CLINICAL RESEARCH ARTICLE

Clinical and Molecular Description of 16 Families With
Heterozygous IHH Variants

Lucia Sentchordi-Montang,*>* Sara Benito-Sanz, "> Miriam Aza-Carmona,'*>
Arrate Pereda,® Manuel Parrén-Pajares,*’ Carolina de la Torre," Gabriela A.
Vasques,®? Mariana FA. Funari,® André M. Travessa, '° Patricia Dias, '® Larisa Suarez-
Ortega,'" Jestis Gonzalez-Buitrago,'? Nancy Elizabeth Portillo-Najera, ' Isabel Llano-
Rivas,"* Maria Martin-Frias, " Joaquin Ramirez-Fernandez,'® Jaime Sanchez del
Pozo,"” Lucia Garzén-Lorenzo,"” Gabriel A. Martos-Moreno,'®'%?° Cristina Alfaro-
Iznaola,?" Inés Mulero-Collantes®? Pablo Ruiz-Ocafa,*® Paula Casano-Sancho,?*
Ana Portela,?> Lorea Ruiz-Pérez,?® Angela del Pozo,” Elena Vallespin,®> Mario
Solis,® Anténio M. Lerario,®?’ Isabel Gonzalez-Casado,*?® Purificacion Ros-Pérez,?
Guiomar Pérez de Nanclares,® Alexander A. L. Jorge,®° and Karen E. Heath'**>

9

YInstitute of Medical and Molecular Genetics (INGEMM): IdiPAZ, Hospital Universitario La Paz, 28046
Madrid, Spain; 2Departmen‘[ of Pediatrics, Hospital Universitario Infanta Leonor, Madrid 28031, Spain;
3Department of Pediatrics, School of Medicine, Complutense University of Madrid, 28040, Madrid, Spain;
“Skeletal Dysplasia Multidisciplinary Unit (UMDE), Hospital Universitario La Paz, 28046, Madrid, Spain;
SCIBERER, ISCIll, 28029 Madrid, Spain; °Rare Diseases Research Group, Molecular (Epi)Genetics Laboratory,
BioAraba Health Research Institute, Hospital Universitario Araba-Txagorritxu, 01009 Vitoria-Gasteiz,

Araba, Spain; 7Department of Radiology, Hospital Universitario La Paz, 28046 Madrid, Spain; 8Unidades

de Endocrinologia Genetica (LIM/25), Hospital das Clinicas da Faculdades de Medicina, Universidades de
S30 Paulo, Sao Paulo 01246-903, Universidades de Sao Paulo, Sao Paulo 01246-903, Brazil; *Unidade de
Endocrinologia do Desenvolvimento, Laboratorio de Hormonios e Genetica Molecular (LIM42), Hospital das
Clinicas da Faculdade de Medicina, Universidade de S&o Paulo (USP), S&o Paulo 05403-000, Brazil; '°Servico
de Genética Médica, Departamento de Pediatria, Hospital de Santa Maria, Centro Hospitalar Lisboa Norte,
Centro Académico de Medicina de Lisboa, 1649-028, Lisbon, Portugal; "Division of Endocrinology, Hospital
Sant Joan de Déu, 08950 Esplugnes de Llobregat, Barcelona, Spain; 12Depar‘[ment of Pediatrics. Hospital
San Pedro de Alcantara, 10003 Caceres, Spain; *Department of Pediatrics, Hospital Alto Deba, 20500
Arrasate, Guipuzkoa, Spain; '“Osakidetza Basque Health Service, Cruces University Hospital Department of
Genetics, 48903 Barakaldo, Bizkaia, Spain; "*Department of Pediatric Endocrinology, Hospital Universitario
Ramoén y Cajal, 28034 Madrid, Spain; '®Department of Pediatrics, Hospital Universitario Principe de
Asturias, 28805 Alcala de Henares, Madrid, Spain; 17Department of Pediatric Endocrinology, Hospital
Universitario Doce de Octubre, 28041, Madrid, Spain; 18Department of Endocrinology, Hospital Infantil
Universitario Nifio Jesus, Instituto de Investigacion Sanitaria La Princesa, 28009 Madrid, Spain; '°Department
of Pediatrics, School of Medicine, Universidad Auténoma de Madrid, 28029 Madrid, Spain; °CIBEROBN,
ISCIIl, 28029 Madrid, Spain; 2'Department of Pediatrics, Hospital Universitario Rey Juan Carlos, 28933
Méstoles, Madrid, Spain; ’Department of Pediatrics, Hospital Universitario Rio Hortega, 47012 Valladolid,
Spain; 22Department of Pediatrics, Hospital Universitario Puerta del Mar, 11009 Cadiz, Spain; 2*Department
of Pediatric Endocrinology, Institut de Recerca Pediatrica, Hospital Sant Joan de Déu, University of Barcelona,
08950 Espluges de Llobregat, Barcelona, Spain and CIBERDEM, ISCIIl, 28029 Madrid, Spain; > Department
of Pediatric Endocrinology, Pediatric Unit, Hospital Universitario Nuestra Sefora de Candelaria, 38010

