 1A and Tables 2, 3). Variants were most
frequently identified not only in ACAN (n= 10), followed
by IHH (n=7) (Fig. 1B) but also in four other genes, CREBBP,
COL2A1,EXT1,and PTPN11. A total of 11/20 (55%) variants
were classified as pathogenic or likely pathogenic (35% and
20%, respectively) whilst 9/20 (45%) were classified as VUS.
Heterozygous variants were inherited in 17/20 probands
(80.9%) whilst de novo events were likely to have occurred
in 3/20 probands (14.2%), although germline mosaicism
cannot be entirely excluded. Inheritance pattern could not
be determined in proband 21 as the paternal sample was
unavailable.

Clinical and molecular features of all probands with a
pathogenic/likely pathogenic/VUS are shown respectively
in Tables 2 and 3. The most characteristic radiographic
traits of probands with ACAN and IHH variants are shown
in Fig. 2. Pedigrees and radiographs from all probands with
identified variants are shown in Supplementary Figs 1, 2, 3,
4,5, 6, 7 and 8, respectively.

Statistically significant values were observed between
those with a genetic variant and SH/H ratios, SH/H
ratio SDS, SH/H ratio SDS >1, and father’s skeletal traits
(Table 1). Logistic regression analysis revealed a high
concordance index (c) for SH/H ratio (c=0.697) and SH/H
ratio SDS (c=0.706) and a moderate concordance index
for father’s skeletal traits (c=0.682) and father’s height
(c=0.631).

Discussion

A pathogenic, likely pathogenic, or VUS was identified in
a skeletal dysplasia associated gene in 19.4% of the cohort
of 108 probands with short stature and mild skeletal
anomalies. The majority of the variants were identified in
two genes, ACAN and IHH. Although initial observations

B

21 variants
(19.4%)

CREBBP  EXT1
coL2a1
s%(1) 9% 5%(1)  preN1r

(Cohort n = 108)

Figure 1
Summary of genetic findings in the cohort of 108 probands
(n=108).
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suggested that ACAN variants were associated with short
stature and advanced bone age, more recent work showed
that they also occur in children with appropriate or
delayed bone age with respect to chronological age (8, 9).
In the 10 probands with ACAN variants in this cohort, 2
had advanced bone age, 6 had a bone age equal to their
chronological age and two had delayed bone age. Both
mild skeletal anomalies and/or dysmorphic facial features
may occur, with brachydactyly being the most frequent
finding in previous studies (9) and this was indeed true
for all 10 probands with ACAN variants in this cohort. In
individuals with IHH variants, brachydactyly was the only
skeletal anomaly observed in addition to the short stature,
as observed previously (10).

A total of 11/20 variants (55%) were classified as
pathogenic or likely pathogenic, however, 9/20 (45%) were
classified as VUS, 7 of these in ACAN and 2 in IHH. As with
many genetic disorders, upgrading the classification of
these variants is difficult for various reasons: 1) Performing
functional studies is not often possible and indeed, to
date, very few functional studies have been performed
for variants in these genes (24); 2) Genotype: phenotype
cosegregation studies are often hampered as assortative
mating occurs in short stature; 3) gnomAD data are not
stratified for height and these mild skeletal phenotypes
remain undisclosed. As a consequence, many of these gene
variants including clearly pathogenic variants are included
in both the general and control data.

Single variants were also found in COL2A1, CREBBP,
EXTI1, and PTPN11. Proband 11 had a pathogenic de novo
COL2A1 variant, NM_001844.4:¢c.2059G>A; p.(Gly687Ser),
located in a glycine rich repeat of the triple helix of the
alpha-1(II) chains of COL2A1. The girl presented with a
slightly shortened trunk and mild kyphosis correlating
with a type 2A collagenopathy. COL2A1 variants have been
observed previously in children with short stature without
the expected skeletal features (25, 26, 27). Proband 12 was
found to have a pathogenic de novo variant in CREBBD,
NM_004380.2:¢c.6324C>G; p.(Tyr2108*). The read depth
of the variant was 107, 60 wild type: 47 variant, thus,
somatic mosaicism was not considered but no other tissue
was tested. Mild skeletal and dysmorphic features, many
of which do occur in Rubinstein-Taybi syndrome (MIM
180849) were present in the young girl, but her intellectual
development was normal. Atypical Rubinstein-Taybi
syndromeand variable expression have also been previously
reported (28, 29, 30) and somatic mosaicism has been
reported, although rare (31). Thus, both cases have indeed
subtle and non-specific radiological signs which maybe
attributable to their early age or mild forms of the dysplasia.
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Proband 13 carries a likely pathogenic variant in EXT1I.
No osteochondromas or abnormal skeletal findings were
detected in the female proband; nonetheless, her father
was reported to have supposedly Madelung deformity.
We subsequently requested to review his radiographs,
where we indeed observed osteochondromas in both
upper and lower limbs, which had resulted in pain-free
deformities. Proband 21 had mildly disproportionate short
stature and microcephaly. A pathogenic PTPN11 variant,
p.(Arg265GIn) was identified, which has been shown
to increase the protein tyrosine phosphatase catalytic
activity (31). This variant has been found in children with
a relatively mild form of Noonan syndrome, characterized
by a low prevalence of cardiac defects, and cognitive and
behavioral issues, as well as less evident typical facial
features (32). The unaffected mother tested negative for
the variant. Unfortunately, the father was not available
for testing to determine if it was de novo or inherited but,
he had normal height (+1 SDS) and no Noonan-related