Santa Cruz de Tenerif, Spain; “°Department of Pediatric Endocrinology, Hospital General Universitario de
Alicante, 03010, Alicante, Spain; 2’Department of Internal Medicine, Division of Metabolism, Endocrinology
and Diabetes, University of Michigan, Ann Arbor, MI 48109, US; 28Departmen‘[ of Pediatric Endocrinology,
Hospital Universitario La Paz, 28046, Madrid, Spain; and 29Department of Pediatrics, Hospital Universitario
Puerta de Hierro Majadahonda, 28222 Majadahonda, Madrid, Spain

ISSN Print 0021-972X  ISSN Online 1945-7197

Printed in USA

© Endocrine Society 2020. All rights reserved. For permissions, please e-mail: journals.
permissions@oup.com

Received 27 January 2020. Accepted 17 April 2020. Abbreviations: ACFD, acrocapitofemoral dysplasia; BDA1, brachydactyly type A1; ISS,
First Published Online 20 April 2020. idiopathic short stature; IHH, Indian hedgehog gene; NGS, next-generation sequencing;
Corrected and Typeset 27 June 2020. Ptc, Patched; VUS, variant of unknown significance.

doi:10.1210/clinem/dgaa218 J Clin Endocrinol Metab, August 2020, 105(8):1-13 https://academic.oup.com/jcem 1

020z AINP 1.0 uo upesH uaiey| Aq 1982285/812eebp/8/G0 L AVBNSIE-0]01E/Wa]/W00 dNo"olWwapese)/:sdRy Woij POPEOJUMOQ


http://orcid.org/0000-0002-4083-3352
http://orcid.org/0000-0002-6455-8682
http://orcid.org/0000-0002-6455-8682
http://orcid.org/0000-0003-4316-4999
http://orcid.org/0000-0002-8336-6432
http://orcid.org/0000-0003-2567-7360
http://orcid.org/0000-0002-5816-7044

2

Sentchordi-Montané et al

Short Stature and IHH J Clin Endocrinol Metab, August 2020, 105(8):1-13

ORCiD numbers: 0000-0002-4083-3352 (L. Sentchordi-Montané); 0000-0002-6455-8682 (G. A.
Vasques); 0000-0003-4316-4999 (M. F.A. Funari); 0000-0002-8336-6432 (A. M. Lerario); 0000-0003-
2567-7360 (A. A. L. Jorge); 0000-0002-5816-7044 (K. E. Heath).

Context: Heterozygous variants in the Indian hedgehog gene (IHH) have been reported to
cause brachydactyly type A1 and mild hand and feet skeletal anomalies with short stature.
Genetic screening in individuals with short stature and mild skeletal anomalies has been
increasing over recent years, allowing us to broaden the clinical spectrum of skeletal dysplasias.

Objective: The objective of this article is to describe the genotype and phenotype of
16 probands with heterozygous variants in /IHH.

Patients and Methods: Targeted next-generation sequencing or Sanger sequencing was
performed in patients with short stature and/or brachydactyly for which the genetic cause was
unknown.

Results: Fifteen different heterozygous IHH variants were detected, one of which is

the first reported complete deletion of /HH. None of the patients showed the classical
phenotype of brachydactyly type A1. The most frequently observed clinical characteristics
were mild to moderate short stature as well as shortening of the middle phalanx on the
fifth finger. The identified /HH variants were demonstrated to cosegregate with the short

stature and/or brachydactyly in the 13 probands whose family members were available.
However, clinical heterogeneity was observed: Two short-statured probands showed
no hand radiological anomalies, whereas another 5 were of normal height but had

brachydactyly.

Conclusions: Short stature and/or mild skeletal hand defects can be caused by /HH variants.
Defects in this gene should be considered in individuals with these findings, especially when
there is an autosomal dominant pattern of inheritance. Although no genotype-phenotype
correlation was observed, cosegregation studies should be performed and where possible
functional characterization before concluding that a variant is causative. (J Clin Endocrinol

Metab 105: 1-13, 2020)

Freeform/Key Words: /HH, brachydactyly, short stature, NGS

hondrogenesis is the fundamental biological pro-
C cess that drives linear growth and therefore stature
in children, with heritable factors playing a paramount
role in this process. Short stature is one of the most
common referrals in pediatric endocrinology clinics.
After excluding common causes, many are labeled as
having idiopathic short stature (ISS), a clinical hetero-
geneous entity. During the last decade, clinicians and
researchers have begun to unravel the genetic causes
underlying ISS. On detailed clinical and radiological
examination, some of these individuals actually have
mild body disproportion and minor skeletal defects
(1). Pathogenic variants in genes involved in various
signaling pathways have been detected by us and others,
in specific subgroups of individuals who share par-
ticular clinical features, short stature with or without
limb shortening, and mild skeletal anomalies including
brachydactyly, such as heterozygous variants in the
aggrecan gene (ACAN), the natriuretic peptide receptor
2 gene (NPR2) encoding natriuretic peptide receptor
B (NPR-B) and its ligand C-natriuretic peptide (CNP)

encoded by the natriuretic peptide precursor C gene
(NPPC), and Indian hedgehog gene (IHH) (2-8). The
detailed clinical and radiological examination and the
implementation of next-generation sequencing (NGS) in
the genetic studies of pediatric short stature cases has
led over recent years to our increasing detection of vari-
ants in [HH.

IHH is a peptide that is transported to the endo-
plasmic reticulum and Golgi apparatus, where it
undergoes autoprocessing. There it undergoes cleavage
into 2 fragments, the N-terminal, the functional
signaling molecule, and the C-terminal, which regu-
lates autoprocessing. After processing of the N-terminal
part by cholesterol and palmitate, IHH is secreted
from the producing cells and binds to the membrane
receptor protein Patched (Ptc). The membrane protein,
smoothened, then receives the signal, and transfers it
into the nucleus by the transcription factor Gli (Sasai
[9], review), where it binds to its target genes. IHH is
predominantly expressed in the developing skeleton.
It is expressed in the prehypertrophic chondrocytes of
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cartilage and coordinates proliferation and differenti-
ation of chondrocytes during endochondral ossification
(10) and is directly required for the osteoblast lineage
in the developing long bones along with other factors
such as bone morphogenetic proteins to induce osteo-
blast differentiation (11).