Genetics of mild skeletal 185:5 699

anomalies

clinical features. After the diagnosis, a cardiac ultrasound
and an audiological examination were performed, both of
which were normal. These cases illustrate how phenotypes
of well-known conditions can be atypical or mild and how
NGS resolved the molecular cause.

Surprisingly no pathogenic or likely pathogenic or VUS
were identified in NPR2 or FGFR3 in this cohort. A NPR2
variant, NM_003995.3:¢.2644G>A p.(Val882lle), initially
classified as a VUS was identified in one proband, but after
performing a three generation cosegregation analysis, the
variantwasreclassified aslikely benign. Thus, itisimportant
to perform either extensive cosegregation studies or
functional studies. Children with hypochondroplasia may
either have amore defined phenotype, not compliance with
the inclusion criteria defined for this study, and/or have
been previously screened for the FGFR3 hotspot regions
by direct sequencing, available in many laboratories.
The true prevalence of heterozygous NPR2 and FGFR3
variants is unknown. Other studies similar to this one but

Figure 2

Summary of the main skeletal findings in probands with ACAN and /HH variants. Radiographs from patients with ACAN variants: (A)
Hand radiograph proband 2 (female 7 years): mild brachydactyly; (B) Hand radiograph proband 7 (male 4 years): mild
brachydactyly; (C) Hip radiograph proband 2 (female 7 years): Coxa valga, slender femora; (D) Hip radiograph proband 5 (female
14 years): short femoral necks; (E) Knee radiograph proband 2 (female 7 years): osteochondral defects in both proximal tibiae
(white arrows). Hand radiographs from patients with /HH variants: (F) Proband 16 (female 7 years): middle phalanx shortening of
5th finger; (G) Proband 19 (male 8 years): Mild middle phalanx shortening of 5th finger; (H) Proband 20 (female 5.7 years): middle

phalanx shortening of 2nd and 5th fingers.
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including larger cohort sizes (see Table 4) have identified
a few NPR2 and FGFR3 variants in ISS and SGA probands.
However, data from our diagnostic referrals and those of
others (25, 34) suggest that the incidence of NPR2 variants
is lower than originally reported (15, 41). The increasing
use of whole genome sequencing may reveal the presence
of deep-intronic variants which affect splicing or variants
in non-coding regulatory regions such as those identified
recently in POUIF1 (42).

Statistical analysis was performed on the obtained data
for the entire cohort and for two subgroups, those with and
withoutanidentified genetic defect. Lower limb shortening
(determined by the SH/H ratio) and a father with a skeletal
anomaly were found to be statistically significant. A total
of 12/16 (75%) variants were inherited from the father but
we consider this incidental rather than a true factor. Other
features that were important for inclusion into the cohort
did not reach statistical significance, for example, A/H
ratio, brachydactyly, which was the most frequent observed
trait, or an abnormal skeletal survey. We hypothesize that
the small number of patients with a genetic defect (n=21),
the wide age range and ranges of some of the variables,
for example, A/H SDS ranged from -4.37 to +4.60 and the
lack of data in some categories make the results difficult
to interpret.

With the aim of forming a homogeneous study cohort,
the clinical and radiological characterization of the 108
probands has been extensive. Unlike other studies with
more heterogeneous cohorts or less restrictive selection
criteria (summarized in Table 4) (25, 26, 27, 33, 34, 35, 36,
37, 38, 39, 40), we pursued an accurate estimation of the
prevalence of genetic variants in skeletal dysplasia genes
in such individuals. However, study limitations do still
exist: (1) The probands have been assessed by different
clinicians, although the completed questionnaires and
x-rays were subsequently examined by the same pediatric
endocrinologist and radiologist, both with experience
in skeletal dysplasia evaluation; (2) Mild skeletal defects
are difficult to evaluate post growth plate closure so
parental x-ray evaluation is hampered; (3) Statistical
analysis is always impaired due to missing data; and
(4) Lack of a validated criteria to define brachydactyly
which is considered either as a clinical/anthropometric
feature or as a radiological trait (43). To minimize these
biases, the skeletal surveys were reviewed by the same
pediatric radiologist.