Brachydactyly type A1 (MIM 112500; BDA1), char-
acterized by shortened or absent middle phalanges in
digits along with short stature, is associated with hetero-
zygous variants in IHH (12). Since the first description,
many families have been reported with variable expres-
sivity and penetrance (13-17). Homozygous variants
cause another dysplasia, acrocapitofemoral dysplasia
(ACFD, MIM 607778), characterized by cone-shaed
epiphyses in phalanges, proximal femurs and tibias
(18). Initially, variants causing BDA1 were reported to
occur only in the N-terminal active fragment of I[HH
(19), whereas variants causing ACFD were located in
the distal N- and C-terminal regions (18). However,
during recent years we have detected heterozygous vari-
ants throughout the gene in families not with typical
BDAT1 but with short stature and brachydactyly and,
once again, variable expressivity (8). To date no other
disorders have been associated with variants in IHH (9).

Here, we describe the broad spectrum of the clin-
ical and radiological characteristics of 16 probands and
their family members with heterozygous IHH variants.
We also report the identification of the first complete
deletion of IHH in a patient with short stature and
brachydactyly.

Cohorts and Methods

All participants provided informed consent for the
performed studies and ethical approval was obtained
from local ethical committees. Probands were referred
by pediatric endocrinologists or clinical geneticists for:
group 1: proportionate/disproportionate short stature
and mild skeletal defects and/or a parent with dispro-
portionate short stature; group 2: brachydactyly of
unknown cause; or, group 3: ISS. All had a complete
physical exam and a skeletal survey. Endocrine dis-
orders including somatotropic axis-related conditions
were excluded by biochemical analysis. All partici-
pants had also been previously excluded for SHOX
defects using Multiplex Ligation—dependent Probe
Amplification (MLPA) (P018G2, MRC Holland) and
DNA sequencing.

Blood samples were extracted from the proband
and family members, when available. The probands
were analyzed using a custom designed skeletal dys-
plasia NGS panel, SKELETALSEQ.V4-8 (n = 327-416
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genes), a custom-designed short-stature NGS panel (8)
or in 3 cases (probands 1, 2, and 4) by direct Sanger
sequencing. Genes included in these panels are avail-
able on request. The identified variants were assessed
for amino acid conservation using in silico pathogen-
icity prediction analysis: CADD V1.4 (http://cadd.
gs.washington.edu/), SIFT, Polyphen, MutationTaster,
various splicing programs available in Alamut V2.14
(Interactive Biosoftware); and allelic frequencies in
gnomAD (https://gnomad.broadinstitute.org/). Copy
number variant (deletion/duplication) analysis was
performed by in-house software (unpublished). All
variants detected by NGS were subsequently validated
by Sanger sequencing, as was family testing. Kinship
was confirmed using microsatellite marker analysis
(Devyser Complete quantitative fluorescence—poly-
merase chain reaction). The IHH deletion was con-
firmed by a single-nucleotide polymorphism array
(Infinium CytoSNP-850K v1.2 BeadChip, Illumina)
but because of low probe density in this region we fur-
ther characterized the deletion using a custom-designed
IHH MLPA assay (probe sequences are available on
request).

After the identification of an IHH variant, personal
and familial records, anthropometric measures as well
as the evaluation of the skeletal survey were reviewed
by the same clinician (L.S-M.) and radiologist (M.P-P.).

Results

Fifteen different IHH variants were detected in 16
probands, 12 not been previously described (Table 1),
whereas the variants present in probands 2, 4, and
15 have been previously described (8, 14). Using the
American College of Medical Genetics and Genomics
guidelines for variant classification (20), 2 of the vari-
ants have been classified as pathogenic, 5 as likely
pathogenic, and the remaining 8 as variants of un-
known significance (VUS). The variants are localized
throughout the protein (both N- and C- terminal do-
mains). The pedigrees and genotypes of the 16 families
are shown in Fig. 1. Cosegregation of genotype and
phenotype was demonstrated in 13 families, whereas
family testing was unavailable for the remaining 3
families (probands 9, 14, and 15). No other patho-
genic or likely pathogenic variant was detected in the
NGS panels, nor any strong VUS candidate.
Interestingly, a complete deletion of IHH was iden-
tified in proband 16, initially by copy number variant
analysis of the NGS skeletal dysplasia panel and subse-
quently confirmed by a single-nucleotide polymorphism
array and a self-designed THH MLPA (Fig. 2). The
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Table 1. Molecular details of IHH variants identified in the cohort
CADD V1.4/
Mutation gnomAD, SIFT/Polyphen/  Protein
Proband Mutation class Exon all, % MutationTaster domain ACMG
1 c.228_229delinsAA  Missense 1 Absent 23.1/D/PD/NA N-terminal  VUS
p.(Arg77Ser) domain  (PM2, PP3, PP4)
2 €.283_285del Inframe 1 Absent NA N-terminal  Likely pathogenic
p.(Glu9sdel)® deletion domain  (PM2, PM4, PP1, PP4, PP5)
3 €.391G>C Missense 2 Absent 32/D/PD/DC N-terminal  Likely pathogenic
p.(Glu131GIn) domain  (PM2, PM5, PP2, PP3, PP4)
4 c.446G>A Missense 2 Absent 35/D/PD/DC N-terminal  VUS
p.(Arg149His)b domain  (PM2, PP2, PP3, PP4, PP5)
5 c.470A>G; Missense 2 Absent 33/D/PD/DC N-terminal  VUS
p.(Asp157Gly) domain  (PM2, PP2, PP3, PP4)
6 €.482_510del Frameshift 2 Absent NA N-terminal  Likely pathogenic
p.(Asn161Serfs*6) domain  (PVS1, PM2)
7 c.531G>A Nonsense 2 Absent 41/NA/NA/NA N-terminal  Likely pathogenic
p.(Trp177%) domain  (PVS1, PM2)
8 c.541del Frameshift 2 Absent NA N-terminal  Pathogenic
p.(Glu181Serfs*43) domain  (PVS1, PM2, PP4)
9 ¢.568_570del Inframe 2 Absent NA N-terminal  VUS
p.(Val190del) deletion domain  (PM2, PM4)
10 C.685G>A Missense 3 Absent 27/D/PD/DC C-Hint VUS
p.(Val229Met) domain  (PM2, PP2, PP3)
11 c.823C>A Missense 3 Absent 25.8/D/PD/DC C-Hint VUS
p.(His275Asn) domain  (PM2, PP1, PP2, PP3)
12 €.887_890del Frameshift 3 Absent NA C-Hint Likely pathogenic
p.(Ser296Thrfs*68) domain  (PVS1, PM2)
13, 14 C.892G>A Missense 3 0.002601 33/D/PD/DC C-Hint VUS
p.(Val298Met) domain  (PP1, PP2, PP3, PP4)
15 C.949G>A Missense 3 0.000416 26.3/D/PD/DC C-Hint VUS
p.(Va|317l\/Iet)b domain  (PP2, PP3)
16 Complete deletion  Deletion —  Absent NA N/A Pathogenic

(PVS1, PS2, PM2)

Coordinates are based on NM_002181.4 transcript.

Abbreviations: ACMG, American College of Medical Genetics and Genomics; all, allelic frequency; DC, disease causing; del, deleterious; NA, not
analyzed by this/these methods; N/A: not applicable; PD, probably damaging; VUS: variant of unknown significance.
In silico analysis: CADD V1.4: value greater than 15 is considered to be deleterious.

“Described previously (14).
bThese variants have been previously described (8).

deletion, hg19:2:219,923,348-219,942,928x1, was
shown to include only IHH. The deletion was also de-
tected in the similarly affected father.