A criticism of the molecular analysis performed in
this study is that a large customized skeletal dysplasia NGS
panel was utilized rather than whole exome sequencing
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(WES). However, we wanted to determine the incidence of
variants in skeletal dysplasia genes not the incidence of all
genetic defects in this cohort so clearly WES would be the
ideal technique but this was not undertaken at the onset of
the project.

Previously published studies using NGS to investigate
the genetic cause of short stature are summarized in Table
4, although the design, technology, and even the aim of
the studies are different between them (25, 26, 27, 33, 34,
35, 36, 37, 38, 39, 40). Some include syndromic patients
and others are more similar to ours, examining ISS, isolated
short stature or short stature with mild dysmorphias/
skeletal defects children with different clinical assessments.
As expected, the diagnostic yield is higher when syndromic
short stature probands are tested, with detection rates
ranging from 33-45% (25, 27, 33, 35, 37, 39, 40) compared
to non-syndromic cohorts, 8.7-19.5% (26, 33, 34, 36, 38,
this study). Thisis particularly shown by arecent WES study
which included both groups, whereby the detection rate
was 11.3% for ISS cases (n= 257) but 34.9% for syndromic
short stature cases (n= 304; (33)). In the studies of non-
syndromic cases, three used targeted panels (including
ours) resulting in diagnostic yields of 8.7-19.5%; one of
the studies used a combination of targeted panels and WES
and obtained a yield of 14.5%, and the remaining study
performed WES and obtained a diagnostic yield of 11.3%,
thus, no differences were observed between different NGS
methodologies in non-syndromic cases. On the other
hand, in syndromic cohorts, the majority of the studies
included WES or WES/targeted panels with yields of
33-45% whilst in one study from 2013, which included the
screening of 192 severe syndromic short stature children
using a large panel of 1077 genes implicated in short stature
and growth plate biology, the yield was only 2.6% (40).
This data suggests that panels or WES virtual panels may
be adequate for non-syndromic cases whilst WES improves
the detection rate in syndromic cases.

The search for the underlying pathogenic cause in the
remaining 80.6% of probands remains a challenge. WES or
whole genome sequencing (WGS) may reveal variants in
other genes but probably in a small proportion. As short
stature is present in 3% of the population, WES or WGS is
still not realistically feasible to perform in all these children
especially as the likelihood of identifying a single causative
genetic defect remains low plus short stature is often a
polygenic trait (44, 45). Further studies should be focused
on discovering new genes as well as other etiopathogenic
mechanisms. WGS in combination with transcriptome
sequencing and sequencing-based DNA methylation
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analysis of the whole genome, will hopefully provide
additional information.

Classical guidelines have been created focusing on the
medical evaluation of children with ISS, SGA, or GHD (46,
47, 48) but they rely upon standard physical examination
and laboratory parameters that assess organic causes of
growth failure, such as renal dysfunction, hypothyroidism,
celiac disease, inflammatory disorders, and assessment of
the GH axis, either via measurement of GH-dependent
factors, such as IGF-I or IGF binding protein-3, or through
direct measurement of GH levels after stimulation. Recent
guidelines propose an approach based on medical history,
detailed physical examination, and analysis of individual
growth curves with the aim of collecting diagnostic clues
before conducting laboratory exams and left hand-wrist
x-ray (49). After this first evaluation the clinician should
have enough data to suspect primary or secondary growth
disorders or by contrast an idiopathic short stature before
planning the next diagnostic steps.

The high detection of variants in skeletal dysplasia
genes in our study outlines the importance of a detailed
clinical and radiological examination, looking for clues
for primary growth disorders. Dominant inheritance of
short stature and family history of early osteoarthritis or
discopathy should also be investigated in family members.
Complete anthropometric measurements and screening
of external habitus (scoliosis, hyperlordosis, genu varum/
valgum, size, and shape of hands, etc) should be performed
in not only the child but also their parents and siblings. A
careful radiological hand examination in the patient (not
only bone maturation) is frequently very informative.
Indications for performing a skeletal survey have not been
established in short stature patients with mild skeletal
defects. According to this study, one should be performed
when a child has disproportionate short stature and/or the
presence of a mild skeletal anomaly or if a parent has these
features. In order to minimise radiation exposure, expert
recommendations suggest a series of x-rays in patients
with suspected bone disease: skull (anterior-posterior (AP)
and lateral), thoracolumbar spine (AP and lateral), thorax,
pelvis, one upper limb, one lower limb, and both hands
(50). Other projections should be performed when other
skeletal features are present.

The authors, therefore, encourage pediatric
endocrinologists and other specialists to closely examine
for skeletal anomalies, both in the child and in their
parents, which may orientate them as to whether they
should perform NGS genetic testing of skeletal dysplasia
genes and if performed, to aid variant classification.
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