The clinical characteristics and hand radiographs
of the 16 probands (5 male, 11 female) are shown in
Table 2 and Fig. 3, respectively. The cohort consisted
of 12 Spanish patients, 3 Brazilian, and 1 Portuguese.
Ages at the time of study ranged from 1.5 to 17 years
(median, 12.8 years) and the average height SD was
-2 (range, 0.37 to —3.8 SD). Average height SD of the
affected parents was —2.54 (range, -0.8 to —4.7). Three
probands were born small for gestational age for body
length (23%). Unfortunately, complete anthropometric
measurements were not available for all participants.
Despite only one proband have a sitting height/height
ratio SD greater than 2, the majority (10/12, 83%)
presented with a sitting height/height ratio greater
than 1 SD (21, 22). In contrast arm span/height ratio
was less than 0.96 in 7 of 11 (63%). The principal

characteristics observed in the 16 probands were short
stature (68%) and shortening of the middle phalanx
(75%) (Table 2, Fig. 3).

Discussion

The present study reports the clinical and molecular
study of 16 probands with heterozygous mutations
in IHH, including the identification of the first com-
plete deletion of IHH. The deletion was identified in
a girl (proband 16) with short stature (3.2 SD), mild
micromelia of the lower limbs, and shortening of the
middle phalanges of the second and fifth fingers. The de-
letion is also present in her father, who shows a similar
phenotype. Despite the complete absence of the gene,
their phenotype is similar to that observed in the prob-
ands with nonsense or missense variants.

Although no functional characterization was per-
formed, some of the variants identified in this cohort
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Figure 1. Pedigrees obtained from the 16 families affected carrying heterozygous mutations in the Indian hedgehog gene (/HH). The arrows indicate

the probands. N indicates no /HH variant, M indicates /HH variant. Height SD is indicated where available. Short stature is indicated by left half-filled
symbols, brachydactyly is indicated by right half-filled symbols. When phenotype is unknown a question mark has been placed inside the sex symbol.
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Figure 2. Characterization of the Indian hedgehog gene (/HH) deletion detected in proband 16. A, Single-nucleotide polymorphism (SNP) array
(Infinium CytoSNP-850K v1.2 BeadChip, lllumina) showing the deletion hg19:2:219,923,348-219,942,928x1. Sequence coordinates are taken
from GRCh37/hg19. B, Coffalyser plot of the custom-designed /HH multiplex ligation probe amplification, confirming the complete deletion
(represented in the orange shaded box). Normal peaks were classified as having a ratio of 0.7 to 1.3 and deletions were classified as less than 0.7.
Asterisks represent control probes, located in other chromosomes.

have convincing evidence for the pathogenicity. First, at the same amino acid, ¢.391G>A; p.Glu131Lys, has
proband 3 and her mother have a missense variant in been reported several times (12, 15, 23). This variant is
codon 131, ¢.391G>C; p.(Glu131Gln). Another variant one of the few that has been functionally characterized,
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Figure 3. Hand radiographs from patients of the cohort (phalanx shortening and other special features). A, Patient 1: middle phalanx shortening
(second and fifth ) and severe fourth metacarpal shortening; B, Patient 2: Middle phalanx shortening (all, more second and fifth), distal phalanx
shortening (fourth), mild fourth metacarpal shortening, mild first proximal phalanx shortening; C, Patient 3: Middle phalanx shortening (second, fifth,
and mild fourth), fifth and third metacarpal shortening, distal phalanx shortening (third); D, Patient 4: Middle phalanx shortening (second and fifth)
and distal phalanx shortening (first and third); E, Patient 5: Middle phalanx shortening (second and fifth), distal phalanx shortening (mild first, second,
third, and fourth), fifth metacarpal short and wide; F, Patient 6: Clinodactyly (fifth); G, Patient 7: Middle phalanx shortening (second and fifth), distal
phalanx shortening (first, third with premature physeal closure in third) cone-shaped epiphyses (third, fourth, and fifth); H, Patient 8: Short hands,
broad and short first metacarpal, broad fifth metacarpal; I, Patient 9: Middle phalanx shortening (fifth), distal phalanx shortening (first, second, third,
and fifth); J, Patient 10: No abnormal findings; K, Patient 11: Middle phalanx shortening (fifth); L, Patient 12: Short hands, no abnormal radiological
findings; M, Patient 13: Mild middle phalanx shortening (fifth); N, Patient 14: Middle phalanx shortening (fifth mild), irregular metaphyses of middle
and proximal phalanges (second, third, fourth, and fifth) with cone-shaped epiphyses of middle phalanges (second and fifth); O, Patient 15: Middle
phalanx shortening (fifth and mild second) and clinodactyly (fifth); and P, Patient 16: Middle phalanx shortening (second and fifth).

demonstrating that this variant affects Hedgehog (Hh)
binding to the receptor Ptcl, reducing its capacity to
induce cellular differentiation, and thus, confirming its
pathogenicity (23). The p.(Glu131GlIn) variant identi-
fied in proband 3 may also impair Hh binding to Ptc.
Second, proband 2 has an inframe deletion variant,
p-(Glu95del), which has been previously described (14).
Residue Glu95 is estimated to be located on the edge
of a groove important for the interaction between IHH
and its receptor Ptc. The Glu95 deletion predicted the
loss of a loop on the edge of this groove, suggesting
that the deletion of this conserved amino acid is the
cause of BDA1 in the family described by them. Two
different variants affecting amino acid 95, p.(Glu95Lys)

and p.(Glu95Gly), had been previously reported in in-
dividuals with BDA1 (10, 24). The family with the
p-(Gly95Lys) variant had a more severe phenotype,
whereas no clinical details were reported for the other
case. We still do not know completely how THH inter-
acts with Ptc, and it is difficult to predict why different
variants have a different effect on digit formation. But it
does appear that this highly conserved Glu9S residue is
important for correct IHH signaling.

Third, proband 1, with an indel resulting in a missense
variant, ¢.228_229delinsAA; p.(Arg77Ser), has short
stature and an uncommon finger phenotype, asymmet-
rical shortening of the middle phalanges and metacar-
pals and shortening of the third and fourth metatarsal.
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Interestingly, the same amino acid substitution but
different nucleotide change, ¢.229C>A; p.(Arg77Ser)
(rs142036701), was the unique IHH variant described
in a genome-wide association study of human growth in
which 200 000 coding variants were studied in 711 428
individuals (25). This variant has a minor allele fre-
quency of 0.08%. They showed that this variant and
another 82 height-associated variants with minor allele
frequencies in the range of 0.1% to 4.8% had effects of
up to 2 cm per allele, 10 times greater than the average
effect of common variants.

Last, proband 9 carries an inframe deletion,
c.568_570del; p.(Val190del), classified as a VUS.
A homozygous variant affecting the same codon,
¢.569T>C; p.(Val190Ala), was reported in 3 mem-
bers of a consanguineous family with ACFD (18). Two
heterozygous carriers of the mutation in the same family
showed relative shortening of the metacarpals and
proximal phalanges. Although no functional character-
ization has been performed for this variant, amino acid
190 may be a critical region in IHH.

The classical phenotype caused by heterozygous vari-
ants in IHH, BDA1, characterized by short stature and
marked shortening of the middle phalanges, which are
frequently rudimentary or fused to the terminal phal-
anges, was not present in any of the 16 probands. In
this cohort, the observed phenotype was much milder.
Short stature was present in 68% of the probands and
75% had shortening of the middle phalanx of the fifth
finger. Nevertheless, both traits were present together
in only 7 probands (43%). Upper limb shortening was
observed in 7 of 11 (63%) probands, whereas lower
limb micromelia was strictly observed in only 1 of 12.
However, 10 of 12 of the probands presented with a
sitting height/height ratio greater than 1 SD. Thus, our
data suggest that mild micromelia might be observed
and that upper limbs may be more affected than lower
limbs. Other hand anomalies were also observed,
including distal phalanx shortening, metacarpal short-
ening, isolated clinodactyly, and cone-shaped epiphysis.
In total, 2 probands had short stature without the char-
acteristic phalanx shortening, 9 had short stature with
variable finger anomalies, and 5 had normal stature
with phalanx shortening. Thus, clinical heterogeneity is
associated with heterozygous IHH variants.

Intrafamilial variability and incomplete penetrance
was also observed but may be explained, in part, by
the age of the probands. Five of the probands (pa-
tients 2, 3, 4, 5, and 7) presented with typical features
of brachydactyly but normal stature. Proband 7 and
his mother have a nonsense variant in IHH. The pro-
band has only brachydactyly whereas his mother has

https://academic.oup.com/jcem 1

short stature and brachydactyly. Incomplete penetrance
may be occurring or simply the child is young and has
not reached adult height yet. Proband 2 and his father
carry a missense mutation; both presented with iso-
lated brachydactyly but normal stature. Probands 3,
4, and 5 (missense variants) presented with isolated
brachydactyly but their affected parents have short
stature and brachydactyly.

Proband 13 came from a large family with mul-
tiple affected individuals. Mild short stature and
brachydactyly was present in all the affected individuals
except the proband’s niece, who at age 15 months has
normal stature, although at the lower limit, and no signs
of brachydactyly. This incomplete penetrance maybe
due to her young age and it is highly likely that she
will go on to at least have short stature. Interestingly,
the variant identified in this proband, p.(Val298Met),
was also observed in proband 14, suggesting a common
ancestor.

Three of the patients were born small for gestational
age in length but not in weight, in agreement with pre-
vious reports (26).

Our findings demonstrate that IHH is a good can-
didate for screening in patients with short stature and
variable brachydactyly or other hand-and-feet anom-
alies in them or their parents. The description of further
patients and larger pedigrees as well as the follow-up of
these children to adult height will help us in the future
to define more precisely the phenotype and the possible
correlation genotype-phenotype.

Also, functional studies will be important to validate
the VUS. However, these assays are not rapid nor can
they be easily implemented in the diagnostic setting. To
date, few variants have been characterized. Three of the
first variants to be described in BDA1, located in the
N-terminal fragment, p.Glu95Lys (E95K), p.Glu131Lys
(E131K), and p.Asn100Glu (D100E), were characterized
for their autoprocessing, stability, cholesterol modifica-
tion, palmitoylation, multimer formation, relative alka-
line phosphatase induction activity, dissociation assays
for Ptc—C-terminal domain, and its binding affinity to
heparin (23). The p.Glu95Lys and p.Asn100Glu variants
led to a temperature-sensitive and calcium-dependent in-
stability of N-terminal fragment of Indian Hedgehog,
which might contribute to an enhanced intracellular
degradation of the mutant proteins via the lysosome. All
3 variants affected Hh binding to Ptc, reducing its cap-
acity to induce cellular differentiation.

The mildness, lack of severity or specificity of skel-
etal findings, and the absence of them in some cases
make NGS the ideal method to explore monogenic
causes of short stature with minor skeletal defects. But,
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it is also equally important to have a detailed clinical
examination including anthropometric assessments of
the child and parents and radiological assessment of
them. Since the implementation of NGS techniques in
the study of short stature, we are beginning to identify
genetic defects in the milder forms of short stature (6-
8,27).

In summary, thanks to this study together with our
previous study (8), we have now described a total of 21
probands with heterozygous IHH variants. Some have
mild skeletal defects but others could have been classi-
fied as nonsyndromic short stature or ISS. What is clear
is that none of these 21 probands showed typical fea-
tures of BDA1. Thus, this detailed clinical examination
of individuals with THH variants in this study together
with our previous study (8) has broadened the clinical
and radiological spectrum of IHH variants.
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